
 
 

Arthropod and Soil Microbial Communities in Forage-Livestock Systems 
 
 

by 
 

Krishna B. Bhandari, MPPPM 
 

A Dissertation 
 

In 
 

Plant and Soil Science 
 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

Approved 
 

Dr. Charles West 
Chair of Committee 

 
 

                                                    Dr. Scott Longing 
 

 Dr. Lindsey Slaughter 
 

Dr. Carlos Villalobos 
 

               Dr. Veronica Acosta-Martinez 
 

Mark Sheridan 
Dean of the Graduate School 

 
 

August, 2018  



 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2018, Krishna B. Bhandari 



Texas Tech University, Krishna Bhandari, August 2018 

ii 

ACKNOWLEDGMENTS 

I would like to acknowledge my major professor Dr. Chuck West for his continuous 

support and guidance throughout my research. I would also like to acknowledge my 

committee members and collaborators on these research projects: Dr. Scott Longing, 

Dr. Lindsey Slaughter, Dr. Carlos Villalobos, Dr. Veronica Acosta-Martinez, Mr. 

Philip Brown, and Mr. Paul Green. I would like to thank my committee members for 

their assistance and guidance throughout this research and pushing me as a forage 

agronomist. Thank you, Dr. Terry Mclendon and Dr. David Klein, for their support 

during PhD research. This research accomplishment would not be possible without the 

field support of Mr. Philip Brown, Mr. Paul Green, and the student assistants: Neil 

Larremore and Sam Zarate. Thank you, Mr. Madhav Dhakal for your help in fly rating 

study on cattle and forage crew at Texas Tech University. Thank you, Mr. Jon Cotton 

at USDA-ARS, Dr. Seenivasan Subbiah at Environmental Toxicology and Dr. Kaz 

Surowiec at Chemistry, Texas Tech University. Thank you Dr. Dick Auld, Dr. 

Venugopal Mendu, Dr. Bralie Hendon, and Mr. Vimal Balasubramanian for providing 

lab space and chemicals. Thank you all for your support and nice memories. 

My dissertation is dedicated to my mother Mrs Janu Bhandari who always encouraged 

me to study and work hard in my life and to be a first person to earn PhD from 

America in the entire Karnali Zone of Nepal. My deepest appreciation belongs to my 

wife, Mrs. Saraswathi Mahat, for her continuous support and unconditional love. I 

would also like to remember my brother, Mr. Makkar Bhandari, and other family 

members for their support. I am blessed to have you as my family members.  



Texas Tech University, Krishna Bhandari, August 2018 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................... ii 

ABSTRACT  ........................................................................................................ vii 

LIST OF TABLES  ............................................................................................... x 

LIST OF FIGURES  ........................................................................................... xii 

I. INTRODUCTION ............................................................................................. 1 

References ......................................................................................................... 4 
 

II. LITERATURE REVIEW ............................................................................... 5 

Previous Arthropod and Soil Microbial Community Research ........................ 5 
Scope of Future Research.................................................................................. 7 
Characterization of Arthropod Communities in Pastures ................................. 9 
Soil Microbial Community and Associated Microbial Process ...................... 10 
Determining Chemical Composition of Essential Oils of OWB .................... 11 
References ....................................................................................................... 14 

             
III. FLY DENSITIES ON CATTLE GRAZING ‘WW-B.DAHL’                      
OLD WORLD BLUESTEM PASTURE SYSTEMS ....................................... 20 

Abstract ........................................................................................................... 21 
Introduction ..................................................................................................... 22 
Materials and Methods .................................................................................... 23 
Results ............................................................................................................. 26 
Conclusions and Discussion ............................................................................ 28 
References ....................................................................................................... 30 
 

IV. COMPARISON OF ARTHROPOD COMMUNITIES AMONG 
DIFFERENT FORAGE TYPES ON THE TEXAS HIGH PLAINS USING 
PITFALL TRAPS ............................................................................................... 32 



Texas Tech University, Krishna Bhandari, August 2018 

iv 

Core Ideas ....................................................................................................... 33 
Abstract  .......................................................................................................... 34 
Importance of Characterizing Arthropod Communities in Pastures  .............. 35 
Overview of the Established Pastures ............................................................. 37 
Pitfall Trap Procedure ..................................................................................... 40 
Statistical analysis  .......................................................................................... 44 
Arthropod Community  ................................................................................... 44 
Variation of Arthropods as Affected by Forage Types  .................................. 49 
Implications of Research Findings .................................................................. 54 
References ....................................................................................................... 56 
 

V. POLLINATOR ABUNDANCES IN SEMI-ARID PASTURES AS 
AFFECTED BY FORAGE SPECIES ............................................................... 58 

Abstract  .......................................................................................................... 59 
Introduction  .................................................................................................... 60 
Materials and Methods  ................................................................................... 63 
      Research Site Description ......................................................................... 63 
      Bee Bowl Trap Procedure  ........................................................................ 66 
      Data Analysis ............................................................................................ 69 
Results and Discussion .................................................................................... 71 
Conclusions ..................................................................................................... 81 
References ....................................................................................................... 82 
 

VI. CANOPY COMMUNITIES OF ARTHROPODS IN RESPONSE TO 
DIVERSE FORAGES ......................................................................................... 85 

Core Ideas........................................................................................................ 86 
Abstract  .......................................................................................................... 87 
Introduction  .................................................................................................... 88 
Materials and Methods  ................................................................................... 90 
Results and Discussion  ................................................................................... 92 
Conclusions ................................................................................................... 101 



Texas Tech University, Krishna Bhandari, August 2018 

v 

References ..................................................................................................... 102 
 

VII. SOIL MICROBIAL COMMUNITIES, ENZYME ACTIVITIES, AND 
TOTAL CARBON AND NITROGEN AS AFFECTED BY DIVERSE    
GRASSES AND GRASS-ALFALFA IN PASTURES ................................... 104 

Highlights  ..................................................................................................... 105 
Abstract  ........................................................................................................ 106 
Introduction  .................................................................................................. 107 
Materials and Methods  ................................................................................. 109 
     Research site and experimental design .................................................... 110 
     Soil sampling  ........................................................................................... 113 
         Soil microbial community size and selected soil properties  ............... 113 
         Microbial community structure and EL-FAME analysis  .................... 114 
         Enzyme assays  .................................................................................... 116 
         Statistical Analyses  ............................................................................. 116 
Results ........................................................................................................... 118 
    Environmental parameters  ....................................................................... 118 
    Selected soil properties and microbial community size  ........................... 119 

          Soil microbial community structure .......................................................... 124 
Discussions .................................................................................................... 129 

Soil health indicators as affected by inclusion of alfalfa into OWB           
system ...................................................................................................... 129 
Soil health indicators in OWB-alfalfa mixture compared to the other        
forages ..................................................................................................... 130 
Soil health indicators as related to other biological communities .......... 131 

Conclusions ................................................................................................... 131 
References ..................................................................................................... 133 
 

VIII. ESSENTIAL OIL COMPOSITION OF ‘WW-B.DAHL’                           
OLD WORLD BLUESTEM [BOTHRIOCHLOA BLADHII (RETZ) S.T. 
BLAKE] GROWN IN THE TEXAS HIGH PLAINS .................................... 137 

Abstract  ........................................................................................................ 138 
Introduction  .................................................................................................. 139 



Texas Tech University, Krishna Bhandari, August 2018 

vi 

Materials and Methods  ................................................................................. 141 
     Grass sample collection............................................................................ 141 
     Extraction of oils ...................................................................................... 142 
     Methylation .............................................................................................. 142 
     GC-MS analysis ....................................................................................... 143 
     Identification of components.................................................................... 144 
Results and Discussion .................................................................................. 144 
Conclusions ................................................................................................... 153 
References ..................................................................................................... 154 
 

IX. GENERAL CONCLUSIONS AND SYNTHESIS ................................... 156 

APPENDICES. .................................................................................................. 168 

A. OVERVIEW OF THE RESEARCH SITE. ............................................... 169 

B. SUMMARY OF ESTABLISHED FORAGE SPECIES... ........................ 170 

C. LIST OF ANNELID AND VERTEBRATES ............................................ 171 

D. GRAVIMETRIC WATER CONTENT OF SOIL. ................................... 172 

E. DETERMINATION OF MICROBIAL BIOMASSS C AND N .............. 173 

F. FATTY ACID METHY ESTER ANALAYIS ........................................... 175 

 



Texas Tech University, Krishna Bhandari, August 2018 

vii 

ABSTRACT 
The rapid decline in water supply for irrigation in the Texas High Plains is 

encouraging some growers to convert their irrigated cropland to dryland forages for 

livestock production. The vitality of the Ogallala Aquifer, a source for water supply 

for irrigation in the semi-arid Texas High Plains, is severely threatened owing to 

withdrawal rates that far exceed recharge rates. ‘WW-B.Dahl’ Old World bluestem 

[OWB, Bothriochloa bladhii (Retz) S.T. Blake] is a drought-tolerant grass in dryland 

and limited-irrigation conditions. Adoption of low water requiring perennial forages 

such as WW-B.Dahl OWB in forage-livestock production systems could potentially 

extend the economic life of irrigated row crops. This grass is reported to deter some 

insects such as red imported fire ant (RIFA, Solenopsis invicta Buren); but its effect on 

broader arthropod taxa and on soil microbial communities is unknown. Fewer horn 

flies (Haematobia irritans L.) have been casually observed on cattle (Bos taurus L.) 

grazing this grass compared to other grasses; however, observations were non-tested 

testimonials, and definitive data are unavailable. Visual ratings (1-5 scale) were 

compared for horn fly densities on cattle grazing two forage systems: grass-only 

(predominantly OWB) vs. grass-legume (OWB and alfalfa). Arthropod and soil 

microbial communities occurring in OWB, OWB-alfalfa (Medicago sativa L.), alfalfa, 

native mixed grass, and teff (Eragrostis tef (Zucc.) Trotter) pastures were 

characterized over 3 yr. I compared soil chemical and microbial properties in a 

Pullman clay-loam soil among OWB, OWB-alfalfa (Medicago sativa L.), alfalfa and 

native mixed-grass pastures at 0‒5 cm and 10‒15 cm depths in June and December of 

2016. Qualitative analysis of chemical composition of essential oils of OWB was 

performed by gas chromatography (GC) and GC-mass spectrometry (MS) methods. I 

make the following major conclusions: 

• There was not a clear deterrence effect of WW-B.Dahl OWB on horn flies on 

cattle when compared to cattle grazing a grass-legume pasture system, which 
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entailed spending less time on OWB.  There is still a need for insecticidal 

treatment to control horn flies grazing OWB.  

• WW-B.Dahl OWB provides an unfavorable habitat for colonization by RIFA 

and harvester ants. Pastures containing OWB are expected to deter cattle health 

threats and grass stand decimation owing to absence of RIFA and harvester 

ants, respectively.  

• OWB appears to exhibit minor inhibitory effects on bees and other insect 

pollinators when compared to native mixed grasses and alfalfa pastures; 

however, pollinator populations are likely not threatened.  

• OWB did not clearly suppress the canopy-dwelling arthropods, while still 

hosting some arthropods of ecological significance; it appears that there is low 

risk of reducing overall arthropod diversity by wide adoption of OWB in the 

Texas High Plains.  

• The consistently greatest number of soil microbial communities and favorable 

soil biological properties in the OWB-alfalfa pastures compared to other forage 

types indicated that OWB had no suppressing effect on soil microorganisms, 

thus OWB-alfalfa is a promising pasture combination.  

• The consistently highest concentration of a single essential oil compound, 

Spiro [4.5] dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)-, out of 143 

detected, prompts the need for further study of this compound to test its 

biological activity against RIFA and harvester ants. Much lower abundance 
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was naphthalene, a known insect deterrent; however, its role as an insect 

deterrent in OWB is unknown without further study. 

In summary, results of these studies add to a growing body of work supporting the 

value of WW-B.Dahl OWB as a well-adapted perennial forage grass in the Southern 

Great Plains thanks to ant deterrence while maintaining overall insect diversity and 

hosting desirable soil microorganisms. 
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CHAPTER I 

INTRODUCTION 

Some growers in the Texas High Plains are converting their irrigated row-crop 

land to low-water requiring perennial pasture owing to diminished water supply for 

irrigation (Allen et al., 2005). ‘WW-B.Dahl’ is a drought-tolerant cultivar (Dewald et 

al., 1995) of Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake] (henceforth 

OWB is used as the abbreviation for the WW-B.Dahl cultivar of Old World bluestem), 

which is productive in limited-water and dryland conditions (Dahl et al., 1988). This 

warm-season perennial bunchgrass matures 3 to 5 weeks later than other Old World 

bluestems (Dewald et al., 1995). It has sparse glandular hairs on the upper leaf surface 

which emit an aromatic odor when foliage is crushed. WW-B.Dahl was selected as a 

superior Old World bluestem cultivar for release in central and south Texas after 15 

years of adaptation and production testing at the Oklahoma Agricultural Experiment 

Station, Stillwater, OK, Southern Regional Plant Introduction Experiment Station, 

Griffin, GA, and Southern Plains Range Research Station, Woodward, OK. Adopting 

drought-tolerant perennial grasses such as WW-B.Dahl OWB in limited- water areas 

of the Texas High Plains can potentially extend the economic life of irrigated annual 

crops, although on smaller land area.  

Some OWB grasses are reported to repel economically important insects. 

Sternberg et al. (2006) found significantly fewer mounds of red imported fire ant 

(Solenopsis invicta Buren, RIFA) in OWB pastures than in adjacent grass pastures in 

Texas. Similarly, fewer flies were observed on cattle (Bos taurus L.) grazing OWB 
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according to testimonials by farmers. These made us suspect that other organisms in 

the biome may be deleteriously affected; therefore research was needed to screen 

several functional groups and niches in the pasture environment. High quantitative and 

qualitative variation in the composition of essential oil constituents extracted and 

analyzed from Bothriochloa spp. in earlier studies collected from different 

agroecological areas (Bahl et al., 2014) suggested that further research was needed to 

make a chemical profile of essential oils of OWB grown in the Texas High Plains.  

Several experiments were conducted to find the abundances and activities of 

arthropods and soil microbial ecology, and volatile oils associated with OWB as part 

of the biome of cattle grazing systems adapted to the Texas High Plain. This research 

builds on sporadic accounts of OWB manifesting deterrence of insects, and seeks to 

more deeply understand the impact of using OWB in pastures on the greater ecology 

of grazing systems. If OWB deters harmful insects and livestock pests without 

reducing overall insect diversity and soil microorganism, then this grass could offer an 

environmentally sustainable and economically attractive method of reducing insect 

pests while efficiently utilizing water in semiarid environments. Therefore, research is 

needed to determine the effect of OWB on arthropod and soil microbial community in 

relation to other adopted forage types. The objectives were: 

1. To assess the impact of grazing systems differing in composition of WW-

B.Dahl Old World bluestem and alfalfa (Medicago sativa L.) on fly densities 

on cattle.  
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2. To characterize ground-active arthropod community abundance and richness 

among different forage types.  

3. To assess the effect of forage types on insect pollinator and foraging insect 

abundance.  

4. To characterize the canopy-active arthropods among the forage types. 

5. To determine effects of forage type on indicators of soil quality: microbial 

population structure, C and N stocks, and C, N, and P mineralization enzymes. 

6. To determine the essential oil composition of Old World bluestem. 
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CHAPTER II 

LITERATURE REVIEW 

Previous Arthropod and Soil Microbial Community Research  

Non-native forage species are incorporated into grasslands and croplands to 

enhance animal carrying capacity and feed quality relative to native vegetation, or to 

take advantage of their responsiveness to inputs such as irrigation or fertilization. 

Introduced species can reduce abundance and diversity of native plants and animals, 

including arthropod communities, and change habitat composition of food webs and 

ecosystem functioning (Mack et al., 2000). Introduced forages are usually managed as 

single-species or low-diversity stands and reduce insect species richness compared 

with diverse native habitats (Hartley et al., 2004). Arthropods play important roles in 

ecosystem services such as pollination and nutrient cycling (Price, 1997). The 

herbivorous insect load is also lower in introduced plant stands compared to native 

stands because of poor adaptation of such insects to non-native host plants (Yela and 

Lawton, 1997).  

The pollination service by insects is jeopardized owing to global decline of 

insect pollinator numbers (Potts et al., 2010), threatening the persistency of plant 

species in native ecosystems, which are dependent on insect pollinators for sexual 

reproduction (Clough et al., 2014). For example, butterfly (Nymphalidae: Lepidoptera) 

abundance was greater in fields that contained sufficient numbers of host plants for 

their larvae (Quin et al., 2004). The abundance of insect pollinators can be enhanced 



Texas Tech University, Krishna Bhandari, August 2018 

6 

through the abundance of flowering plant species (Cole, et al., 2015) and area covered 

by flowers and richness of flowering plant species (Scheper et al., 2013).  

Inclusion of legumes into grass pastures can make grass productivity less 

dependent on nitrogenous fertilizers because of the legumes’ nitrogen-fixing ability. 

Nitrogen fixation thus promotes the sustainability of grassland production (Eekeren et 

al., 2009), and legume presence promotes soil microbial biomass because of the high 

quality (low C:N ratio) of legume litter (Bartelt-Ryser et al., 2005). Elgersma and 

Hassink (1997) reported greater soil microbial biomass in perennial ryegrass (Lolium 

perenne L.)-white clover (Trifolium repens L.) than in perennial ryegrass-only swards.  

Soil microorganisms are the source of enzymes, which are responsible for 

transformations of soil organic matter (SOM) and release of organically bound plant 

nutrients (Tabatabai, 1994). Fungi are sensitive to environmental (Sobek and Zak, 

2003) and agronomic disturbances (Wang and Qiu, 2006), thus serve as indicators of 

ecosystem functioning. Soil fungi can favor the sustainability of ecosystems by 

improving the soil physical structure and storage of C (Suberkropp and Weyers, 

1996). Eekeren et al. (2009) reported greater SOC and N mineralization in perennial 

ryegrass-white clover than perennial ryegrass. Similarly, a grass-clover mixture had 

numerically more SOC and total N than grass-only and clover-only (Eekeren et al., 

2009). Zhao et al. (2015) reported fewer fungal markers and lower fungal:bacterial 

ratios in broad-leaved paspalum (Paspalum wetsfeteini Trin.) grass monoculture than 

in paspalum-alfalfa mixtures. Water infiltration rate on grass-clover may be improved 
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by introducing clover into grass because of greater number of earthworm burrows in 

clover and grass-clover than grass-only (Eekeren et al., 2009).  

 

Scope of Past Research  

The Southern High Plains (SHP) region of Texas faces challenges of limited 

water supply for irrigation to produce agricultural crops and livestock. Agriculture in 

this region draws a significant amount of ground water from the Ogallala Aquifer 

(HPWD, 2014). Steers (Bos taurus) grazing WW-B.Dahl Old World bluestem (OWB) 

can gain weight of 0.79 kg head-1 day-1 (Baxter et al. 2017a). The combination of 

OWB with alfalfa not only reduced the overall water footprint of animal weight gain 

(Baxter et al., 2017b), but also balanced the low protein content of the OWB, and 

enhanced beef cattle liveweight gain (Baxter et al., 2017a). Some Old World 

bluestems confer a pleasant smell and taste caused by essential (volatile) oils (Pinder 

and Kerr, 1980; Villalobos et al., 2003). Zalkow et al. (1980) reported that some Old 

World bluestem types attract fewer insects than others, suggesting potential resistance 

or tolerance to insect pests. Sternberg et al. (2006) showed that the number of mounds 

of red imported fire ant (Solenopsis invicta Buren, RIFA) was reduced by 75% in 

pastures containing OWB when compared to adjacent bermudagrass [Cynodon 

dactylon (L.) Pers.] pastures throughout 25 sites in Texas. Similarly, fewer horn flies 

were observed occasionally on cattle grazing OWB compared to those grazing other 

grasses in adjacent areas in the Texas High Plains (pers. commun. V.G. Allen 2012); 

however, observations were non-tested testimonials and no data are available for this 
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comparison. On the other hand, OWB pasture had higher SOC, microbial biomass C 

(MBC), enzyme activities, and fungal abundances than continuous cotton (Gossypium 

hirsutum L.) (Acosta-Martinez et al., 2004, 2010b). Previous studies demonstrated that 

OWB used less irrigation water, less nitrogen fertilizer, and had lower soil erosion 

compared to cotton (Allen et al., 2008). About 25% less irrigation water and 40% less 

nitrogen fertilizer was reported when cotton was included in a 50% land area 

component with an OWB-based pasture system compared to continuous cotton (Allen 

et al., 2012), and increased soil C stocks (Acosta-Martinez et al., 2010a). In addition, 

restoring long-term cultivated cropland to perennial grassland provides a benefit of 

soil organic matter recovery with improvement of soil quality/health (Moore et al., 

2000). OWB pastures had higher soil organic C (SOC), microbial biomass C (MBC), 

enzyme activities, and fungal abundances when compared to continuous cotton 

(Acosta-Martinez et al., 2004, 2010b). Various soil functions including C 

sequestration can be enhanced through increased soil microbial communities (Acosta-

Martinez et al., 2004). Perennial pasture that contained OWB enhanced SOC, soil 

organic matter (SOM), and aggregate stability relative to continuous cotton (Fultz et 

al., 2013). Managing undisturbed or infrequently disturbed agricultural landscapes can 

help maintain insect pollinators compared with repeated disturbance (Techarntke et 

al., 2005). Similarly, insect pollinators can be enhanced by establishing and 

maintaining mixtures of native wildflowers through seeding mixtures, which provide 

diverse pollen and nectar sources at different times (Carvell et al., 2007). 
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Characterization of Arthropod Communities in Pastures  

Arthropods perform some vital ecosystem services such as pollination, food 

sources for higher-trophic animals, and nutrient cycling (Price, 1997; Jones et al., 

1994). The reproduction of about 87% of the world’s wild flowering plant species is 

facilitated by insect pollinators, which contributes an essential component of 

sustainable terrestrial ecosystems (Ollerton et al., 2011). In general, semi-natural 

grasslands contain diverse plant communities (Wilson et al., 2012) and provide a 

favorable place for pollinator communities to reside and thrive (Ockinger and Smith, 

2007); however, the effects of growing a monoculture of a forage species in managed 

pastures on arthropod communities including pollinators are not well known in 

relation to other adapted forage species and their mixtures. Many arthropods such as 

flies (Diptera), beetles (Coleoptera), and plant bugs (Hemiptera) were reduced through 

increased grazing pressure by cattle and sheep (Ovis aries L.) in upland grasslands 

(Dennis et al., 2008). Some growers in the Texas High Plains are converting their 

irrigated croplands to dryland perennial forage production because of diminished 

water supply. ‘WW-B.Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. 

Blake] is a drought-tolerant grass in semi-arid conditions (Dahl et al., 1988) that 

produces a pleasant smell caused by essential (volatile) oils. It has been noted by 

several authors that some Old World bluestem types are not attractive for some 

insects, suggesting potential insect-deterring traits (Zalkow et al., 1980). Fewer horn 

flies were observed on cattle grazing WW-B.Dahl than those grazing other adjacent 

pastures (pers. commun. V.G. Allen, 2012). Horn flies (Haematobia irritans L.) are 
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the most important pest of cattle among the flies (Diptera: Muscidae) (Palmer and 

Bay, 1981), reducing weaning weights of beef calf by 8.1 kg for every 100 flies on 

beef cows (Steelman et al., 1991). Animal comfort and productivity can be improved 

through the reduction or control of horn flies in cow-calf and stocker/yearling 

operations (Steelman et al., 1991). 

 

Soil Microbial Community and Associated Microbial Process 

Inclusion of perennial grasses in cropping systems helps reduce soil erosion 

(Kort et al., 1998) and increases available nutrients by decomposing plant residues 

(Patra et al., 2005) and root exudates (Bardgett et al., 1996). Fultz et al. (2013) 

reported increased SOC and SOM in perennial pastures containing OWB when 

compared to continuous cotton. Greater SOC, total N, and bacterial biomass were 

found in a field with mixture of perennial ryegrass and white clover than perennial 

ryegrass grass-only and white clover-only (Eekeren et al., 2009). Zhao et al. (2015) 

reported higher fungal markers and fungal:bacterial ratios in a mixture of broad-leaved 

paspalum (Paspalum wetsfeteini Trin.)-alfalfa when compared to broad-leaved 

paspalum grass monoculture. Greater N mineralization because of a lower C:N ratio of 

organic matter fractions, which are decomposed by soil biota, was reported in a grass-

clover mixture than grass-only by Elgersa and Hassink (1997). Zilverberg. (2012) 

reported greater mass of plant residue from above-ground and below-ground, and less 

disturbed soil in perennial pastures when compared to continuous cotton. Legumes 

produce senescent tissues, which stimulates soil bacterial populations, whereas highly 



Texas Tech University, Krishna Bhandari, August 2018 

11 

fibrous and slowly decomposing tissues in grasses favor soil fungal populations 

(Urquiaga et al., 1998). Information associated with soil microbial communities and 

their biological functions help our understanding of C and N cycling (Ingram et al., 

2008). Most of the earlier studies were concentrated on comparing soil microbial 

communities and associated soil properties between grass-legume (mostly grass-

clover) with grass-only, but the legume-only component was missing, which makes it 

difficult to measure the specific effect of legumes on soil microbial communities and 

soil properties. In addition, the positive effects of OWB on improving soil health 

indicators are well documented (Acosta-Martinez et al., 2004; 2010a; 2010b); 

however, the majority of these studies compared OWB pasture with continuous cotton 

and did not compare among other adapted forage types such as alfalfa and native 

grasses. It is necessary to investigate whether the insect-deterring traits of OWB carry 

over to soil microbial communities in relation to other adapted forage types to develop 

strategies for pasture management.  

 

Determining chemical composition of essential oils of OWB 

The chemical constituents of plant essential oils could provide alternative 

sources for insect control if there are no negative effects on non-target organisms and 

environment (Jiang et al., 2012). The essential oils from some plants such as garlic 

(Allium sativum L.) (Zhao et al., 2013) and rapeseed (Brassica napus L.) oil (Marcic et 

al., 2009) have already been effective to control the insect pear psylla (Cacopsylla 

chinensis L.) (Hemiptera:Psyllidae), suggesting potential natural insecticidal benefits. 
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Vogt et al. (2002) reported essential oils from orange (Citrus sinensis L.) as a viable 

alternative against RIFA. Similarly, essential oils from eucalyptus leaves (Eucalyptus 

citriodara Hook) and ginger rhizome (Zingiber officinale Roscoe) have been 

recognized as important natural sources of insecticides thanks to their antifeeding 

quality. Studies have also revealed essential oil extracts as possible mosquito (Diptera: 

Culicidae) repellents (Sritabutra and Soonwera, 2007). Very limited information is 

available about the insect-deterring traits associated with the OWB. Bothriochloa is 

+ranked as the second largest genus of aromatic grasses evaluated, including B. 

bladhii (Gupta and Daniel, 1982). Several authors have noted that some members of 

Bothriochloa are less attractive than others to insects, suggesting that some species or 

subspecies have insect-deterring traits (Zalkow et al., 1980); however, the compounds 

responsible to deter the insects and mechanisms insect-deterrence are still unknown. 

The essential oil compositions of B. bladhii and B. pertusa are different from those of 

Bothriochloa spp. in South America. The essential oil composition of B. bladhii was 

found to be isoamyl hexanoate (33.2%), isovaleric acid (7.2%), propyl hexanoate 

(3.5%) and camphor (2.1%) of total extracted oil (Verma et al., 2008). Singh et al. 

(2008) reported isoamyl hexanoate, isovaleric acid, propyl hexanoate, and camphor as 

the major constituents of essential oils in B. bladhii. The major essential oils found in 

Bothriochloa spp. are the sesquiterpenes intermedeol, neointermediol, and acorenone-

B (Scrivanti et al., 2009). Total oil compositions of B. bladhii were dominated by 

monoterpenoids and sequiterpenoids (Melkani et al., 1984; Bahl et al., 2014). The 

dominating constituents in a grass collected from Nepal were intermedeol, limonene 
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and camphene, whereas isoamyl nexasnoate and propyl hexanoate were the dominants 

in the oil of grass collected from Himachal Pradeesh, India (Melkani, et al., 1984). 

Bhandari et al. 1993 reported lower concentrations of isoamyl hexanoate (0.1%), 

propyl hexanoate (0.04 %), camphor (0.31 %) in B. bladhii collected from the Terai 

region of Nepal, whereas these were found in higher concentrations (33.2%, 3.5%, and 

2.1%) in a study in the same species collected from Himachal Pradesh, India 

(Melkani, et al., 1984). Verma et al (2008) did not find acorenone-B in the oil, 

whereas it was present in high concentration in the report by Bahl et al. (2014). There 

are large reported qualitative and quantitative variations in essential oil constituents 

potentially due to genotypic, agro-climatic and ecological differences (Bahl et al., 

2014). Therefore, it is desirable to determine the chemical composition of essential 

oils in OWB grown in semi-arid Texas High Plains in relation to growth stage and to 

explore links between such chemicals and their insect deterrence. WW-B.Dahl OWB 

could offer an economically attractive method of reducing insect predation without 

disruption of ecological food webs if this grass has good repellent properties on 

crop/pasture and livestock pests and no negative impacts on soil microorganisms. 
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Abstract  

The decline in water supply for irrigation in the Texas High Plains is 

encouraging transition to drought-tolerant forages such as ‘WW-B.Dahl’ Old World 

bluestem [OWB, Bothriochloa bladhii (Retz) S.T. Blake]. Cattle (Bos taurus L.) 

grazing this grass have been casually observed to host fewer horn flies (Haematobia 

irritans L.) but definitive data are lacking. Visual ratings (1-5 scale) were contrasted 

for fly densities on steers grazing two forage systems: grass-only (predominantly 

OWB) vs. grass-legume (OWB and alfalfa, Medicago sativa L.) in 2015 and 2016. 

Mean fly densities were not different between the systems in either year, but a date × 

system interaction in 2016 (P = 0.052) suggested a lower fly density for grass-only on 

23 June. Horn fly densities were not consistently reduced on cattle grazing the OWB-

dominant grass-only system, therefore our observations do not support anecdotal 

reports of significant deterrence of horn flies by WW-B.Dahl OWB.  
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Introduction  

The Texas High Plains has a limited water supply for irrigation to produce 

agricultural crops and livestock. ‘WW-B.Dahl’ old world bluestem [Bothriochloa 

bladhii (Retz) S.T. Blake] is a productive, drought-tolerant grass in the Rolling Plains 

and High Plains of west Texas (Dahl et al. 1988). It is a warm-season, perennial 

bunchgrass that matures 3 to 5 weeks later than other OWB varieties (Bothriochloa 

spp.) (Dewald et al. 1995), and supports steer weight gain of 0.79 kg head-1 day-1 

(Baxter et al. 2017). Some types of OWB contain aromatic oils that confer a pleasant 

odor (Gupta and Daniel 1982) and may impart resistance to or deterrence of some 

insects (Pinder and Kerr 1980; Villalobos et al. 2003). Sternberg et al. (2006) reported 

that pastures of WW-B.Dahl contained about one-third the number of red imported 

fire ant (Solenopsis invicta Buren) mounds than adjacent pastures of native grass or 

‘Coastal’ bermudagrass [Cynodon dactylon (L.) Pers.] throughout 25 sites in Texas. 

This indicates a possible role for WW-B.Dahl in deterring insect pests in Texas 

pastures.  

Of the various flies (Diptera: Muscidae) that are economically detrimental to 

cattle (Bos taurus L.), horn flies (Haematobia irritans L.) are the most important 

obligate, blood-feeding ectoparasites (Palmer and Bay 1981). It is not known whether 

the aromatic compounds from WW-B.Dahl can deter insects. Female flies lay eggs on 

fresh cattle manure, which hatch in 1 to 2 days. Larvae feed on manure from 4 to 8 

days, and pupation occurs in 6 to 8 days. Horn flies complete their life cycle between 

10 to 20 days, depending on ambient temperate and time of year. Reduction or control 
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of horn flies can be economically beneficial to cow-calf and stocker/yearling 

operations because of improved animal comfort and productivity (Steelman et al. 

1991). Beef calf weaning weights were reduced by 8.1 kg for every 100 flies on beef 

cows (Steelman et al. 1991). Chemical control is essentially the only method available 

to control these pests, and some fly populations have developed resistance to common 

insecticides (Pruett et al. 2003). Lower numbers of horn flies have occasionally been 

observed on stocker steers grazing WW-B.Dahl in the Texas High Plains compared to 

cattle grazing other grasses in adjacent areas (pers. commun. V.G. Allen 2012); 

however, data are lacking for this comparison. If WW-B.Dahl can reliably repel 

livestock pests, then this grass offers an economically attractive method of reducing 

flies while also utilizing a grass with efficient water use in semiarid environments. In 

an initial evaluation in 2014, we observed lower horn fly densities on cattle grazing 

WW-B.Dahl than on those grazing alfalfa, which justified more frequent observations 

in subsequent years. The objective of this study was to assess the impact of forage 

systems differing in predominance of WW-B.Dahl OWB on fly densities on cattle 

compared to an OWB system that included alfalfa. 

 

Materials and Methods 

Research was conducted at the New Deal Research Farm near Lubbock, TX, in 

northeast Lubbock County (33°45’ N, 101°47’ W; 993 m elevation) with almost level 

soil (0 to 1% slope) on a Pullman clay loam (fine, mixed, thermic Torrertic 

Paleustolls). This study was superimposed on a grazing trial to test animal productivity 
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and water use of two pasture systems considered as treatments, grass-only and grass-

legume, with three replicates (or blocks) per system (Baxter et al. 2017; Appendix Fig. 

A.1). Each system comprised three paddocks containing different forage species or 

mixes among which cattle were rotated according to forage availability. The grass-

only system consisted of WW-B.Dahl OWB, (68% of the grazing days [averaged over 

3 yr]), native-grass mix (18% of grazing days), and teff [Eragrostis tef (Zuccagni) 

Trotter] (14% of grazing days) (Appendix Table B.1). The grass-legume system 

consisted of OWB-‘RSI 707’ alfalfa-yellow sweetclover [Melilotus officinalis (L.) 

Lam.] mix (average of around 25% legume content; 58% of grazing days), a mix of 

alfalfa-‘José’ tall wheatgrass [Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. 

Wang] (usually >90% alfalfa; 18% of grazing days, referred to henceforth as alfalfa), 

and teff (3% of grazing days). Each grass-only replicate was stocked with 12 British-

crossed (primarily Angus) beef steers (overall mean liveweight 320 kg), whereas each 

grass-legume replicate was assigned eight steers in each year from June to September 

during 2 yr.  

Cattle were treated with Revalor-G (trenbolone acetate and estradiol, Merck 

Animal Health, Madison, NJ, USA) growth promotant implants at the beginning of 

each grazing season. Python Magnum insecticidal ear tags (10% zetacypermethrin + 

20% piperonyl butoxide, Y-Tex Corp., Cody, WY) were applied by the cattle supplier 

in 2014 and 2015 before receiving the cattle, but were removed on 20 July 2015 

because of lack of flies. Fly control was not implemented at the beginning of the 2016 

grazing season, but was implemented on 5 July and 8 September as a pour-on 
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treatment with CyLence (cyfluthrin, Bayer Health Care LLC, Shawnee Mission, KS, 

USA) to provide the cattle relief. 

Visual ratings were made for horn fly densities independently by the same two 

observers on one side of each steer using binoculars (16 x 32 power). Fly numbers 

were scored on each animal using a 1 to 5 scale with 1 = zero to < 10; 2 = 10 to <30; 3 

= 30 to <50; 4 = 50 to 100; and 5 = >100 flies. Fly ratings data of the two forage 

systems were compared as means of two observers, and means of all eight or 12 cattle 

within each system (grass-legume or grass-only, respectively) per replicate for a total 

of six experimental units. Ratings were performed on six dates in each of 2015 and 

2016. The preliminary rating in 2014 occurred on 26 August when grass-alone rated 

1.7 and grass-legume rated 3.2 (P < 0.01). There ratings were made by only one 

observer, and therefore were not included in the subsequent years’ analysis. 

No differences (P > 0.20) were found between observers when compared in 

paired t-tests within each date and for combined dates within year. Data were then 

analyzed as means of the observers in a randomized complete block design within 

years, with the six sampling dates as a repeated measure. System means and system × 

date interactions were tested using Proc Mixed in SAS 9.4 (Littell et al. 2006). Forage 

system was set as a fixed effect, and date and system × date were set as random 

effects. Differences were considered significant at P ≤ 0.05. 
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Results 

Fly ratings for the first two observation dates in 2015 (22 June and 20 July; 

Table 3.1) indicated absence of flies; likely owing to the insecticidal ear tags. 

Therefore the 2015 data were reanalyzed with only the last four dates in the repeated-

measures design. Insecticidal ear tags were removed from all cattle after 20 July. Fly 

ratings were very high from 7 September to 29 September, illustrating the apparent 

dissipation of insecticidal control. There was no main effect of forage system nor 

system × date interaction on the last four dates in 2015, indicating an inability of 

OWB to prevent the build-up of flies. 

The difference in mean fly rating between the systems in 2016 was not 

significant (P = 0.076) (Table 3.1). The system × date interaction in 2016 (P = 0.052) 

reflected inconsistency in the system effect across dates. The LSD0.05 for comparing 

system means within dates was 0.8, which provided evidence that OWB reduced fly 

density relative to grass-legume on 23 June. On that date, cattle in the latter system 

were grazing the alfalfa paddock, which may have presented a stronger contrast of 

forage types than when the grass-legume cattle were on OWB-alfalfa. The contrast 

with cattle grazing alfalfa agreed with the preliminary assessment in 2014. 

Nevertheless, the high fly ratings (> 4.0) late in both grazing seasons indicate that 

OWB had little, if any, deterrence effect on the build-up of horn fly populations. 
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Table 3.1. Fly density ratings by year, date, for cattle on grass-only and grass-legume 
forage systems, and actual paddocks occupied on the sampling dates for each system. 
Within-date data are means of all cattle within a pasture and three replicate systems. 
 

Year Date Grass-
only 

Grass-
legume 

Paddock occupied 
by grass-only 

cattle 

Paddock occupied 
by grass-legume 

cattle 
2015 22 

 
1.0 1.0 Native mix Native mix 

 20 
 

1.0 1.0 OWB2 OWB-alfalfa 
 27 Aug. 1.4 1.8 OWB OWB-alfalfa 
 7 Sept. 4.1 4.4 Native mix Native mix 
 15 

 
4.2 4.7 OWB Alfalfa 

 29 
 

4.7 4.9 OWB Alfalfa 
 Mean1 3.6 3.9   
 System effect P = 0.103   
 System × Date P = 0.945   
2016 9 June 1.6 1.7 Native mix Native mix 
 23 June 2.2 3.6* OWB Alfalfa 
 4 July 3.3 3.5 OWB OWB-alfalfa 
 25 July 1.0 1.3 OWB OWB-alfalfa 
 28 Aug. 4.7 5.0 OWB OWB-alfalfa 
 26 

 
4.6 4.2 Native mix OWB-alfalfa 

 Mean 2.9 3.2   
 System effect P = 0.076   
 System × Date P = 0.052   
 LSD0.05 within dates = 0.8   *Significant difference within date. 

1 Data of 22 June and 20 July are not included in the means 
2 OWB = WW-B.Dahl old world bluestem 
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Conclusion and Discussion  

This study was the first to test anecdotal observations that WW-B.Dahl OWB 

pastures may reduce horn fly infestations of cattle. Results did not support the 

hypothesis of a strong or consistent deterrence effect. There was a numerical tendency 

for a deterrence effect on many dates, but a significant deterrence occurred on only one 

date when cattle on the grass-legume treatment were grazing alfalfa. Toward the end of 

the two grazing seasons, fly populations built up to levels that may have overwhelmed 

any possible deterrence effects. This study was challenged by the fact that the cattle 

grazing schemes were not designed specifically to test the OWB effect on horn flies, in 

that cattle on the grass-legume treatment had large exposure to OWB in the OWB-

alfalfa mixture, which constituted 58% of their grazing time. Also, the low number of 

replications limited statistical precision. Cattle in the grass-only system on a diet high 

in WW-B.Dahl OWB were infested with horn flies to a degree that required insecticidal 

intervention. Concurrent studies on the same pastures demonstrated that OWB pastures 

were nearly completely devoid of red imported fire ants (consistent with Sternberg et 

al. 2006) and harvester ants (Pogonomyrmex spp.) (Bhandari et al. 2017), but the 

deterrence of ants by OWB did not extend to a similar effect on horn flies in this trial. 

Fly rating data did not indicate a clear deterrence effect of WW-B.Dahl OWB 

on horn flies on cattle relative to cattle on the grass-legume pasture system, which were 

less exposed to OWB. Horn fly numbers on the grass-only cattle were not depressed to 

an extent that obviated the need for insecticidal treatment. Future research should focus 
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on comparing cattle that are limited to only OWB to those with no access to OWB to 

provide a more distinctly different grass environment. 
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CHAPTER IV 

COMPARISON OF ARTHROPOD COMMUNITIES AMONG 
DIFFERENT FORAGE TYPES ON THE TEXAS HIGH PLAINS 
USING PITFALL TRAPS1 

 
Krishna B. Bhandari, C.P. West, S.D. Longing, C.P. Brown, and P.E. Green 

 

 

 

 

 

 

 

 

 

 

 

 

  

____________________________ 
1 Published in Crop, Forage & Turfgrass Management on May 10th, 2018; doi: 
10.2134/cftm2018.01.0005. 
 
Abbreviations: OWB, ‘WW-B.Dahl’ Old World bluestem; RIFA, red imported fire 
ant. 
 
English units are used to conform to the way that paper was actually published. 
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Core ideas  
• Red imported fire ants and harvester ants account for most of the arthropods 

found.  

• Forage types did not differ in numbers of non-pest and beneficial insects. 

• Old World bluestem provided an unfavorable habitat for ants but not for 

desirable insects.  

• Deterrence towards deleterious ants promotes resilience of Old World 

bluestem. 
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Abstract 

The decline in water supply for irrigation in the Texas High Plains is 

encouraging some growers to produce dryland forages. ‘WW-B.Dahl’ Old World 

bluestem [OWB, Bothriochloa bladhii (Retz) S.T. Blake] is a drought-tolerant grass in 

dryland and limited-irrigation conditions. This grass reportedly repels red imported 

fire ants (RIFA, Solenopsis invicta Buren); however, broader insect communities 

associated with OWB have not been investigated. We characterized the ground-active 

arthropod community occurring in OWB, OWB-alfalfa (Medicago sativa L.), alfalfa 

and native mixed grass pastures by using pitfall traps over 3 yr.  Forty-seven families 

among 10 insect orders and five families of five non-insect arthropod orders were 

collected. Beside ants (Hymenoptera: Formicidae), the most abundant taxa collected 

were ground beetles (Coleoptera: Carabidae), click beetles (Coleoptera: Elateridae), 

house flies (Diptera: Muscidae), butterflies (Lepidoptera: Pieridae), and field crickets 

(Orthoptera: Gryllidae), with jumping spiders (Araneae: Salticidae) and sow bugs 

(Isopoda: Oniscidae) representing the non-insect taxa. Pastures containing OWB had 

nearly zero (P<0.001) RIFA and harvester ants (Pogonomyrmex spp.), but no other 

arthropod family responded to forage treatments. Ant abundances were greatest in the 

native mix and intermediate in the alfalfa and teff (Eragrostis tef (Zucc.) Trotter) 

pastures. The relatively low abundances of RIFA and harvester ants in the OWB and 

OWB-alfalfa mixture compared to the other forage treatments suggest that WW-

B.Dahl OWB might act to deter activity of ants, yet further studies are needed to 
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determine the specific mechanisms and insect-deterring traits of these forage systems 

to support strategies for pasture management.  

 

Importance of Characterizing Arthropod Communities in Pastures 

The Texas High Plains has a limited water supply for irrigation to produce 

agricultural crops and livestock. Cultivation of drought-tolerant grasses contributes to 

improving irrigation use efficiency when such grasses support beef cattle (Bos taurus 

L.) production in a system integrated with cotton (Gossypium hirsutum L.) (Johnson et 

al., 2013). The decline in water supply for irrigation in the Texas High Plains is 

encouraging some growers to produce dryland forages. ‘WW-B.Dahl’ Old World 

bluestem [Bothriochloa bladhii (Retz) S.T. Blake] is a highly productive drought-

tolerant grass in semi-arid conditions (Dahl et al., 1988). It is a warm-season, 

perennial bunchgrass, originating in India, with 3 to 5 week later maturity than other 

Old World bluestems (Bothriochloa spp.) (Dewald et al., 1995), and supports steer 

weight gain of 0.79 kg head-1 day-1 (Baxter et al., 2017). Some varieties of Old World 

bluestems are rich in essential (volatile) oils, which confer a pleasant smell (Pinder 

and Kerr, 1980; Villalobos et al., 2003). Several authors have noted that some Old 

World bluestem types are less attractive than others for insects, suggesting resistance 

to insect pests (Zalkow et al., 1980). Pastures planted with WW-B.Dahl (henceforth 

OWB) showed a 75% reduction in red imported fire ant (Solenopsis invicta Buren, 

RIFA) mounds compared to those found in adjacent pastures of bermudagrass 

[Cynodon dactylon (L.) Pers.] throughout 25 sites in Texas (Sternberg et al., 2006). In 
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northwest Lampasas County, Texas, RIFA developed a high density of mounds in 

bermudagrass fields, whereas no RIFA mounds were observed in an adjacent WW-

B.Dahl field (Sternberg et al., 2006). Red imported fire ants are known to cause high 

economic losses in the southern U.S. cattle industry (Teal et al., 1999). Better 

understanding of insect-deterring traits of WW-B.Dahl could lead to this grass 

offering an economically attractive method of reducing insect damage to pastures 

while utilizing a grass with efficient water use in semiarid environments.  

Non-native forage species are commonly introduced into grasslands and 

croplands to boost animal carrying capacity and feed quality relative to native 

vegetation, or to take advantage of inputs such as irrigation or fertilization. Introduced 

species can impact ecosystem functioning via reduced abundance and diversity of 

native plants and animals, including arthropod communities, by changing habitat 

structure and composition of food webs (Mack et al., 2000). Introduced forages are 

usually managed as single-species or low-diversity stands, which have been shown to 

reduce insect species richness compared with diverse native habitats (Hartley et al., 

2004). In addition to reduced diversity, the load of herbivorous insects is typically 

lower in introduced plant stands than native stands because of poor adaption of such 

insects to non-native host plants (Yela and Lawton, 1997). Arthropods perform vital 

ecosystem services such as pollination, nutrient cycling, seed dispersal, and food 

sources for higher-trophic animals (Price, 1997; Jones et al., 1994). Increased grazing 

pressure by cattle and sheep (Ovis aries L.) in grassland reduces the abundance of 

many arthropods such as spiders, flies, beetles, plant bugs, and moths (Dennis et al., 
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2008). Analyzing the size and structure of arthropod communities in native and 

introduced pastures in the Texas High Plains provides information relevant to pasture 

improvement under low-water conditions. The objective of this study was to 

characterize ground-active arthropod community abundance and richness in pastures 

in relation to forage species and management. 

 

Overview of the Established Pastures 

 Research was conducted at Texas Tech University New Deal Research Farm 

located near Lubbock, TX, in northeast Lubbock County (33°45’ N, 101°47’ W; 3260 

ft elevation) with almost level soil (0 to 1% slope). The soil of the site is Pullman clay-

loam (fine, mixed, thermic Torrertic Paleustolls) which contained 38% clay, 28% silt, 

and 34% sand. At 2-4 ft depth, the soil has a layer of caliche (calcium carbonate) that 

is substantially impervious to roots. The research site was part of a grazing trial testing 

two pasture systems: grass-only and grass-legume each with three replicates per 

system. Summary of pasture establishment and forage species is listed in Baxter et al. 

(2017) (Appendix Table B.1). The grass-only system consisted of a native-grasses mix 

(buffalograss [Bouteloua dactyloides (Nutt.) J.T. Columbus], blue grama [B. gracilis 

(Willd. ex Kunth) Lag. ex Griffiths], sideoats grama [B. curtipendula (Michx.) Torr.], 

and green sprangletop [Leptochloa dubia (Kunth) Nees]), teff [Eragrostis tef 

(Zuccagni) Trotter], and OWB. Each grass-only system replicate consisted of a total of 

20.9 acres which comprised 11.2 acres of the native grass mix, 5.1 acres of OWB, and 

4.3 acres of teff. The grass-legume system consisted of OWB-’RSI 707’ alfalfa 
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(Medicago sativa L.)-‘Madrid’ yellow sweetclover [Melilotus officinalis (L.) Lam.] 

and alfalfa-‘José’ tall wheatgrass [Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. 

Wang]. The OWB-alfalfa-yellow sweet clover is henceforth referred to only as OWB-

alfalfa. Similarly, alfalfa-tall wheatgrass is henceforth referred to only as alfalfa. 

Yellow sweetclover was a prominent component only during spring of 2015 in OWB-

legume mix. The alfalfa-tall wheatgrass pasture consisted of 10% or less of tall 

wheatgrass. In both grass-only and grass-legume systems, cattle were rotationally 

grazed among the pasture types. Each grass-legume system comprised 2.3 acres of a 

native grass mixture in which 5.2 acres of OWB mixed with alfalfa and yellow 

sweetclover, 2.3 acres of alfalfa mixed with tall wheatgrass and 0.6 acres of teff. In 

alfalfa-tall wheatgrass pastures, each replicate was subdivided into three strips 

separated by temporary electric fences oriented east–west. Alfalfa and tall wheatgrass 

were seeded in April 2009. A Tye 2010 Stubble Drill (Tye Manufacturing, Lockney, 

TX) was used to plant both forages into a prepared seedbed. The tall wheatgrass was 

not successful to establish and was replanted in Sept., 2009. Stocker cattle were grazed 

sequentially in strips of each replicate. Native pastures, OWB, and teff in the grass-

only systems were planted in 2002, 2003, and 2014 respectively. Old World bluestem 

pastures in the grass-legume systems were planted in 1998. Alfalfa and yellow sweet 

clover were later drilled into the OWB pastures of the grass-legume systems in 2010 

using the Tye drill. Alfalfa and tall wheatgrass were planted in 2009 by using the Tye 

drill into a prepared seedbed. Teff in both pasture systems was planted into a prepared 

seedbed in 2014, 2015, and 2016.  
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An under-ground drip irrigation system (Netafim, Tel Aviv, Israel) with tapes 

on 3.3-ft centers in field and ~1.2 ft deep was used to apply irrigation to pastures. A 

turbine water meter (Master Meter WNT-01) was equipped to each field in the pasture 

to track amount of water applied. In the grass-only system, the native mix and teff 

pastures were managed as dryland, whereas the OWB received the annual amount of 

irrigation applied limited to 9.1 inches. Similarly, the native and teff pastures were 

managed as dryland in the grass-legume system except for fertigation. The OWB-

legume received the amount of irrigation up to 9.1 inches per year whereas alfalfa-tall 

wheatgrass received up to 11.9 inches per year. Access tubes for a Dynamax PR2 

Profile Probe System soil moisture sensors were installed in 2015 to monitor 

volumetric soil water content at 4-, 8-, 12-, 16-, 24-, and 40-inches depths (Dynamax, 

Houston, TX). Irrigation scheduling decisions were made based on soil moisture 

sensor data. In grass-only system, the drip irrigation system was used to apply 

fertilizers and irrigation. In grass-only system, all fertilizer applications equipped with 

irrigation were made at a rate of 60 lb N and 11 lb S acre−1 yr−1. Based on soil test 

recommendations in summer 2016, broadcast fertilizer applications of 13 lb N, 30 lb 

P,  6 lb K, and 8 lb S ha−1 were made to selected pastures in both grass-only and grass-

legume systems. 
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Pitfall Trap Procedure 

This research was superimposed on the grazing trial described above; however, 

this research considered pasture species composition as treatments instead of grass-

only and grass-legume systems as treatments. Thus treatments consisted of OWB 

alone, OWB-legume, teff, alfalfa–tall wheatgrass, and native grass mix. In 2014 and 

2015, samples of arthropods were collected from all five treatments, but samples were 

not collected from teff in 2016 because of poor stand establishment. Pitfall traps were 

used for arthropod sampling because of particular interest in ground-dwelling insects 

including RIFA. All pitfall collections were made on clear sky days from July through 

September, except for small rain events while pitfall traps were present during a 5-day 

period in 2014 (native mix) and 2015 (OWB). The frequent rotations of cattle made it 

difficult to set the pitfalls traps at the same time in 2015 and 2016 as in 2014, and 

timing of pitfall traps had to adjust to the grazing schedule. The timetable of sampling 

traps is summarized in Table 4.1. In 2015 and 2016, alfalfa pastures were divided into 

three strips, and pitfalls were set in the third strip of each block while cattle graze the 

first and second strips. Pitfall traps were set at three equidistant transects within each 

pasture treatment, and transects were conducted in mid-summer to early fall each year. 

Four pitfall traps per transect were separated by 6.5-ft. for a total of 12 pitfall traps for 

each forage treatment in each sampling period. Cups were placed so that cup tops were 

level to the soil surface (Fig. 4.1). Each cup was half filled with propylene glycol to 

preserve the insects and other arthropods during the 5-day sampling interval (Fig. 4.2). 

After 5 days, the contents of the 4 cups per transect were collected, placed into labeled 
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containers and stored for counting and identification. The mean of the 12 pitfall traps 

per replicate constituted the experimental unit. Other arthropods were quantified in 

surveys of pollinator and canopy-dwelling species using bee-bowl traps and sweep 

nets respectively, and are to be published subsequently. 

 

Table 4.1. Dates of pitfall trap collection by forage type across  
three years (2014-2016). 
 
Forage 2014 2015 2016 

OWB Aug. 25 Sep. 27 Aug. 17 

OWB-alfalfa Sep. 5 Sep. 03 Aug. 23 

Alfalfa Sep. 5 Aug. 16 Aug. 23 

Native mix Aug. 27 July 15 Aug. 17 

Teff grass Sep. 7 Aug. 16       - 

    

 

 

 



Texas Tech University, Krishna Bhandari, August 2018 

42 

 
 
Figure 4.1. Four pitfall traps per transect were dug into the soil  
with 6.5-ft distance between two pits into which plastic cups  
were placed level to soil surface. 
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Figure 4.2. Each pitfall trap was half filled with propylene glycol,  
which does not evaporate and kills trapped arthropods. After 5  
days, the contents of the four cups per sample were composited, 
 sorted, and identified. 
  

Propylene glycol 
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Statistical analysis 

Data were analyzed by analysis of variance using a randomized complete block 

design. However, not all pasture treatments within a replication were spatially 

contiguous because of the existing layout of forage treatments. Depth to caliche 

ranged from 4 ft. in block 1 to 2 ft. in block 3. Replicate means of each treatment for 

RIFA, harvester ants (Pogonomyrmex spp.), true bugs and sowbugs were transformed 

using log (x+10).  Log(x) transformation was used for the total number of insects, and 

the total number of bees, wasps and ants, crickets and grasshoppers and non-insect 

arthropods. Data were analyzed using Proc Mixed (SAS 9.4), with treatment set as a 

fixed effect and replicate set as a random effect.  Means were compared using 

LSMEANS procedure. Differences for both analyses were considered significant at P 

≤ 0.05.  

 

Arthropod Community 

The categories and abundances of insects and other arthropods recovered from 

pitfall traps are listed in Table 4.2. Arthropods consisted largely of adult insects, with 

very few immature stages collected during pitfall sampling. Multiple families were 

collected within each of the insect orders: Coleoptera, Diptera, Hemiptera, and 

Hymenoptera, yet in many cases the overall abundances were dominated within orders 

by only one family. Within Hymenoptera, Formicidae (mainly RIFA and harvester 

ants) was the most abundant family, which accounted for 45% of the total number of 

individuals collected during the study. Beside ants, the most abundant taxa collected 
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were ground beetles (Carabidae) and click beetles (Elateridae), house flies (Muscidae), 

butterflies (Lepidoptera: Pieridae), and field crickets (Orthoptera: Gryllidae). The most 

abundant non-insect arthropods were in the families Salticidae (spider) and Oniscidae 

(sowbug), and accounted for 15% of the total number of individuals collected in the 

study.   
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Table 4.2. List of taxa and abundances recovered by pitfall traps of arthropods summed over three  
transects per pasture and averaged over forage treatments, blocks, and years. 
 
Class Order Family  Common name Abundance 
    no. pasture-1 

Insecta Blattodea  Blattellidae cockroach 0.1 

 Coleoptera Carabidae  ground beetle 14.8 
  Elateridae click beetle 8.7 
  Silphidae  carrion beetle 2.5 
  Curculionidae  weevil 1.8 
  Meloidae blister beetle 0.8 
  Chrysomelidae  leaf beetle 0.3 
  Tenebrionidae darkling beetle 0.3 
  Coccinellidae  ladybird beetle 0.2 
  Erotylidae pleasing fungus beetle 0.2 
  Staphylinidae rove beetle 0.2 
  Scarabidae  scarab beetle 0.1 
  Unidentified - 2.4 

 Dermaptera  Anisolabididae  earwig 1.3 

 Diptera Muscidae  house fly 12.2 
  Sarcophagidae flesh fly 0.6 
  Bombyliidae  bee fly 0.5 
  Asilidae robber fly 0.2 
  Calliphoridae blow fly 0.1 
  Tachinidae tachnid fly 0.1 



Texas Tech University, Krishna Bhandari, August 2018 

47 

  Chironomidae midge 0.04 
  Culicidae  mosquito 0.02 
  Unidentified - 0.3 

 Hemiptera Aphididae  aphid 9.3 
  Cicadellidae  leafhopper 2.5 
  Geocoridae  big-eyed bug 1.4 
  Membracidae  tree hopper 0.3 
  Reduviidae  assassin bug 0.2 
  Pentatomidae stink bug 0.02 
  Unidentified - 0.4 

 Hymenoptera Formicidae ant 107.7 
  Apidae  honey bee 2.1 
  Halictidae  sweat bee 1.6 
  Sphecidae  thread-waisted wasp 1.1 
  Pompilidae  spider hawk wasp 1.0 
  Megachilidae  leafcutter bee 0.7 
  Ichneumonidae  ichneumon wasp 0.4 
  Vespidae yellowjacket 0.3 
  Chrysididae cuckoo wasp 0.1 
  Braconidae broconid wasp 0.02 
  Unidentified - 2.5 

 Lepidoptera  Pieridae white and sulfur butterfly 2.6 
  Hesperiidae skipper 1.3 
  Lycaenidae coppers 1.1 
  Noctuidae moth 0.8 
  Nymphalidae brush-footed butterfly 0.1 
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  Unidentified - 0.3 

 Neuroptera Myrmeleontidae ant lion 0.1 

 Odonata Lestidae damselfly 0.02 

 Orthoptera Gryllidae  field cricket 15.2 
  Acrididae short-horned grasshopper 2.5 
  Romaleidae lubber grasshopper 0.1 

Arachnida Araneae Salticidae spider 27.3 

 Scorpiones Buthidae scorpion 0.1 

Chilopoda Scolopendromorpha Crptyopidae centipede 0.1 

Diplopoda Polydesmida Eurymerodesmidae   millipede 0.1 

Malacostraca Isopoda Oniscidae sowbug 7.9 
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Variation of Arthropods as Affected by Forage Types 

Forage type greatly affected the total number of insects and other arthropods 

collected. The insect order Hymenoptera (bees, ants and wasps) occurred in the lowest 

abundances in OWB and OWB-alfalfa and in the highest abundances in the native-

grass mix (Table 4.3). Red imported fire ants and harvester ants were practically 

eliminated by the presence of OWB; only 39 individuals of both of these ants were 

collected from the OWB associated pasture systems across the duration of the study. 

Hymenoptera abundance was driven largely by the abundances of the two ant species, 

which is consistent with the high abundance of the Formicidae family relative to all 

other taxa (Table 4.2). The abundance of Hemiptera was influenced by forage type to 

a much lesser extent (Table 4.3) than that of Hymenoptera. Trends shown in order and 

family-level abundances were consistent among the three sampling years (forage × 

year interaction P>0.05). Diptera abundance ranged from 9 in OWB to 31 per pasture 

in teff (P=0.02) for means across years; (data not shown), with no significant 

suppression by OWB relative to alfalfa. 
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Table 4.3. Abundance of total insects, Hymenoptera, RIFA, harvester ants, and Hemiptera  
insects recovered in pitfall traps by forage treatment, averaged over 3 years (2 years only for  
teff) and 3 blocks. Forage x year interactions were nonsignificant (P>0.05) for each set of insect  
data. 
 
Forage Total insects Total 

Hymenoptera 
RIFA† Harvester ant Hemiptera 

 - - - - - - - - - - - - - - - - - - - - - no. pasture-1 - - - - - - - - - - - - - - - - - - - - 

OWB 75 c 18 c 1 d 1 c 16 b 

OWB-alfalfa 88 c 8 d 1 d 1 c 6 b 

Alfalfa 240 b 141 b 100 b 31 b 4 b 

Native mix 481 a 396 a 303 a 84 a 27 b 

Teff 268 b 117 b 45 c 62 a 53 a 

Forage effect P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
† RIFA = red imported fire ant. 
Means followed by same letters are not different at α=0.05. 
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Arthropods of interest that exhibited forage × year interactions (P ≤ 0.05) are 

shown in (Table 4.4). Coleoptera abundance was suppressed in OWB compared to 

alfalfa and native mix only in 2015. Lepidoptera numbers were low across forage 

treatments with the highest abundances recorded from alfalfa. Since Lepidoptera were 

mostly adults, pitfall trap numbers probably did not adequately represent that taxon in 

these pastures. Orthoptera numbers were also quite low and were significantly 

different across forage types only in 2015. Abundance of Orthoptera tended to be 

lowest in OWB and teff. Non-insect arthropods, comprising mainly spiders, were most 

abundant in OWB-alfalfa and alfalfa, and least abundant in OWB and native mix, 

especially in 2015. 
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Table 4.4. Abundance of Coleoptera, Lepidoptera, and Orthoptera orders of insects, and total  
non-insect arthropods recovered in pitfall traps by forage treatment during 3 years (2 years  
only for teff), averaged over 3 blocks. 
 
Order Forage  2014 2015 2016 Mean 
  - - - - - - - - - - - - - no. pasture-1 - - - - - - - - - - - - - 
Coleoptera OWB 41  18 b 20  26 c 
 OWB-alfalfa 43  20 b 22  29 bc 
 Alfalfa 45  54 a 29  43 a 
 Native mix 21  51 a 17  30 b 
 Teff 36  38 ab -  37 ab 
   Forage effect  P=0.11 P=0.01 P=0.12 P<0.01 
   Forage x Year    P<0.001     
          
Lepidoptera OWB 5  5  3 ab 4 b 
 OWB-alfalfa 13  5  3 ab 7 b 
 Alfalfa 20  6  7 a 11 a 
 Native mix 10  1  1 b 4 b 
 Teff 5  2  -  4 b 
   Forage effect  P=0.06 P=0.10 P=0.04 P<0.01 
   Forage x Year    P=0.05     
          
Orthoptera OWB 18  8 c 9  12 c 
 OWB-alfalfa 21  49 a 16  28 a 
 Alfalfa 22  30 ab 17  23 ab 
 Native mix 29  9 bc 8  16 bc 
 Teff 14  6 c -  10 c 
   Forage effect  P=0.72 P<0.01 P=0.12 P<0.01 
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   Forage x Year    P=0.03     
         
Non-insect OWB 28 b 16 c 22 ab 22 c 
  arthropods OWB-alfalfa 91 a 52 ab 55 a 66 a 
 Alfalfa 54 ab 58 a 11 bc 41 b 
 Native mix 27 b 24 bc 5 c 19 c 
 Teff 28 b 38 ab -  33 bc 
   Forage effect  P=0.05 P=0.01 P=0.05 P<0.01 
   Forage x Year    P=0.01     

Means followed by similar letters are not different at α=0.05. 
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Implications of Research Findings 

The most consistent effect of forage type was that RIFA and harvester ant 

numbers were drastically reduced in the OWB and OWB-alfalfa pastures compared 

with alfalfa, native-grass mix, and teff (Table 4.3). This result is consistent with 

findings by Sternberg et al. (2006) in which RIFA mound numbers were practically 

absent from WW-B.Dahl OWB pastures compared with mostly bermudagrass pastures 

in Texas. The low numbers of RIFA and harvester ants in OWB pastures suggest that 

these types of forage systems could potentially reduce the risk of damage to livestock 

health and pastures. Similar to the OWB-only stand, OWB-alfalfa also showed low 

numbers of RIFA. Although the results of this study are clear in showing differences 

across forage systems primarily because of ants, further studies are needed to 

investigate the specific mechanisms and insect deterring traits of these OWB forage 

systems in order to support strategies for pasture management. 

Total insect abundance across the forage systems was largest in the native-

grass mix, yet this was mainly because of the high abundances of RIFA and harvester 

ant numbers. Although not quantified, it was observed that native-mix pastures 

contained numerous 3-ft-diameter circles of bare ground with an active harvester-ant 

exit hole in each center; whereas no such bare circles were noted in the OWB or 

OWB-alfalfa pastures. Aside from RIFA and harvester ants, no other insect or 

arthropod showed these same trends of higher abundances in the native grass pasture. 

However, when ants were excluded from the analysis, pastures that contained alfalfa 

tended to have the greatest abundances of arthropods. Alfalfa is known as a highly 
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favorable host of diverse insect communities, many of which are potential pests (Sulc 

and Lamp, 2007). Harvester ants are native to the High Plains of Texas and their 

numbers were elevated in the native pastures relative to the other forage types, but not 

to the extent of RIFA.  Harvester ants are native biota and thrive in the regional 

shortgrass prairies, and this study shows that harvester ants would occur in native 

pastures in greater abundances than pastures with OWB, or potentially other non-

native forages. Furthermore, harvester ants represent important prey for the rare Texas 

horned lizard (Phrynosoma cornutum), and therefore these results improve our 

understanding of harvester ant associations with forage systems and grasslands 

supports strategies for conservation of diverse fauna. This survey using pitfall traps 

only studied ground-active arthropods. Associated surveys of canopy-active and 

pollinator insects are also being performed to provide a more complete assessment of 

the insect ecology of OWB pastures.  

In conclusion, WW-B.Dahl OWB appears to provide an unfavorable habitat 

for RIFA and harvester ants, and in the absence of RIFA both cattle health and forage 

stand resilience should be improved. Patterns observed in the OWB-only stand were 

similar to those from the OWB-alfalfa stand, and therefore interplanting OWB within 

a broader forage plant community might convey a degree of protection from invasive 

and pestiferous insects while diversifying the forage system and provide broader 

benefits such as pollinator forage. Overall, results support strategies for improving the 

agroecosystems on the Texas High Plains by incorporating forage grasses that select 

against important pests such as the RIFA.    
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CHAPTER V 

POLLINATOR ABUNDANCES IN SEMI-ARID PASTURES AS 
AFFECTED BY FORAGE SPECIES1 

 
Krishna B. Bhandari, C.P. West, S.D. Longing, C.P. Brown, P.E. Green, and E. 

Barkowsky 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________________ 
1 Submitted to Crop Science 

Abbreviations: OWB, ‘WW-B.Dahl’ Old World bluestem; RIFA, red imported fire 
ant. 
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Abstract 
 
The semi-arid Texas High Plains has a declining water supply for irrigated crop 

production because of unsustainable pumping from the Ogallala Aquifer. Conversion 

of land from annual crops to limited-irrigated perennial forages is an option for 

profitable land use. ‘WW-B.Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) 

S.T. Blake, OWB] is a well-adapted, drought-tolerant grass known for deterring some 

soil-dwelling insects, but effects of OWB on insect pollinators are unknown. Foraging 

insects were collected using bee bowl traps and compared among OWB alone, OWB 

mixed with alfalfa (Medicago sativa L.), alfalfa, and native-grass mix while being 

grazed by cattle. Twenty-one families from four orders of insects were recovered over 

3 yr. Sweat bee (Hymenoptera: Halictidae) was the most abundant family, with 59% 

of the total number of insects collected. Honey bees (Hymenoptera: Apidae) 

constituted an additional 17% of the total number of insects collected, with  hover flies 

(Diptera: Syrphidae) and skippers (Lepidoptera: Hesperiidae) found in lesser 

abundances. Abundance of foraging insects was greatest in native-grass pastures (P < 

0.001), but this was not always significant across years. The lowest abundances of 

foraging insects were commonly found in OWB. Widespread adoption of WW-B.Dahl 

OWB may reduce local numbers of foraging insects in the Texas High Plains, which 

could negatively impact pollinators in managed grasslands.   
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Introduction  

The decline in water supply for irrigation in the Texas High Plains is 

encouraging some growers to convert annual cropland to perennial, water-frugal 

forages for producing hay and grazing cattle. ‘WW-B.Dahl’ old world bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake] is a well-adapted, warm-season, perennial 

bunchgrass in dryland and limited water conditions (Dahl et al., 1988). Its 3 to 5 week 

delay in flowering compared with other old world bluestems (Bothriochloa spp.) is an 

added attribute for cattle producers favoring a good quality forage (Dewald et al., 

1995). Some old world bluestems confer a pleasant smell in late summer caused by 

essential (volatile) oils (Pinder and Kerr, 1980; Villalobos et al., 2003), a trait 

associated with deterrence of some types of insects (Zalkow et al., 1980). Compared 

with adjacent pasture of bermudagrass [Cynodon dactylon (L.) Pers.], WW-B.Dahl 

(henceforth OWB) had about 75% fewer red imported fire ant (Solenopsis invicta 

Buren, RIFA) mounds averaged over 25 sites in Texas (Sternberg et al., 2006). 

Bhandari et al. (2018c) reported almost zero RIFA and harvester ants 

(Pogonomyrmex spp.) in pastures containing OWB; whereas native grass communities 

dominated by Bouteloua spp. had the highest number of total arthropods including 

high abundances of RIFA and harvester ants. Another study on the same pastures 

demonstrated a numerical tendency for deterrence of horn flies (Haematobia irritans 

L.) on cattle grazing OWB, but horn fly densities were not consistently reduced 

(Bhandari et al., 2018b). In contrast, no clear inhibitory effects of OWB on canopy 
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arthropods (Bhandari et al., 2018a) and soil microbial community (Bhandari et al., 

2018d) were found. 

Insect pollinators facilitate the reproduction of about 87% of the world’s wild 

flowering plant species and therefore are essential components of sustainable 

terrestrial ecosystems (Ollerton et al., 2011). A general global decline of insect 

pollinators imperils their pollination services (Potts et al., 2010, Kopec et al. 2017), 

which threatens the persistency of dependent plant species in native ecosystems and 

fruit productivity of a large variety of food crops (Clough et al., 2014). Pollinator 

populations can be enhanced through management of undisturbed or infrequently 

disturbed habitats in agricultural landscapes (Techarntke et al., 2005).  

Semi-natural grasslands generally harbor diverse plant communities (Wilson et 

al., 2012), which serve as favorable habitat for pollinators (Ockinger and Smith, 

2007). In general, the abundance of herbivorous insects in non-native plant 

communities is lower than in native plant communities (Yela and Lawton, 1997). 

Abundance of flowering plant species promotes the abundance of insect pollinators 

(Cole, et al., 2015). Pollinating insect populations are also influenced by the areal 

coverage of flowers and flowering-plant richness  (Scheper et al., 2013), and by the 

composition and phenology of seasonal flowering  (Holland et al., 2015). Increasing 

the number of plants that depend on bees for pollination enhances bee abundances 

(Clough et al., 2014). Butterfly (Lepidoptera: Nymphalidae) abundance was greater in 

fields hosting sufficient numbers of plants that serve as hosts for their larvae (Quin et 

al., 2004). Planting native wildflower seed in mixtures provides a favorable pollinator 
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habitat owing to a diversity of pollen and nectar sources throughout the growing 

season (Carvell et al., 2007). Introduced forages, usually managed as one species or in 

low-diversity stands, usually reduce insect species richness compared with diverse 

native habitats (Hartley et al., 2004).   

The purported benefits of OWB for drought tolerance and deterrence of RIFA 

and harvester ants are documented, but it is not known whether widespread 

establishment of OWB for pastures in the southern High Plains would compromise 

pollinator populations. Hence, information is needed on plant-pollinating insect 

populations in pasture systems that include WW-B.Dahl OWB. The aim of this study 

was to determine whether types of adapted forage types (species or mixtures) affected 

insect pollinator abundance in grazed pastures in the Texas High Plains, with the null 

hypothesis of no negative effects of OWB. Bee bowls are designed to trap bees 

through attraction of individual forager to preferred colors (i.e. fluorescent blue, 

yellow and white), and they also trap other foraging insects that are attracted to bright 

colors (Shapiro et al., 2014). Therefore, to provide a stationary trapping method for 

foraging insects across adjacent pasture treatments, we used bee bowl traps positioned 

at ground level to sample foraging insects, most of which are pollinators. 
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Materials and Methods 

Research Site Description 

The study was conducted during the summer grazing seasons of 2014-2016 at 

Texas Tech University New Deal Research Farm located in Lubbock County (33°45’ 

N, 101°47’ W; 993 m elevation) near Lubbock, TX. The soil was almost level (0 to 

1% slope) with predominantly Pullman clay-loam (fine, mixed, thermic Torrertic 

Paleustolls), and containing a root-restricting caliche (calcium carbonate) layer at 60-

120 cm depth. This insect survey was superimposed on beef-cattle grazing research 

which compared grass-only and grass-legume pasture systems, each with three 

replications (Baxter et al., 2017; Appendix Fig. A.1). The grass-only system consisted 

of WW-B.Dahl OWB with grazing rotated with a separate pasture containing native-

grass mixes of buffalograss [Bouteloua dactyloides (Nutt.) J.T. Columbus], blue 

grama [B. gracilis (Willd. ex Kunth) Lag. ex Griffiths], sideoats grama [B. 

curtipendula (Michx.) Torr.], and green sprangletop [Leptochloa dubia (Kunth) Nees]. 

The grass-legume system consisted of OWB mixed with ‘RSI 707’ alfalfa (Medicago 

sativa L.)-yellow sweetclover [Melilotus officinalis (L.) Lam.] and alfalfa-‘José’ tall 

wheatgrass [Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. Wang]. The latter 

pasture type consisted of 10% or less of tall wheatgrass, and is henceforth referred to 

as alfalfa. The yellow sweetclover stand in the OWB-legume mix was measurable 

only in 2015, so this treatment is henceforth referred to as OWB-alfalfa. In both forage 

systems, cattle were rotated among the pastures within a replication, but spent most of 

the grazing time in OWB in grass-only and OWB-alfalfa. In 2014, cattle were not 
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grazed on the native mix, and were grazed on alfalfa only for 3 d (Table 5.1). During 

each year, forage from OWB and alfalfa was harvested for hay, whereas native grass-

mix and OWB-alfalfa were harvested only in 2014 (Table 5.1). Details on pasture 

establishment, grazing management, and steer stocking rates are provided by Baxter et 

al. (2017) (Appendix Table B.1). Underground drip tapes (Netafim, Tel Aviv, Israel) 

on 1-m centers and approximately 36 cm deep, were used to provide supplemental 

irrigation to OWB, OWB-legume and alfalfa pastures. Native-grass mix was not 

irrigated. OWB and OWB-legume received up to 23 cm of irrigation, and alfalfa 

received up to 30 cm of irrigation annually.    
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Table 5.1. Number of grazing days (pooled data) in each pasture replicate across 
replicate and sampling period (2014-2016), dates of cutting forage species for hay, and 
dates of bee bowl trap collection by forage type across 3 yr. 
 
 Forage 2014 2015 2016 
Number of grazing days OWB 52 69 93 
 OWB-alfalfa 36 67 80 
 Alfalfa 3 28 25 
 Native mix 0 35 20 
     
Dates of cutting for hay  OWB July 18-22 July 28 Sep. 22 
 OWB-alfalfa July 10-21 - - 
 Alfalfa July 7-14 July 6, 20, 

& 27 
June 27, 30, 
& July 8 

 Native mix July 24-Aug 1 - - 
Dates of bee bowl trap     
 OWB Oct. 25 June 25 Aug. 3 
 OWB-alfalfa Sep. 10 June 19 July 26 
 Alfalfa Oct. 6 June 19 July 26 
 Native mix Oct. 25 June 25 Aug. 3 
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Bee Bowl Trap Procedure 

Pan traps (i.e. 104 mL bee bowls) were set between 0900 and 1200 each day 

on mostly clear-sky days from June through October. Ten bee bowls (Souffles, no. 

P325W brand) painted with fluorescent yellow inside were set in each transect of 45-

m with 5 m distance between adjacent cups (Fig. 5.1). Three transects with a total of 

30 bee bowl traps were set in each pasture replicate. Bee bowls were filled with a 

water and dish soap solution (approx. 5-10 drops of Dawn brand liquid soap per liter 

of water) after placing along transects in each pasture replicate (Fig. 5.2). Bee bowls 

were left in the field for 24 h, after which insects from all cups were collected and 

transferred into labeled glass jars containing 75% ethanol for preservation. Each insect 

taxon was identified to the level of order and family and abundances of these were 

compared across pasture-treatments.  
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Figure 5.1. Ten bee bowl traps were set per 45-m transect with 5-m distance between 
each two adjacent cups. 
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Figure 5.2. Two-third of each bee bowl trap was filled with soap-water solution,  
which kills trapped insects. After 24 hours, the contents of the 10 cups per sample 
were composited, sorted, and identified.  
  

         Soap-water solution  
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In 2014, bee bowl traps were set after cattle were removed out of each pasture. 

Timings of setting bee bowl traps were not the same for year 3 because of variable 

timing of cattle rotation among the pasture treatments (Table 5.1). Each alfalfa 

replicate was subdivided into three grazing strips in 2015 and 2016, and bee bowl 

traps were set in a strip not occupied by cattle. OWB was in heading to anthesis stages 

in 2014 and in boot to early heading stages in 2015 and 2016 at the time of sampling. 

Similarly, alfalfa and sweetclover were in full bloom stage in 2015 in OWB-alfalfa 

and alfalfa treatments. Alfalfa had 2% bloom or less in 2014 and 2016. In 2016, the 

alfalfa stand was relatively thin as cattle had been grazing in first and second strips for 

a week before setting the traps.  

Data Analysis 

Individual specimens preserved from insect forager sampling using bee bowls 

were tallied to calculate the total number of individuals per taxon per forage treatment. 

Taxon means (at the level of order and family) were compared using analysis of 

variance (ANOVA) across treatments within years and across treatments combined 

across years. ANOVA to compare taxon means across forage types was conducted 

only on the orders Diptera, Hymenoptera and Lepidoptera because these orders had 

sufficient data. There were low counts of individuals within the order Coleoptera, and 

therefore this order was not analyzed separately but was included in the analysis of 

total taxon abundances across treatments. At the family level, mean abundances of 

Apidae, Halictidae, Pieridae, and Syrphidae were compared across treatments because 

these were the only families with sufficient data for ANOVA. It should be noted that 
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limitations of data were expected to occur because of the focus on the bee bowl 

trapping method and its bias towards hymenopteran families (i.e. bees).  

To further analyze the composition of the families (i.e. number of individuals 

across the number of families per forage type) collected from forage treatments, the 

Shannon-Wiener method (Shannon and Wiener, 1949; cited by Thakur and Khare, 

2006) was used to calculate family richness and a family-level diversity and evenness 

index, whereby:  

Richness = number of families within each experimental unit  

Diversity index (H) = -∑(Pi × ln(Pi)); Pi = proportion of total sample represented by 

species i. 

Evenness = H / ln(Richness) 

These indices were analyzed for differences among forage types using analysis of 

variance. 

A randomized complete block layout was used in analysis of variance consisting of 

four forage types and three replicates for within-year tests. Years were also combined 

to test for main effects of forage type, year, and forage × year interactions. An 

experimental unit consisted of the sum of insect abundances across all bee bowl traps 

within an individual pasture. Log(x+10) transformation was used for the total number 

of individuals in the order Diptera and family Pieridae. Data were analyzed within 

years and among years combined using Proc Mixed (SAS 9.4) with forage type set as 

a fixed effect and pasture replicate set as a random effect. Means were compared using 

LSMEANS procedure. Differences were considered significant at α = 0.05.   
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Results and Discussion  

Abundances of foraging insects recovered from bee bowl traps are listed in 

Table 5.2. Twenty-one families from four orders (Coleoptera, Diptera, Lepidoptera 

and Hymenoptera) were collected over the 3-yr sampling period). The most abundant 

family collected was Halictidae (i.e. sweat bees and others), which accounted for 59% 

of the total number of individuals collected over the entire study period. Apidae (i.e. 

honey bees and other bees) was the second most abundant family, whereas combined 

with the Halictidae these two families  constituted 76% of the total number of 

individuals collected. Syrphidae (i.e. hover flies) and Hesperiidae (i.e. skippers)  were 

the next most abundant families. The least abundant  family reported was 

Chrysomelidae, leaf beetles. 

  



Texas Tech University, Krishna Bhandari, August 2018 

72 

Table 5.2. List of orders of insect pollinators and other foraging insects, and 
abundances recovered by bee bowl traps summed over three transects per pasture, four 
forage types, and three blocks and averaged over 3 yr. 
 
Order Family  Common name Abundance 
   no. pasture-1 

Coleoptera Chrysomelidae  leaf beetle 5.7 
 Carabidae  ground beetle 1.0 
 Elateridae click beetle 0.3 
 Mordellidae tumbling flower beetle  0.3 

  Tenebrionidae darkling beetle 0.3 

Diptera Syrphidae  hover fly 113.0 
 Calliphoridae blow fly 24.3 
 Bombyliidae  bee fly 0.3 
 Asilidae robber fly 0.3 
    

Hymenoptera Halictidae  sweat bee 862.3 
 Apidae  honey bee 241.0 
 Sphecidae  thread-waisted wasp 32.3 
 Megachilidae  leafcutter bee 14.0 
 Ichneumonidae  ichneumon wasp 6.0 
 Pompilidae  spider hawk wasp 0.3 

Lepidoptera  Hesperiidae skipper 99.0 
 Lycaenidae coppers 22.3 

 Pieridae 
white and sulfur 
butterfly 20.3 

 Nymphalidae brush-footed butterfly 10.7 
 Noctuidae moth 3.7 
 Sphingidae hawk moth 0.3 
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Foraging insects at the taxonomic level of order were significantly affected by 

forage type and year. The total number of insects across all orders was highly 

influenced by year (P < 0.001). The total number of insects collected, averaged across 

years, was lowest  in OWB and greatest in native-grass mix (Table 5.3). The forage × 

year interaction indicated that the native mix did not have the greatest insect 

abundance in 2016. The Coleoptera were rare across samples and therefore were 

excluded from further analyses. When averaged across years, Diptera occurred in 

lowest abundances in OWB and in highest abundances in the native pasture mix. 

Hymenoptera was least abundant in OWB in  2014 and was most abundant in the 

native mix in 2014 and 2015, but not in 2016. Lepidopteran abundances showed no 

forage-type effect. Among forage types, the highest abundances of Diptera and 

Hymenoptera occurred within alfalfa.  
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Table 5.3. Abundances of total pollinators and foraging insects of the orders Diptera, 
Lepidoptera, and Hymenoptera recovered in bee bowl traps by forage type during 3 
years and averaged over three blocks. 
 
Insect Forage  2014 2015 2016 Mean 
  - - - - - - - - - - - - - no. pasture-1 - - - - - - - - - - - - - 
Total OWB 131 c 39  28 b 66 c 
   OWB-alfalfa 188 bc 84  51 b 108 b 
 Alfalfa 220 b 105  90 a 138 b 
 Native mix 303 a 184  35 b 174 a 
   Forage effect    P < 0.01  P = 0.08     P < 0.01   P < 0.001 
   Forage x Year    P = 0.01     
          
Diptera OWB 12  b   1  0  b   4  b 
 OWB-alfalfa 16  b   9  <1  b   9  ab 
 Alfalfa 17  b 17  6  a 13  a 
 Native mix 52  a   8  0  b 20  a 
   Forage effect  P < 0.001 P = 0.22 P < 0.001 P = 0.01 
   Forage x Year    P = 0.02     
          
Hymenoptera OWB   95  c   31  b 23  b   50  c 
 OWB-alfalfa 114  b   71  b 43  b   86  b 
 Alfalfa 176  b   79  b 73  a 109  b 
 Native mix 221  a 169  a 29  b 140  a 
   Forage effect  P < 0.01 P = 0.03 P = 0.01 P < 0.001 
   Forage x Year    P < 0.01     
         
Lepidoptera OWB 23     6  5  11   
   OWB-alfalfa 28     2  5  12   
 Alfalfa 27   10  8  15   
 Native mix 30     6  5  14   
   Forage effect  P = 0.92 P = 0.43 P = 0.44 P = 0.62 
   Forage x Year    P = 0.88     

Means within columns followed by similar letters are not different at α=0.05. 
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Families that showed substantial numbers and significant forage-type effects 

from bee bowl sampling are shown in Table 5.4. Forage type interacted with year for 

Apidae (honey bee) numbers in that abundances were greater for native mix in 2015 

but not in other years. Halictidae abundances tended to be greater in the native mix in 

2014 and 2015, and were most abundant in alfalfa in 2016. When averaged over years, 

Pieridae (i.e. white and sulfur butterflies) abundances were greatest in alfalfa pastures 

yet abundance of Pierida was only significant when abundances were combined across 

years. Hesperiidae were more abundant than Pieridae, yet hesperiidae abundances 

were not affected by forage type. Syrphidae numbers were greatest in native mix in 

2014, but with  very low numbers collected in 2015 and 2016. 
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Table 5.4. Abundances of insect pollinator families of honey bee (Apidae), sweat bee 
(Halictidae), white and sulfur butterfly (Pieridae), and hover fly (Syrphidae) recovered 
in bee bowl traps by forage treatment during 3 yr, and averaged over three blocks. 
 
Family Forage  2014 2015 2016 Mean 
  - - - - - - - - - - - - - no. pasture-1 - - - - - - - - - - - - - 
Apidae OWB 32  ab   4  b   5  b 14  c 
   OWB-alfalfa 43 a 11  b 12  ab 22  b 
 Alfalfa 15 b 12  b 17  a 15   bc 
 Native mix 27  ab 60  a   4  b 30  a 
   Forage effect    P = 0.05  P < 0.01     P = 0.05   P < 0.01 
   Forage x Year    P < 0.001     
          
Halictidae OWB   63  b   26   13  b   34  c 
 OWB-alfalfa   96  b   54   29  b   59  b 
 Alfalfa 152  a   63   53  a   89  a 
 Native mix 186  a 107   22  b 105  a 
   Forage effect  P < 0.001 P = 0.09 P < 0.01 P < 0.001 
   Forage x Year    P < 0.001     
          
Pieridae OWB 2   2  <1  1  b 
 OWB-alfalfa 4   2  1  2  a 
 Alfalfa 4   2  1  2  a 
 Native mix 2   1  0  1  b 
   Forage effect  P = 0.43 P = 0.96 P = 0.69 P < 0.01 
   Forage x Year    P = 0.59     
          
Syrphidae OWB 11  b 1  0    6†  c 
 OWB-alfalfa 12  b 4   0    8  bc 
 Alfalfa 16  b 10   0    13  b 
 Native mix 51  a 7   0  29  a 
   Forage effect  P < 0.001 P = 0.30     P < 0.01 
   Forage x Year    P < 0.01     
         

† Year means of Syrphidae are of 2014 and 2015 only. 
Means followed by same letters are not different at α=0.05. 
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Family level richness in 2015 was lowest in OWB with six families (Table 

5.5). Pastures that contained alfalfa generally showed larger values of the Shannon’s 

diversity index while the native mix had the lowest values, indicating that alfalfa 

contained a greater evenness of individuals across more families when compared to 

the native mix. The native mix had the lowest evenness, in part attributed to the 

dominance of the few Hymenopteran families in this forage type. Moreover, the 

relatively low diversity and evenness of the native mix in 2015 can be explained by 

this forage type having large numbers of honey bees and sweat bees and relatively low 

numbers of other families.  

Table 5.5. Shannon-Wiener family richness, diversity, and  
evenness indices recovered by bee bowl traps forage  
treatment in 2015, and averaged over three blocks.  
 
Forage  Richness Diversity Evenness 
      
OWB 6.0  b   1.14  b 0.55  a 
OWB-alfalfa 8.0 a 1.23  ab 0.53  a 
Alfalfa 8.7 a 1.42  a 0.57  a 
Native mix 8.3  a   1.00  b 0.42  b 
  Forage effect    P = 0.02  P = 0.02   P = 0.03 
      

Means followed by same letters are not different at α=0.05. 
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Two trends related to the family level analysis emerged  from this study. 

Taxon abundances  were frequently among the lowest for OWB and greatest for the 

native mix, but those trends differed by year and taxon. Low abundances of OWB 

were detected for Apidae in 2015 and 2016, Halictidae in all three years (P = 0.09 in 

2015), and Syrphidae in 2014 (Table 5.4). In no case were pollinator numbers 

significantly greater in OWB than other forage types. These trends agree to some 

degree with Bhandari et al (2018c) on the same pastures, in which OWB pastures were 

nearly completely devoid of RIFA and harvester ants, while ants were usually most 

abundant in native grass pastures and intermediate in the alfalfa treatment. The 

deterrence of ants by OWB (Bhandari et al., 2017c) was not expressed to a similar 

extreme with pollinators in this survey, fortunately so because RIFA and harvester 

ants are troublesome pests, whereas pollinators are considered beneficial insects 

through their provision of pollination services in wild vegetation and agricultural crops 

(Ollerton et al., 2011). We found no publications about the effect of OWB on 

pollinating insects, thus this appears to be the first evidence that OWB can depress 

insect pollinator populations relative to populations supported by local native grass 

communities. In the native mix, Apidae were most abundant than other families in  in 

2015, Halictidae were most abundant in 2014 and 2015 (P = 0.09), and Syrphidae 

were most abundant in 2014 (Table 5.4). These results agree with the generally greater 

ground-active arthropod abundances in the native mix compared with OWB and 

alfalfa (Bhandari et al., 2018c). 
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Across all forage treatments, total insect abundances (Table 5.3) were greatest 

in 2014 and least in 2016 (P < 0.001; yearly means across forage types not shown). 

The year effect on total insect abundance was explained largely by the decline in 

annual abundances in the Halictidae family, and to a lower extent in the Syrphidae 

family (Table 4, P < 0.001). Differences in total number of insects across years were 

not as clear as forage effects. In 2014, samples were collected in October when OWB 

was in the seed production stage and temperatures were cooler, versus June 2015 and 

July-August 2016 when native grasses were in bloom but OWB was not (Table 5.1). 

In addition, air temperatures were relatively high at the 2016 date. In contrast, more 

insects were collected from alfalfa in 2016 (Table 5.3) despite the fact that less than 

5% of alfalfa stems were in bloom during 2016 sampling. We expected more 

pollinator abundances in the OWB-alfalfa and alfalfa pastures in 2015 because of 

abundant blooms  in alfalfa that year. 

There is no clear reason for the greater numbers of pollinators reported from 

the  native mix because there was a low abundance of flowering forbs. The diversity 

of perennial grass species in the native mix may have provided favorable floral and 

nesting resources for the Halictidae, since many wild bees are ground-nesters. 

Techarntke et al. (2005) reported that agricultural landscapes preserved in a semi-

natural or undisturbed state favor pollinators compared with repeated disturbance. The 

native grass mix was cut for hay only once in 2014 (but not grazed), and not cut for 

hay in 2015 and 2016, whereas the other forage types were grazed frequently and cut 

for hay in all years. Lack of disturbance via mowing could preserve habitat for 
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pollinating insects by providing a continual supply of resources and nesting sites 

compared with those cut for hay. Furthermore, the greater abundances of pollinators in 

OWB in 2014 than in 2015 and 2016 may be explained by full bloom of OWB in 2014 

compared with vegetative stage in 2015 and 2016.   
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Conclusions 

This survey of pollinator insects was prompted by previously reported 

inhibitions of field colonization of RIFA and harvester ants in OWB pastures 

compared with native grasslands. Deterrence of beneficial insects such as pollinators 

was studied to gauge one type of ecological impact of plantings of WW-B.Dahl OWB 

as Texas High Plains land converts from irrigated row-crop production to grazingland. 

The clearest result was that OWB and OWB-alfalfa pastures showed significantly 

lower abundances of honey bee, sweat bee, and hover flies than native grass pastures 

in one year out of three. This suggests that widespread adoption of WW-B.Dahl OWB 

may reduce local numbers of pollinator insects in the Texas High Plains. It is not 

known whether the depressions of pollinators in the non-native pastures are 

ecologically detrimental to a large landscape because such an assessment would 

require larger scale collections that included major row crops in the region. Among the 

three principal insect orders collected, numbers of foraging insects were substantially 

high in OWB pastures in the fall of 2014, relative to summer sampling in other years, 

reflecting a favorable sampling time. While OWB exhibits some inhibition of 

pollinating insects within two bee families, pollinator populations are not severely 

threatened by planting OWB pastures. Nonetheless, native grasslands are likely 

providing habitat resources that are less available in the non-native forages.  

  



Texas Tech University, Krishna Bhandari, August 2018 

82 

References  

Baxter, L.L., C.P. West, C.P. Brown, and P.E. Green. 2017. Stocker beef production 
on low-water-input systems in response to legume inclusion: I. Forage and 
animal responses. Crop Sci. 57:2294–2302. 

Bhandari, K.B., C.P. West, and S.D Longing. 2018a. Canopy communities of 
arthropods in response to diverse forages. Agric. Environ. Lett. (Submitted). 

Bhandari, K.B., C.P. West, and S.D Longing. 2018b. Fly Densities on cattle grazing 
‘WW-B.Dahl’ Old World bluestem pasture systems. Texas J. Agri. Nat. Res. 
31:T1–T5. 

Bhandari, K.B., C.P. West, S.D Longing, C.P. Brown, and P.E. Green. 2018c. 
Comparison of arthropod communities among different forage types on the 
Texas High Plains using pitfall traps. Crop, Forage Turfgrass Manag. Vol. 
4(1), doi:10.2134/cftm2018.01.0005. 

Bhandari, K.B., C.P. West, V. Acosta-Martinez, and J. Cotton. 2018d. Soil microbial 
communities, enzyme activities, and total carbon and nitrogen as affected by 
diverse grasses and grass-alfalfa in pastures. Appl. Soil Ecol. (Submitted). 

Clough, Y., J. Ekroos, A. Baldi, P. Batary, R. Bommarco, N. Gross, A. Holzschuh, S. 
Hopfenmuller, E. Knop, M. Kussaari, R. Lindborg, L. Marini, E. Ockinger, 
S.G. Potts, J. Poyry, S. Roberts, I. Steffan-Dewenter, and H.G. Smith. 2014. 
Density of insect-pollinated grassland plants decreases with increasing 
surrounding land-use intensity. Ecology Lett. 17:1168–1177. 

Carvell, C., W.R. Meek, R.F. Pywell, D. Goulson, and M. Nowakowski. 2007. 
Comparing the efficacy of agri-environment schemes to enhance bumble bee 
abundance and diversity on arable field margins. J. Appl. Ecol. 44:29–40. 

Cole, L.J., S. Brocklehurst., D. Robertson., W. Harrison, and D.I. McCracken. 2015. 
Riparian buffer strips: Their role in the conservation of insect pollinators in 
intensive grassland systems. Agric. Ecosystems Environ. 211:207–220. 

Dahl, B.E., H.D Keese, and J.S. Pitts. 1988. Old World bluestems for west Texas. p. 
21–22. In  Research Highlights. Dep. of Range and Wildlife Manag., Texas 
Tech Univ., Lubbock  

Dewald, C.L., P.L. Sims, and W.A. Berg.1995. Registration of 'WW-B.Dahl' Old 
World bluestem. Crop Sci. 35:937. 



Texas Tech University, Krishna Bhandari, August 2018 

83 

Hartley, M.K., S. DeWalt, W. E. Rogers, and E. Siemann. 2004. Characterization of 
arthropod assemblage supported by the Chinese tallow tree (Sapium sebiferum) 
in Southwest Texas. Texas J. Sci. 56(4):369–382. 

Holland, J.M., B.M. Smith, J. Storkey, P.J.W. Lutman, and N.J. Aebischer. 2015. 
Managing habitats on English farmland for insect pollinator conservation. Biol. 
Conserv. 182:215–222. 

Kopec, K., and L.A. Burd. 2017. Pollinators in Peril: A systematic status review of 
North American and Hawaiian native bees. Center for Biological Diversity. 1–
15 

Littell, R.C., G.A. Milliken, W.W. Stroup, R.D. Wilfinger, and O. Schabenberger. 
2006. SAS for mixed models. 2nd ed. SAS Inst., Cary, NC. 

Ockinger, E., and H.G. Smith. 2007. Semi-natural grasslands as population sources for 
pollinating insects in agricultural landscapes. J. Appl. Ecol.. 44:50–59. 

Ollerton, J., R. Winfree, and S. Tarrant. 2011. How many flowering plants are 
pollinated by animals? Oikos 120:321–326 

Pinder, A.R., and S.K. Kerr. 1980. The volatile essential oils of five Bothriochloa 
species. Phytochem. 19:1871–1873. doi:10.1016/S0031-9422(00)83840-6. 

Potts, S.G., J.C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger, and W.E. Kunin. 
2010. Global pollinator declines:trends, impacts and drivers. Trends Eco. Evol. 
25:345–353. 

Quin, A., A. Aviron, J. Dover, and F. Burel. 2004. Complementation/supplementation 
of resources for butterfllies in agricultural landscapes. Agriculture Ecosystems 
and Environment. 103:473–479. 

Scheper, J., A. Holzschuh, M. Kuussaari, S.G. Potts., M. Rundlof, H.G. Smith, and D. 
Kleijn. 2013. Dnvironmental factors driving the effectiveness of Europen agri-
environmental measures in mitigating pollinator loss: a meta-analysis. Ecol. 
Lett. 16:912–920.  

Shannon, C.E.,  and  W. Wiener. 1963. The mathematical theory of communication. 
University Illinois Press, Urbana. p. 117 

Shapiro, L.H., V.J. Tepedino, and R.L. Minckley. 2014. Bowling for bees: optimal 
sample number for ‘‘bee bowl’’ sampling transects. J. Insect Conserv. 
18:1105–1113. doi:10.1007/s10841-014-9720-y 



Texas Tech University, Krishna Bhandari, August 2018 

84 

Sternberg, T., G. Perry, and C. Britton. 2006. Grass repellency to the red imported fire 
ant. Rangel. Ecol. Manag. 59:330–333. 

Thakur, A.S., and P.K. Khare. 2006. Species diversity and dominance in tropical dry 
deciduous forest ecosystem. J. of Environmental Research and Development. 
Vol (1), No (1) July-Sept. 

Tscharntke, T., A.M. Klein, A. Kruess, I. Steffan-Dewenter, and C. Thies. 2005. 
Landscape perspectives on agricultural intensification and biodiversity 
ecosystem service management. Ecology Lett. 8:857–874 

Villalobos, C., M. Avila, G. Bezanilla, C.M. Britton, and C. Ortega-Ochoa. 2003. Old 
World bluestems and their forage potential for the northeast of Mexico. 
Aldama, Tamaulipas, Mexico: Research Institution for Livestock, Agriculture, 
and Forestry. 12 p. 

Yela, J.L., and J.H. Lawton. 1997. Insect herbivore loads on native and introduced 
plants; a preliminary study. Entomol. Exp. 85:275–279. 

Zalkow, L.H., J.T. Baxter, R.J. McClure, Jr., and M.M. Gordon. 1980. A 
phytochemical investigation of Bothriochloa intermedia. J. Nat. Prod. 43:598–
608. 

Wilson, J.B., R.K. Peet, J. Dengler, and M. Patel. 2012. Plant species richness: The 
world records (ed M Palmer). J. Veget. Sci.. 23:796–802. 

  



Texas Tech University, Krishna Bhandari, August 2018 

85 

CHAPTER VI 

CANOPY COMMUNITIES OF ARTHROPODS IN RESPONSE TO 
DIVERSE FORAGES1 

 
Krishna B. Bhandari, C.P. West, and S.D. Longing 
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Abbreviations: OWB, ‘WW-B.Dahl’ Old World bluestem; RIFA, red imported fire 
ant. 
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Core Ideas  
• True bugs, grasshoppers, and spiders were the most abundant canopy-

dwelling arthropods in the pastures.  

• Alfalfa generally harbored the greatest abundance and Old World bluestem 

the least abundance of canopy-dwelling insects. 

• There was no evidence that Old World bluestem would sharply repel any 

canopy-active arthropod taxa.  
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Abstract 

‘WW-B.Dahl’ Old World bluestem (OWB) is a warm-season perennial grass 

of growing importance for pastures in semi-arid western Texas. This grass deters 

pestiferous ants; however, its effect on canopy-dwelling insects is not documented. 

The abundance of canopy-dwelling arthropods among OWB, OWB-alfalfa, alfalfa, 

and native grass pastures was compared using sweep nets over 3 yr. Forty-six families 

of nine insect orders and a single family of spider (Araneae: Araneidae) were 

identified, the latter composing 15% of total individuals. Housefly [(Musca 

spp);Diptera: Muscidae], potato leafhopper [(Empoasca spp.); Hemiptera: 

Cicadellidae], lygus bug [(lygus hesperus); Hemiptera: Miridae], and spur-throated 

grasshopper [(Melanoplus spp.); Orthoptera: Acrididae] were other abundant taxa. 

Among the insects collected, spur-throated grasshoppers were the most abundant, 

composing 12% of total taxa. Alfalfa hosted the greatest number of total insects 

including pests. Lower abundances of pestiferous insects were found in OWB while 

still hosting greater abundances of some arthropods of ecological significance. 
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Introduction  

The limited water supply for irrigation in the Texas High Plains has been 

encouraging some growers to convert their irrigated annual cropland to low-water-

requiring perennial forages. ‘WW-B.Dahl’ Old World bluestem [Bothriochloa bladhii 

(Retz) S.T. Blake] (OWB) is a drought-tolerant, warm-season perennial grass in 

dryland and limited water conditions (Dahl et al., 1988). The grass matures 3 to 5 

weeks later than other Old World bluestems (Bothriochloa spp.) (Dewald et al., 1995). 

Some Old World bluestem species deter various insect taxa (Zalkow et al., 1980). A 

pasture containing WW-B.Dahl OWB had 75% fewer red imported fire ant 

(Solenopsis invicta Buren, Hymenoptera: Formicidae) (RIFA) mounds compared with 

adjacent pastures of  bermudagrass [Cynodon dactylon (L.) Pers.] in Texas (Sternberg 

et al., 2006). Recent work revealed that pastures containing WW-B.Dahl OWB were 

essentially devoid of RIFA and harvester ants (Pogonomyrmex spp.) (Bhandari et al., 

2018b), and that OWB had minor inhibitory effects on honey bees (Hymenoptera: 

Apidae) and sweat bees (Hymenoptera: Halictidae) when compared with adjacent 

alfalfa (Medicago sativa L.) and native grass pastures (Bhandari et al., 2018c). 

Bhandari et al. (2018a) demonstrated on the same pastures a numerical tendency for 

deterrence of horn flies (Haematobia irritans L.) on cattle grazing OWB, but horn fly 

densities still exceeded threshold levels that called for late-season insecticidal fly 

control. In contrast to evidences of inhibitory effects of OWB on insects, Bhandari et 

al. (2018d) found that OWB mixed with alfalfa had the greatest soil microbial biomass 
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and enzyme activities and no suppressing effect of OWB-alone on soil microbial 

community variables.  

Alfalfa typically hosts a wide range of insect communities that feed in the 

canopy. Various aphid species (Hemiptera: Aphididae), weevils (Coleoptera: 

Curculionidae), and potato leafhopper [Empoasca fabae (Harris); Hemiptera: 

Cicadellidae] (Chasen et al., 2014; Sulc and Lamp, 2007) are especially important 

insect pests in alfalfa. Information is needed on canopy-active arthropod communities 

to complement information on pestiferous and beneficial organisms in the soil, forage, 

and animal strata to predict the ecological impact of cropland conversion to OWB. 

This study characterizes arthropod composition of the forage canopy in pastures that 

include WW-B.Dahl OWB in relation to alfalfa and native grass stands. 
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Materials and Methods  

The study was conducted at the New Deal Research Farm of Texas Tech 

University in Lubbock County, Texas (33°45’ N, 101°47’ W; 993 m elevation). The 

site has 0 to 1% slope with Pullman clay-loam (fine, mixed, thermic Torrertic 

Paleustolls) soil. This survey was superimposed on a grazing trial comparing grass-

only and grass-legume systems. Details on pasture establishment and management 

were provided by Baxter et al. (2017b) (Appendix Table B.1). Different forage species 

and mixtures composed the pasture types, which constitute treatments in the insect 

surveys.  

Pasture types consisted of a pure stand of WW-B.Dahl OWB, OWB with ‘RSI 

707’ alfalfa and ‘Madrid’ yellow sweet clover, alfalfa with tall wheatgrass 

[Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. Wang] and a native-grass mix. The 

latter contained buffalograss [Bouteloua dactyloides (Nutt.) J.T. Columbus], blue 

grama [B. gracilis (Willd. ex Kunth) Lag. ex Griffiths], sideoats grama [B. 

curtipendula (Michx.) Torr.], and green sprangletop [Leptochloa dubia (Kunth) 

Nees]). Yellow sweet clover was prominent in only 1 yr, thus we refer to this 

treatment simply as OWB-alfalfa. Alfalfa content on a dry weight basis in that mixture 

was usually less than 15% (Baxter et al., 2017a). The tall wheatgrass content with 

alfalfa was usually less than 10%, so henceforth this is referred to as alfalfa. 

Supplemental irrigation to the OWB, OWB-alfalfa and alfalfa pastures was provided 

from underground drip trapes (Netafim, Tel Aviv, Israel), whereas the native mix was 

not irrigated. Baxter et al. (2017b) provided details on irrigation management. 
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Arthropods were collected on clear-sky days on 29 June in 2014, from 19 to 26 

June in 2015, and from 13 to 20 July 13-20 in 2016. The sweep net was used to sweep 

the canopy vegetation in a back-and-forth motion along three 20-m transects. 

Collected insects were transferred to zipper-lock freezer bags, and the bags were 

stored in a cooler with ice for the duration of field sampling. In the laboratory, samples 

were stored at -20◦C to kill the arthropods, which were then identified to family level, 

and counted. The family level for butterfly and moth larvae was not identified. 

Arthropods were noted as to their functions as pollinator, herbivore, or predator.  

The sum of arthropod abundances across all sweep net transects within an 

individual pasture constituted an experimental unit. Data were analyzed using analysis 

of variance in a randomized complete block design which consisted of four pasture 

types and three replicates for within-year tests. Main effects of forage type, year, and 

forage × year interactions on taxon-level abundances were tested by combining years. 

Data were transformed using natural log (x+10) when variances were 

nonhomogeneous, and Proc Mixed in SAS 9.4 (SAS Inst., Cary, NC) was used for 

data analysis. Forage treatment was set as a fixed effect, and replicate and year were 

set as random effects. LSMEANS procedure was used to compare means. Differences 

among the treatments were considered significant at α ≤ 0.05.  
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Results and Discussion 

Forty-six families of nine insect orders and one spider order were collected 

(Table 6.1). The arthropods collected were adults except for some larvae of butterflies 

and moths. Functional groupings resulted in 72.0% herbivores, 25.5% predators, 2% 

pollinators, and 0.5% mixed functions depending on species make-up. The most 

abundant arthropod collected was spider (Araneae: Araneidae), followed by spur-

throated grasshopper (Melanoplus spp.; Orthoptera: Acrididae). The next less 

abundant taxa were potato leafhopper (Empoasca spp.; Hemiptera: Cicadellidae) and 

lygus bug (Lygus hesperus Knight; Hemiptera: Miridae). Other insect taxa of interest, 

such as ladybird beetle (Hippodamia spp.; Coleoptera: Coccinellidae), flies (Diptera), 

RIFA, and sweat bee (Augochlorella spp.; Hymenoptera: Halictidae), were present in 

relatively low abundances.  

Total canopy-dwelling arthropods were most abundant in pastures containing 

alfalfa and least in OWB (Table 6.2). Other orders (Coleoptera, Diptera, Neuroptera, 

Odonata, and Thysanoptera) are not shown in Table 6.2 because numbers were 

relatively low and forage effects were not significant in at least 2 out of 3 yr. Data for 

all orders at the family level are available from the corresponding author. Pastures that 

contained OWB had among the least abundant bee, wasp, and ant (Hymenoptera) 

abundances. Butterfly and moth (Lepidoptera) abundances were among the highest in 

the pastures that contained alfalfa, and among the least in grass-only pastures such as 

OWB and native mix, especially in 2015. OWB-alfalfa hosted the greatest abundances 

of spur-throated grasshopper (Melanoplus spp.) in 2015 and 2016. Spider numbers 
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were greatest in OWB-alfalfa in 2015, but relative rankings of forage types varied 

among years. Ant lion (Neuroptera: Myrmeleontidae), green lacewing (Neuroptera: 

Chrysopidae), damselfly (Odonata: Lestidae), and thrips (Thysanoptera: Thripidae) 

were found only in one or two forage treatments. Abundances were greatest (P < 0.05) 

in 2015 (a relatively high rainfall year) for all orders except Hymenoptera (year means 

not shown). All taxa had Forage × Year interactions (P < 0.01). 

There was a trend that the greatest numbers of major insects were among 

pastures containing alfalfa and least among OWB pastures (Table 6.2). The greater 

number of canopy-dwelling insects in alfalfa is in line with that reported by (Sulc and 

Lamp, 2007) in which a wide range of insect communities including pests are 

expected in alfalfa. There were no taxa which showed significantly greater abundances 

in OWB than in other forage types except spiders in 2015. Jabbour and Noy (2017) 

reported that the most problematic pests of alfalfa in Wyoming were alfalfa weevil 

Hypera postica Gyllenhal (Coleoptera: Curculionidae) followed by grasshopper 

(Orthoptera). No feeding damage by weevil or grasshopper was observed in these 

pastures during collection times. The OWB treatment had a tendency of lower 

abundances of total canopy-dwelling arthropods including pestiferous insects such as 

potato leafhopper, sugarcane aphids (Hemiptera: Aphididae), and ants. Ladybird 

beetle numbers, an important predator of aphids, were not depressed in OWB relative 

to numbers in alfalfa, but these were found in very low numbers in all pastures. 

Therefore, there is no evidence that the beneficial ladybird beetles were suppressed by 

OWB relative to other forages. There was no clear depressing effect of OWB on 
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canopy-active beneficial insects namely pollinators or predators. The lower 

abundances of arthropods in OWB relative to alfalfa was likely due to the greater 

attractiveness of alfalfa for insects as a food source rather than a direct repellence by 

OWB, as evidenced by the lack of differences between OWB and native grass 

pastures.



Texas Tech University, Krishna Bhandari, August 2018 

95 

Table 6.1. List of taxa, functional groups, and abundances collected by sweep net of arthropods  
summed over three transects per pasture and averaged over four forage treatments,  
three replications, and three years. 

Order Family  Common name 
Functional 
group  Abundance 

    no. pasture-1 

Coleoptera Coccinellidae  ladybird beetle Predator  2.0 
 Melyridae soft-winged flower beetle Herbivore 1.8 
 Mordellidae tumbling flower beetle Herbivore 1.7 
 Curculionidae  weevil Herbivore 0.8 
 Cerambicydae long-horned beetle Herbivore 0.6 
 Chrysomelidae  leaf beetle Herbivore 0.2 
 Cleridae checkered beetle  Herbivore 0.2 
 Elateridae click beetle Herbivore 0.03 
 Unidentified - Herbivore 1.7 

Diptera Muscidae  house fly Herbivore 2.2 
 Agromyzidae leaf minor fly Herbivore 1.8 
 Dolichopodidae long-legged fly Herbivore 0.9 
 Sarcophagidae flesh fly Herbivore 0.7 
 Calliphoridae blow fly Herbivore 0.3 
 Chironomidae midge † 0.2 
 Culicidae  mosquito † 0.2 
 Tachinidae tachinid fly Herbivore 0.1 
 Tabanidae horse fly Herbivore 0.03 

Hemiptera Cicadellidae  potato leafhopper Herbivore 8.9 
 Miridae lygus bug Herbivore 6.1 
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 Aphididae  sugarcane aphid Herbivore 3.8 
 Anthocoridae minute pirate bug Herbivore 3.7 
     
 Rhopalidae scentless plant bug Herbivore 3.0 
 Membracidae  buffalo treehopper Herbivore 2.1 
 Pentatomidae stink bug Herbivore 0.9 
 Berytidae stilt bug Herbivore 0.7 
 Reduviidae  assassin bug Herbivore 0.7 
 Alydidae broad-headed bug Herbivore 0.3 
 Lygaeidae seed bug Herbivore 0.3 

Hymenoptera Formicidae fire ant Predator  3.8 
 Halictidae  sweat bee Pollinator  1.0 
 Ichneumonidae  ichneumon wasp Predator  0.9 
 Pompilidae  spider hawk wasp Predator  0.9 
 Apidae  honey bee Pollinator  0.3 
 Braconidae braconid wasp Predator  0.3 
 Colletidae fork-tongued bee Pollinator 0.3 
 Megachilidae  leafcutter bee Pollinator  0.3 
 Vespidae yellowjacket Predator  0.2 
 Siricidae horntail Predator  0.03 

Lepidoptera  Noctuidae moth Herbivore 2.0 
 Pyralidae pyralid moth Herbivore 1.6 
 Lycaenidae blues and hairstreaks Herbivore 0.7 
 Unidentified - Herbivore 2.1 

Neuroptera Chrysopidae green lacewing   Predator 0.3 
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 Myrmeleontidae ant lion Predator 0.1 

Odonata Lestidae damselfly Herbivore 0.1 

Orthoptera Acrididae spur-throated grasshopper Herbivore 10.8 

Thysanoptera Thripidae thrips Herbivore 0.03 
Araneae Araneidae spider Predator 13.1 
     

† Midge and mosquito can be assigned as detritivore or predator depending on species.  
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Table 6.2. Abundances of total arthropods, four insect orders and one order of spider (Araneae)  
collected by sweep net by pasture type and year, summed over three transects per  
pasture replicate and averaged over three replications. 
 
Taxon Pasture type 2014 2015 2016 Mean 
  ---------------------- no. pasture-1 ----------------------- 
Total OWB 40 b 70 b 61  57 c 
   OWB-alfalfa 52 b 171 a 63  95 ab 
 Alfalfa 109 a 153 a 61  108 a 
 Native mix 59 b 171 a 49  93 b 
   Forage effect    P < 0.001 P < 0.01     P = 0.59   P < 0.001 
   Forage x Year    P < 0.001     
          
Hemiptera OWB     13 b 12 b 12 c 12 b 
 OWB-alfalfa 25 b 32 b 14 bc 24 b 
 Alfalfa 56 a 69 a 24 a 50 a 
 Native mix 26 b 86 a 17 b 43 a 
   Forage effect    P < 0.01    P < 0.01    P < 0.01     P < 0.01 
   Forage x Year      P < 0.001     
         
Hymenoptera  OWB 5  1 b 1  2 b 
   OWB-alfalfa 6  9 b 3  6 b 
 Alfalfa 5  6 b 22  11 a 
 Native mix 10  18 a 10  13 a 
   Forage effect    P = 0.69 P = 0.01 P = 0.10    P < 0.001 
   Forage x Year    P < 0.01     
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Lepidoptera OWB 2 b 2 b 1 bc 2 c 
 OWB-alfalfa 2 b 15 a 2 ab 7 b 
 Alfalfa 22 a 22 a 3 a 16 a 
 Native mix 1 b 4 b 0 c 2 c 
   Forage effect  P < 0.01 P < 0.01 P = 0.01 P < 0.001 
   Forage x Year    P < 0.01     
          
Orthoptera OWB 4  2 b 9 bc 5 b 
 OWB-alfalfa 6  43 a 23 a 24 a 
 Alfalfa 5  7 b 4 c 5 b 
 Native mix 7  7 b 13 b 9 b 
   Forage effect  P = 0.16 P = 0.01 P < 0.01 P < 0.001 
   Forage x Year    P < 0.01     
          
Araneae OWB 2 b 25 b 26 a 18 a 
 OWB-alfalfa 4 ab 44 a 5 b 18 a 
 Alfalfa 7 a 23 b 2 b 11 b 
 Native mix <1 b 14 b 4 b 6 b 
   Forage effect  P = 0.03 P = 0.03 P = 0.01 P < 0.01 
   Forage x Year    P < 0.001     
         

Means followed by similar letters are not different at α=0.05. 
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There was a trend that the greatest numbers of major insects were within 

pastures containing alfalfa and least among OWB pastures (Table 6.2). The greater 

number of canopy-dwelling insects in alfalfa is in line with that reported by (Sulc and 

Lamp, 2007) in which a wide range of insect communities including pests is expected 

in alfalfa. We found no other evidence that OWB had significantly higher numbers of 

arthropods than other forage types except the spider number in 2015. These trends 

agree with the findings of lower abundances of arthropods (mostly explained by RIFA 

and harvester ants) on the same pastures by Bhandari et al. (2018b). Jabbour and Noy 

(2017) reported that the most problematic pests of alfalfa in Wyoming were alfalfa 

weevil (Coleoptera: Curculionidae) followed by grasshopper (Orthoptera). No feeding 

damage by weevil or grasshopper was observed in these pastures during collection 

times, and insecticides had not been applied in those years. The OWB treatment had a 

tendency of lower abundances of total canopy-dwelling arthropods including 

pestiferous insects such as leafhopper, aphids, and ants. Ladybird beetle numbers, an 

important predator of aphids, were not depressed relative to alfalfa, but these were 

found in very low numbers in all pastures. Therefore, there is no evidence that the 

beneficial ladybird beetles were suppressed by OWB relative to other forages. There 

was no clear depressing effect of OWB on canopy-active pollinators, parasites, or 

predators. The lower abundances of arthropods in OWB relative to alfalfa was likely 

due to the greater attractiveness of alfalfa to insects as a food source rather than a 

direct repellence by OWB, as evidenced by the lack of differences between OWB and 

native grass pastures.  
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Conclusions 

The previous discovery of virtually complete deterrence of ground-dwelling 

ants by OWB (Bhandari et al., 2018b) prompted us to document the effects of OWB 

on arthropod abundance and population structure in other pasture niches. The strong 

depression of ant communities did not carry over to a clear suppression of canopy-

dwelling arthropods. Indeed, the narrowly targeted inhibitory effect of OWB on RIFA 

and harvester ants without clear inhibition of canopy arthropods and soil microbes 

(Bhandari et al., 2018d) indicate a low risk of a more general disruption of ecological 

food webs resulting from wide-scale establishment of OWB. 
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CHAPTER VII 

SOIL MICROBIAL COMMUNITIES, ENZYME ACTIVITIES, 
AND TOTAL CARBON AND NITROGEN AS AFFECTED BY 
DIVERSE GRASSES AND GRASS-ALFALFA IN PASTURES1 

 
Krishna B. Bhandari, C.P. West, V. Acosta-Martinez, J. Cotton, and A. Cano 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

___________________________ 
1 In revision for Applied Soil Ecology 
 
Abbreviations: OWB, Old World bluestem; RIFA, red imported fire ant; FAME, fatty 
acid methyl ester; MBC, microbial biomass carbon; MBN, microbial biomass 
nitrogen, SOC, soil organic carbon; AMF, arbuscular mycorrhizal fungi; CRP, 
conservation reserve program 
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Highlights 

• Old World bluestem (OWB) pasture with alfalfa favored high soil microbial 

populations. 

• Alfalfa with OWB promoted soil organic C, total N and enzymes for nutrient 

release. 

• Soil-borne ant deterrence by OWB did not translate into soil microbial 

inhibition. 

• OWB-alfalfa mixed pastures can sustain soil health in a water-limited 

environment. 
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Abstract 
 

‘WW-B.Dahl’ Old World bluestem [OWB, Bothriochloa bladhii (Retz) S.T. 

Blake] is a persistent pasture grass in the semi-arid Texas High Plains. Some growers 

are transitioning their irrigated continuous cotton (Gossypium hirsutum L.) land to 

dryland or low-irrigation production of WW-B.Dahl owing to diminished water 

supply. This grass strongly deters ground-dwelling ants (Hymenoptera: Formicidae); 

however, reactions of key soil microbial communities in OWB pasture are unknown in 

relation to other adapted forages. We compared soil chemical and microbial properties 

in a Pullman clay-loam soil for OWB relative to other options such as OWB-alfalfa 

(Medicago sativa L.), alfalfa, and native mixed-grass pastures at 0‒5 cm and 10‒15 

cm depth in June and December of 2016. Most measurements of organic forms of C 

and N showed greatest amounts in OWB-alfalfa; however, not always significantly. 

Enzyme activities linked to C, N, and S transformations were greatest (P ≤ 0.03) with 

OWB-alfalfa. This trend was similar for alkaline phosphatase activity involved in P 

cycling, but not always significantly. The microbial community structure 

demonstrated higher total FAMEs, bacterial markers for Gram+, Gram-, and 

actinomycetes in OWB-alfalfa compared to OWB, alfalfa, and native mixed pastures. 

Similar results were found in fungal markers for arbuscular mycorrhizal fungi (AMF) 

and saprophytic fungi. Protozoan indicators were found only in December, of which 

native grass had the highest in the 0‒5 cm depth. In general, selected soil properties, 

soil microbial biomass, community and enzyme activities were greater in December 

than in June except AMF, which was greater in June. The stimulating effect of OWB 
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with alfalfa for soil microbial community suggested this forage combination as 

favorable for soil health and improved sustainability over OWB, alfalfa alone, and 

native mixed-grass pastures. The deterrence effect of OWB on ground-dwelling ants 

did not carry over to a depressing effect on the soil microbial component. 

 

Introduction 

The Southern High Plains (SHP) region of Texas, U.S.A., faces challenges to 

produce agricultural crops and livestock under extreme climate variability (e.g., 

frequent droughts and occasional heavy storms). Irrigation for high crop yields from 

groundwater has accounted for rapid drawdown of the Ogallala Aquifer (HPWD, 

2014). The decline in water supply for irrigation in the SHP is encouraging some 

growers to convert irrigated row-crop land to perennial pasture, which has lower water 

requirements (Allen et al., 2005). An indirect benefit in restoring grassland is the 

recovery of soil organic matter with its associated improvement of soil quality/health 

(the capacity of a soil to sustain essential functions) (Moore et al., 2000). ‘WW-

B.Dahl’ Old World bluestem (OWB) is a productive and persistent drought-tolerant 

grass in dryland conditions (Dahl et al., 1988) and under limited irrigation (Allen et 

al., 2012; Philipp et al., 2005). Other benefits of integrating perennial grasses into 

crop-livestock systems include soil surface protection from erosion (Kort et al., 1998) 

and increases in nutrient availability via decomposition of plant residues (Patra et al., 

2005) and root exudates (Bardgett et al., 1996). Additionally, several benefits for soil 

quality/health were reported with OWB pastures after 5 yr in the SHP, such as higher 
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soil organic C (SOC), microbial biomass C (MBC), enzyme activities, and fungal 

abundances than soil in continuous cotton (Acosta-Martinez et al., 2004, 2010b). 

Increased microbial communities can enhance several soil functions including the C 

sequestration potential of soil (Acosta-Martinez et al., 2004; Fultz et al., 2013). For 

example, soil organic C (SOC), soil organic matter (SOM), and aggregate stability 

were enhanced in perennial pastures containing OWB relative to continuous cotton 

(Fultz et al., 2013). Perennial pastures had greater above-ground and below-ground 

plant residue mass and less disturbance of soil than continuous cotton (Zilverberg, 

2012). Integrating cotton production as a 50% land area component with an OWB-

based pasture system for beef production resulted in using 25% less irrigation water, 

40% less nitrogen fertilizer, and lower simulated soil erosion compared to continuous 

cotton (Allen et al., 2012), while increasing soil C stocks (Acosta-Martinez et al., 

2010a).  

Relatively little is known about the effects of other forage species (grasses and 

legumes) on indicators of changes in soil health (e.g., microbial communities, enzyme 

activities, total N and SOC) within forage-livestock systems. Inclusion of legumes into 

an OWB-dominant pasture balanced the low protein content of the grass and enhanced 

beef cattle liveweight gain (Baxter et al., 2017a). Similarly, including alfalfa with 

OWB reduced the overall water footprint of animal weight gain (Baxter et al., 2017b). 

Legumes typically make grass pastures less dependent on nitrogenous fertilizers 

thanks to their nitrogen-fixing ability, thereby promoting grassland sustainability 

(Eekeren et al., 2009).  Legumes promote soil microbial biomass because of their high 
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quality litter (Bartelt-Ryser et al., 2005). Soil microbial biomass was found to be 

greater in perennial ryegrass (Lolium perenne L.)-white clover (Trifolium repens L.) 

than perennial ryegrass-only swards (Elgersma and Hassink, 1997).  In most of the 

earlier studies, soil microbial communities and other selected soil properties were 

compared between grass-legume (mostly grass-clover) with grass-only in which the 

treatment of legume-only was not included, which makes it difficult to differentiate 

the specific effect of legume on soil microbial communities.  

With regard to the critical function of microorganisms as sources of enzymes 

responsible for SOM transformations and plant-nutrient release (Tabatabai, 1994), our 

study reveals new information on microbial profiles for water-deficient pasture 

systems that support livestock production. Understanding soil microbial communities 

and their biological functions is important for understanding the C and N cycling 

(Ingram et al., 2008). Soil fungi constitute the major proportion of soil microbial 

biomass and favor the sustainability of ecosystems through improved soil physical 

structure (Suberkropp and Weyers, 1996) and storage of C (Suberkropp and Weyers, 

1996). Fungi are indicators of ecosystem functioning as they are sensitive to 

environmental (Sobek and Zak, 2003) and agronomic disturbances (Wang and Qiu, 

2006).   

The beneficial contribution of OWB to improving soil health indicators 

relative to continuous cotton cropping are well documented (Acosta-Martinez et al., 

2004; 2010a; 2010b); however, its effects relative to other adapted perennial forages 

such as alfalfa and native grasses are unknown. A unique feature of OWB cv. WW-
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B.Dahl is that it prevents soil colonization by red imported fire ants (Solenopsis 

invicta Buren) and harvester ants (Pogonomyrmex spp.) (Hymenoptera: Formicidae) 

(Bhandari et al., 2018), which are deleterious to cattle health and grass persistence, 

respectively. The phytochemical cause of this effect is unknown, but may be 

rhizosphere-mediated. Investigating the OWB effect on soil microbial communities 

will reveal if inhibition of soil-dwelling insects has parallel inhibitory effects on soil 

microbial communities. The objective of this study was to understand the effect of 

different combinations of WW-B.Dahl OWB on soil properties of C, N, and microbial 

communities in relation to other forage species and management input history. Results 

are expected to deepen understanding of the role of improved forages in indicators of 

soil health in the context of agroecosystems facing increasing water scarcity. 

 

Materials and Methods 

Research site and experimental design 

Research was conducted at the New Deal Research Farm near Lubbock, TX, in 

northeast Lubbock County (33°45’ N, 101°47’ W; 993 m elevation) with nearly level 

soil (0‒1% slope). The soil is characterized as Pullman clay-loam (fine, mixed, 

thermic Torrertic Paleustolls) with 38% clay, 28% silt, and 34% sand overlaying 

caliche (calcium carbonate), which is substantially impervious to roots. Depth to 

caliche increases from 60 to 120 cm from north to south along the sequence of 

replicate blocks. The research site was part of a grazing trial testing two pasture 

systems, grass-only and grass-legume, with three replicates per system (Baxter et al., 
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2017a; Appendix Fig. A.1). The grass-only system comprised three types of pastures 

among which cattle rotationally grazed, and consisted of a pure stand of OWB and a 

native-grass mix comprising buffalograss [Bouteloua dactyloides (Nutt.) J.T. 

Columbus], blue grama [B. gracilis (Willd. ex Kunth) Lag. ex Griffiths], sideoats 

grama [B. curtipendula (Michx.) Torr.], and green sprangletop [Leptochloa dubia 

(Kunth) Nees]. The grass-legume system consisted of OWB-’RSI 707’ alfalfa 

(Medicago sativa L.)-‘Madrid’ yellow sweetclover [Melilotus officinalis (L.) Lam.] 

and alfalfa-‘José’ tall wheatgrass [Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. 

Wang]. Tall wheatgrass made up minor proportions of this mixture, so it is henceforth 

referred to only as alfalfa. Yellow sweetclover was a prominent component of the 

OWB-legume mix only during spring of 2015, and then declined to trace amounts. 

Details on pasture establishment, forage productivity, grazing management, and steer 

stocking rates are listed in (Table 7.1) with further details in Baxter et al. (2017a) 

(Appendix Table B.1). Supplemental irrigation was applied with underground drip 

tapes (Netafim, Tel Aviv, Israel) on 1-m centers and approximately 0.36 m deep. The 

native-mix pastures were not irrigated. Irrigation of OWB and OWB-alfalfa received 

up to 230 mm annually, whereas alfalfa received up to 300 mm of irrigation annually.  
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Table 7.1. Management history of pastures sampled for soil microbial communities, 
enzyme activities, and organic carbon and total nitrogen. 
 
Year of 
activity 

OWB OWB-alfalfa Alfalfa Native mix 

     
1998  OWB planted Rye, wheat, 

cotton rotation.  
 

1999  Cattle grazed 
1999-2008, 5 
mo. per year 

Cattle grazed 
during the rye-
wheat phases 
1999-2008 

 

2002    Native mix 
planted 

2003 OWB planted   No grazing 
2004 OWB planted   Cattle grazed 

2004-2005 
2006 Cattle grazed 

2006-2010 
Cattle grazed 
2006-2010 

Cattle grazed 
2006-2010 

Cattle grazed 
2006-2010 

2009   Alfalfa and tall 
wheatgrass 
planted 

 

2010 Cattle grazed  Alfalfa and 
yellow 
sweetclover 
interseeded into 
OWB. Cattle 
grazed. 

Cattle grazed Cattle grazed 

2011-2013 No grazing No grazing No grazing No grazing 
2014 Cattle grazed 

2014-2016 
Alfalfa and 
yellow 
sweetclover 
inter-seeded 
again. Cattle 
grazed 2014-
2016. 

Cattle grazed 
2014-2016 

Cattle grazed 
2014-2016 

2017 No grazing No grazing No grazing No grazing 
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Soil sampling 

Soil samples at 0-5 and 5‒15 cm depth increments in OWB, OWB-alfalfa, 

alfalfa, and native mixed grass pastures were collected in late spring (June 14) and late 

fall (December 6) of 2016. Each pasture system occurred in three replications. Three 

samples were taken from each replication of each system treatment in a completely 

randomized pattern, split into the two soil-depth increments, and thoroughly mixed to 

make one composite sample from each field at each depth. Each sample was a 

composite mixture of 10, 2.5-cm-diamter cores taken within a 1-m diameter area. All 

composite soil samples were immediately stored in an iced cooler in the field, 

transported the same day back to the laboratory, passed through a 4.75 mm sieve 

within 48 h, and stored field-moist at 4°C until analyses were performed within 2 days 

of sampling.  

Soil microbial community size and selected soil properties  

Soil microbial biomass C (MBC) and N (MBN) were analyzed by the 

chloroform-fumigation extraction procedure as per the protocol by Brookes et al. 

(1985) and Vance et al. (1987) on 15 g of field-moist sample. In summary, organic C 

and N from fumigated (24 h) and non-fumigated soil (control) samples were extracted 

using 0.5 M K2SO4. Then organic C and N from the fumigated and non-fumigated soil 

were quantified with a CN analyzer (Shimadzu Model TOCV/CPH-TN, Shimadzu 

Corp., Kyoto, Japan). The non-fumigated values were subtracted from fumigated 

values. The MBC and MBN were calculated using a kEC factor of 0.45 (Wu et al. 

1990) and kEN factor of 0.54 (Jenkinson 1988), respectively. Duplicate analyses were 
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performed for each sample, and results are shown on a dry-weight basis. Soil 

gravimetric water content was determined by drying samples at 105°C for 48 h. Soil 

organic C and total N were determined by automated dry combustion (LECO TruSpec 

CN; Joseph, MI) in air-dried samples by a commercial laboratory (Ward Laboratories, 

Inc., Kearney, NE, USA). Soil pH were also determined by the same laboratory. 

Microbial community structure and EL-FAME analysis 

Analysis of soils for microbial community structure was performed according 

to the ester-linked fatty acid methyl esters (EL-FAMEs) method (Schutter and Dick, 

2000). In brief, three steps are: (i) methylation: 3.5 g field-moist equivalent soil was 

added to 20 x 150-mm Teflon-lined screw-cap test tube, to which 15 mL of 0.2 M 

KOH in methanol was added. Test tubes were heated in a 37°C water bath for 60 min, 

with each tube vortexed for 5 s every 15 min (4 times total). Tubes were cooled to 

ambient temperature for about 5 min. (ii) Neutralization: 3 mL of 1.0 M acetic acid 

was added to each test tube and vortexed for 5 s. (iii) Extraction: 3 mL 100% hexane 

was added to each tube, tubes were inverted by hand 5 times and centrifuged at 2200 

rpm for 8 min. The top organic phase of the sample was carefully transferred to 13 x 

100 mm Teflon-lined, screw-cap test tubes and dried by heating at 37°C for 20 min; 

and (iv) 100 μL of standard hexane was added to the tube. After drying under N2, the 

FAME fractions were transferred to gas chromatography vials and analyzed on a 6890 

GC series II (Hewlett Packard, Wilmington, DE, USA), equipped with a flame 

ionization detector and a fused silica capillary column (25 m x 0.20 mm x 0.33 µm). 

Ultra-high purity H2 was used as the carrier gas (Acosta-Martinez et al., 2010a). The 
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program temperature ranged from 170 to 250°C at 5°C min-1. Retention times and 

peak areas for components of MIDI standards (Microbial ID, Inc., Newark, DE) were 

compared to identify and quantify the fatty acids. The Aerobe method of the MIDI 

system was used to determine the relative peak areas (percentage) of FAMEs with 

respect to the other FAMEs in the sample (Liebig et al., 2006). The peak area was 

divided by the fatty acid molecular weight and then divided by the total molar area of 

all fatty acids identified in the sample to convert individual peak data for each fatty 

acid to molar percentages (Liebig et al., 2006). A 19:0 internal standard was used to 

calculate the absolute amounts of FAMEs, expressed in nmol g-1 as described by 

Zelles (1997). The absolute amounts of FAMEs were used to calculate mol percent. 

The number of C atoms, followed by a colon, the number of double bonds, and then 

the position of the first double bond from the methyl (ώ) end of the molecule were 

used to describe the FAMEs. Notations such as suffix c indicates cis isomers, and 

prefixes i and a indicate iso and anteiso-branched FAMEs, respectively. For other 

notations, Me indicates methyl, OH indicates hydroxy, and cy indicates cyclopropane 

groups. Protozoa were indicated by marker 20:4ω6c. Arbuscular mycorrhizal fungi 

(AMF) were indicated by FAME marker 16:1ω5c, and saprophytic fungi were 

described by using the FAME markers 18:3ω6c, 18:1ω9c, and 18:2ω6c (Frostegard 

and Baath 1996; Olsson et al., 1995; Zelles, 1997). Gram positive (G+) bacteria were 

indicated by markers a15:0, i15:0, a17:0, and i17:0; and gram negative (G-) bacteria 

were indicated by markers 13:0 3OH, 17:0 3OH, cy17:0, and cy19:0. (Zelles, 1999). 

Actinomycetes were indicated by markers 10Me 16:0, 10Me 17:0, and 10Me 18:0. 
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Fungal, bacterial, and protozoal FAMEs were summed to calculate the total FAMEs, 

and the proportion of fungal FAMEs was calculated as a percentage of the total 

FAMEs. 

Enzyme assays 

The enzyme involved in P (alkaline phosphate) mineralization was analyzed as 

an original (single) enzyme assay determination as described by (Tabatabai, 1994; 

Parham and Deng, 2000), which was modified by using a 0.5 g air-dried soil samples 

(sieved < 5 mm) instead of 1 g with modification of reducing all solutions to half in 

order to keep the original assay conditions but to reduce resources needed and 

generation of wastes (Acosta-Martinez and Cotton, 2017) (Table 7.1). The 

measurement of p-nitrophenol released (mg kg-1 soil h-1) was made colorimetrically. 

Each soil sample was analyzed in duplicates with one control, to which a substrate was 

added after the incubation and subtracted from a sample value. 

The enzymes involving C and N (β-glucosaminidase), and S (arylsulfatase) 

mineralization were analyzed in a combined assay developed by Acosta-Martinez et 

al. (2018), in which the same conditions and proportions of the original assay are used 

(e.g., 0.5 g of air-dried soil incubated for 1 hr 37°C using two substrates together at 

optimum pH without toluene).  

Statistical analyses  

Data were analyzed by analysis of variance using a randomized complete block 

layout with two dates analyzed separately, and with depth as a strip plot within date. 

OWB, OWB-alfalfa, alfalfa, and native-grass mix were the pasture treatments. Proc 
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Mixed in SAS 9.4 (Littell et al., 2006) was the analysis procedure. Forage system and 

depth were set as fixed effects and replicate was set as a random effect.  LSMEANS 

procedure was used to compare means. Differences were considered significant at P ≤ 

0.05. 

Principal component analysis (PCA) of the FAME profile (standardized for 

relative abundance) for each depth and sampling time was performed using the Vegan 

package in R (ver. 2.4-4; Oksanen et al., 2017). Microbial FAME indicators plotted in 

PCA were: G+ (i15:0, a15:0, i17:0, a17:0), G- (i13:0 3OH, i17:0 3OH, cy17:0, 

cy19:0), actinomycetes (10Me 17:0, 10Me 18:0, 10Me 19:0), arbuscular mycorrhizal 

fungi (AMF- 16:1ω5c), saprophytic fungi (18:1ω9c, 18:2ω6c, 18:3ω6c), and protozoa 

(20:4ω6c), according to previous studies (e.g., Frostegard and Baath 1996; Olsson et 

al., 1995; Zelles 1996; 1999). 
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Results  

Environmental parameters 

Minimum and maximum temperatures on June 14 were 20.7 and 34.3°C, 

respectively (mean 27.1°C). Weekly minimum and maximum temperatures for the 

previous week were 16.6 and 31.8°C, respectively (mean 24.2°C). Similarly, -1.3°C 

and 15.5°C were the minimum and maximum temperatures on December 6. Weekly 

minimum and maximum temperatures for the previous week were -1.0°C and 12.3°C 

(mean 4.7°C).  Total rainfall in May was 110 mm. Rain events of 14 and 2 mm 

occurred on June 1 and June 11, respectively. Total rainfall in November was 16 mm. 

A rain event of 5 mm occurred on December 2. Most of the irrigation in each pasture 

was applied after the June sampling. Forage treatments varied in soil water content 

(Table 7.2) in that OWB-alfalfa was among the forage treatments having the greatest 

amount on both dates and soil depths. Alfalfa had the lowest soil water content in 

June, and the native mix was among the lowest in December. Soil water content was 

greater in December than in June, which is explained by rainfall and supplemental 

irrigation during the autumn, except for the native mix which was never irrigated. The 

total amount of rain in 6 months before the June sampling was 189 mm, whereas it 

was 199 mm in 6 months before the December sampling. Although the total rainfalls 

before the sampling dates were similar, the actual amount of rainfall that infiltrated the 

soil in December is expected to be greater than in June because of less evaporative 

losses with lower ambient temperatures in autumn. Most of the irrigation applied was 

after the June sampling date, which contributed to a greater soil water content in the 
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December sampling than in the June sampling. The total irrigation amounts applied on 

OWB, OWB-alfalfa, and alfalfa pastures before the June sampling date were 51 mm, 

53 mm, and 30 mm, respectively. Irrigation applied between the June and December 

sampling dates on OWB, OWB-alfalfa, and alfalfa pastures was 216 mm, 140 mm, 

and 206 mm, respectively. 

Selected soil properties and microbial community size  

Soil under OWB-alfalfa had the greatest MBN (P < 0.01), SOC (P < 0.05), and 

total N (P < 0.01) in the 0–5 cm depth at the June sampling (Table 7.2). Likewise at 

the 5–15 cm depth, this trend among forage types was apparent, but with fewer 

significant differences. The above variables all expressed lower (P < 0.01) values at 

the deeper depth. There were no forage treatment effects on C:N or pH within 

sampling depths, but pH was greater (P < 0.01) at the deeper sampling depth by 0.6 to 

0.8 units. Depth × forage interactions for total N (P < 0.05) were of minor practical 

significance.
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Table 7.2. Effect of forage type and sampling depth on selected chemical soil properties in 
summer and autumn sample dates. 
 Forage type Soil water 

(g g-1) 
MBC† MBN† SOC† Total N  C:N   Soil pH 

 - - - (mg kg-1) - - -  - - - - - (%) - - - - -   

 14 June 
 - - - - - - - - - - - - - - - - - - - - - - - - - 0‒5 cm - - - - - - - - - - - - - - - - - - - - - - - - 

  OWB 0.07 ab 546  22.5 b 1.55 ab 0.15 b 10.12 7.2 
OWB-alfalfa 0.10 a 761  36.0 a 1.93 a 0.19 a 10.04 7.2 
Alfalfa 0.04 b 646 20.0 b 1.35 b 0.14 bc   9.71 7.5 
Native mix 0.06 b 599 18.4 b 1.21 b 0.12 c 10.40 7.0 
   Forage effect P = 0.03   P = 0.08 P < 0.01 P = 0.03 P < 0.01 P = 0.84 P = 0.34 
   
 - - - - - - - - - - - - - - - - - - - - - - - - - 5‒15 cm - - - - - - - - - - - - -- - - - - - - - - - - 

   OWB 0.09 a 465  16.3 0.98  0.086 a 11.39 7.8 
OWB-alfalfa 0.09 a 553  19.2 1.14  0.099 a 11.40 7.8 
Alfalfa 0.06 b 472  14.7 0.91  0.095 a   9.53 8.0 
Native mix 0.10 a 466 15.5 0.83  0.067 b 12.16 7.9 
   Forage effect P = 0.04 P = 0.39 P = 0.43 P = 0.15 P = 0.02 P = 0.33 P = 0.08 
   Forage x depth P < 0.01 P = 0.62 P = 0.01 P = 0.19 P = 0.01 P = 0.65 P = 0.59 

 6 December 
 - - - - - - - - - - - - - - - - - - - - - - - - - 0‒5 cm - - - - - - - - - - - - - - - - - - - - - - - - 

  OWB 0.20 b 615    62.1 b 1.67 b 0.16 b 10.71ab 7.2 
OWB-alfalfa 0.27 a 903  112.3 a 1.96 a 0.21 a 9.52 b  7.0 
Alfalfa 0.20 b 746   52.5 c 1.44 bc 0.16 b 9.28 b 7.2 
Native mix 0.16 c 647    39.3 c 1.22 c 0.10 c 12.09 a 7.3 
   Forage effect P < 0.01 P = 0.07 P < 0.001 P < 0.01  P < 0.01 P = 0.04 P = 0.13 
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† MBC= microbial biomass carbon; MBN= microbial biomass nitrogen; SOC=soil organic carbon  

   
 - - - - - - - - - - - - - - - - - - - - - - - - - 5‒15 cm - - - - - - - - - - - - - - - - - - - - - - - 

  OWB 0.15 a 424 b 37.0 b 1.05  0.10 ab 10.45 b 7.8 
OWB-alfalfa 0.16 a 592 a 58.8 a 1.26  0.13 a 10.09 a 7.4 
Alfalfa 0.12 ab 568 a 34.4 b 1.17  0.12 a 9.88 b 7.6 
Native mix 0.11 b 551 a 25.8 b 0.89  0.08 b 10.57 b 7.7 
   Forage effect P = 0.04   P<0.001 P < 0.01 P = 0.14 P = 0.03 P = 0.92 P = 0.12 
   Forage x depth P = 0.10 P = 0.49 P = 0.01 P = 0.02 P = 0.05 P = 0.38 P = 0.22 
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At the December sampling, the highest C and N-related values were usually in 

OWB-alfalfa, as observed in the June sampling (Table 7.2). Magnitudes of the 

December values were similar to those of June, with the exception that MBN values in 

December were almost double those of June. This change suggests that soil and 

rhizosphere conditions during the summer and autumn favored a proliferation of N-

rich microbial biomass. Depth × forage interactions were, again, minor, resulting from 

differences in the relative declines in values of the forage types from the shallow to 

deeper depth, as opposed to differences in rank. There were no consistently significant 

differences in C:N, but C:N was usually numerically greatest for native mix and least 

for alfalfa. The generally higher N status of legume plants would support a lower C:N 

ratio in a soil with a long-term stand of alfalfa (Eekeren et al., 2009). The higher C:N 

ratio of the soil with native grasses is consistent with the long-term lack of N 

fertilization of those pastures. Enzyme activities associated with C, N, and S 

transformations (β-glucosaminidase + arylsulfatase) were greatest with OWB-alfalfa 

and numerically lowest with the native mix at both sampling depths and on both dates 

(P < 0.05, Table 7.3). There were minor or no differences in the activity of alkaline 

phosphatase, the enzyme associated with P mineralization at the June sampling, but 

OWB-alfalfa had distinctly higher enzyme activity at both depths in December.   
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Table 7.3. Effect of forage type and sampling depth on enzyme activities 
 in summer and autumn sample dates. 

 

 

 

 

 

 

 

 

 

 

 

 
Means within columns followed by same letters are not different at α=0.05.  

Forage type β-glucosaminidase / 
Arylsulfatase 

Alkaline phosphatase 

 
 - - - - - - (mg p-nitrophenol kg-1 soil h-1) - - - - - - 
 14 June 
 0-5 cm 5-15 cm 0-5 cm 5-15 cm 
OWB 107 a 41 ab 292 ab 251 
OWB-alfalfa 136 a 60 a 369 a 299 
Alfalfa   53 b 32 b 348 a 285 
Native mix   51 b 23 b 257 b 251 
   Forage effect P = 0.001 P = 0.03 P = 0.045 P = 0.21 
   Forage x depth P < 0.01 P = 0.28 
  
 6 December 
 0-5 cm 5-15 cm 0-5 cm 5-15 cm 
OWB 116 b   63 b 309 b 286 c 
OWB-alfalfa 193 a 126 a 465 a 445 a 
Alfalfa   60 c   64 b 394 b 350 b 
Native mix   55 c   42 c 293 b 272 c 
   Forage effect P < 0.001  P < 0.001 P < 0.01  P < 0.001 
   Forage x depth P < 0.001 P = 0.95 
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Soil microbial community structure  

The protozoan FAME marker was detected only in December, and abundance 

in native mix exceeded that of alfalfa at 0‒5 cm (Table 7.4). Fungal populations were 

greatest in OWB-alfalfa at 0‒5 cm depth on both sampling dates. Total FAMEs were 

also greater in pastures that contained OWB at the 5‒15 cm depth. FAME markers for 

fungal (AMF and saprophytic) and bacterial (G+, G-, actinomycetes) populations also 

attained higher levels in OWB-alfalfa than with OWB, alfalfa, and native mix 

pastures. The saprophytic fungal marker 18:3ω6c was not found at 0‒5 cm in 

December in any of the forage treatments. Similarly, saprophytic fungal marker 

18:3ω6c was not found in alfalfa for any of the forage types, dates, or depths. 

Bacterial G- markers (i13:0 3OH and i17:0 3OH) were not found in the June sampling 

(data not shown). OWB-alfalfa had the greatest fungal:bacterial ratio in the June 

sampling, whereas OWB had the greatest in December. Alfalfa was the only forage 

type whose total bacteria abundance exceeded that of its total fungal:abundance, thus 

rendering a fungal:bacterial ratio of less than 1.0.  
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Table 7.4. Total FAMEs and microbial FAME groups and their ratios indicated by fatty acid methyl ester as affected by forage 
species. 

Forage type Protozoa Total 
FAMEs 

AMF 
fungi 

Saprophy- 
tic fungi 

Total  
fungi 

Gram +  
bacteria 

Gram -  
bacteria 

Actino- 
mycetes 

Total 
bacteria 

AMF: 
bacteria 

Sapro: 
bacteria 

Fungi: 
bacteria 

                                      - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - (nmol g-1)  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
 14 June 

  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  0-5 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - 
       

OWB nd 273 b 41.7 b 40.1 b   82.0 b 27.6 b 13.4  21.8 62.7 ab 0.71ab 0.68 ab 1.39 ab 
OWB-alfalfa nd 375 a 75.6 a 73.0 a 148.7 a 37.1 a 18.7  22.7  78.5 a 0.97 a 0.93 a 1.90 a 
Alfalfa nd 180 c 12.3 c 19.6 c   31.9 c 22.5 b   8.0  16.1  46.7 b  0.26 c 0.42 b 0.68 c 
Native mix nd 182 c 21.9 bc 27.8 bc   49.7 bc 22.8 b   7.3  14.0  44.0 b 0.50 bc 0.64 b 1.14 bc 

 
    Forage effect  P < 0.01 P < 0.01 P < 0.01 P < 0.01 P = 0.02 P = 0.07 P = 0.30 P = 0.04 P = 0.03 P = 0.02 P = 0.02 

                                        - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5-15 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - 
           

OWB nd 247 a   44.5  34.7   79.2 ab 16.8 7.4 12.8 37.0 1.36  0.94  2.30 ab  
OWB-alfalfa nd 258 a 110.7  43.5 154.2 a 16.3 8.4 12.0 36.7 3.03 1.14  4.17 a 
Alfalfa nd 129 b   19.3  14.3   33.5 b 13.7 6.0 10.8 30.5 0.64  0.47  1.10 b 
Native mix nd 130 b   32.6  15.1   47.7 b 10.6 4.2 7.4 22.2 1.44 0.67  2.11 b 
   Forage effect  P < 0.01 P = 0.06 P = 0.12 P = 0.04 P = 0.54 P = 0.33 P = 0.37 P = 0.39 P = 0.09 P < 0.01 P = 0.04 
   Forage x depth  P = 0.22 P = 0.48 P = 0.36 P = 0.99 P = 0.40 P = 0.18 P = 0.69 P = 0.36 P = 0.14 P = 0.21 P = 0.07 
 6 December 
                                        - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  0-5 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - 
            

OWB 3.2 ab 281 b 44.7 a   51.1 b   95.8 b 34.1 b 11.9 b 22.4 bc   68.4 b 0.68 a 0.75 a 1.44 a 
OWB-alfalfa 3.3 ab 377 a 34.1 ab 110.1 a 144.2 a 78.8 a 28.3 a 47.7 a 154.9 a 0.22 bc 0.72 a 0.94 bc 
Alfalfa 2.5 b 233 bc 10.1 c   40.4 bc   50.5 c 38.7 b 12.4 b 27.0 b   78.1 b 0.13 c 0.51 b 0.64 c 
Native mix 4.4 a 189 c 19.8 bc   28.3 c   48.1 c 20.9 b 7.3 b 13.5 c   41.7 b 0.47 ab 0.68 a 1.15 ab 
   Forage effect P = 0.05 P < 0.01 P = 0.04 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P = 0.03 P = 0.03 P = 0.03 
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nd= not detected; below the detection limit. 
Total fungi: AMF (16:1w5c), Saprophytic fungi (18:1w9c, 18:2w6c, 18:3w6c); Total bacteria: G+ (a15:0, i15:0, a17:0, i17:0), 
G- (i13:0 3OH, i17:0 3OH, cy17:0, cy19:0) and actinomycetes (10Me 16:0, 10Me 17:0, 10Me 18:0); Protozoa: 20:4w6c. 
Means within columns followed by same letters are not different at α=0.05. 

 

                                        - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5-15 cm - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - 
           

OWB 1.5 250 ab 65.0  38.4 103.4  23.3 b   8.3 bc 15.4 bc 47.0 bc 1.43 0.82 2.25  
OWB-alfalfa 1.7 308 a 47.9 62.3 110.1  38.8 a 15.9 a 25.3 a 79.9 a 0.66  0.83 1.49  
Alfalfa 2.1 191 bc 13.2  28.8   42.0  28.1 b   9.9 b 19.7 ab 57.7 b 0.23 0.49 0.72  
Native mix 2.3 158 c 33.8  23.3   47.1  15.0 c   5.5 c   9.9 c 30.4 c 1.06  0.77 1.83  
   Forage effect P = 0.28 P < 0.01 P = 0.14 P = 0.18 P = 0.12 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P = 0.09 P = 0.41 P = 0.11 
   Forage x depth P = 0.21 P = 0.69 P = 0.77 P = 0.02 P = 0.25 P = 0.02 P = 0.09 P = 0.05 P = 0.03 P = 0.19 P = 0.94 P = 0.29 
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Principal component analysis of the FAMEs (16 FAMEs used) provided 

further evidence that the soil microbial community composition tended to be affected 

by forage types on both sampling dates (Fig. 7.1). In general, fungal groups such as 

AMF fungi (16:1ω5c) and saprophytic fungi (18:1ω9c, 18:2ω6c, 18:3ω6c) were more 

associated with pastures containing OWB in greater abundances along PC2. Among 

the fungal markers, AMF fungi (16:1ω5c) and saprophytic fungi (18:2ω6c, 18:3ω6c) 

were more associated with OWB, whereas saprophytic fungi (18:1ω6c) were more 

associated with OWB-alfalfa. Bacteria (i15:0, a15:0, i17:0, a17:0, cy17:0, cy19:0) and 

actinomycetes (10Me 16:0, 10Me 17:0, 10Me 18:0) were more associated with alfalfa, 

showing greater abundance along PC1. However, G- bacteria (i13:0 3OH, i17:0 3OH) 

were only found in December to be more associated with OWB-alfalfa along PC1. 

Protozoa (20:4ω6c) were always associated with the native mix along PC2 at both 

depths in December. 
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                       June 0–5 cm           Dec. 0–5 cm 

 

 

Figure 7.1. Principal components analysis (PCA) plots to compare the soil  
microbial community structure using FAMEs among four forage treatments at  
0–5 cm and 5–15 cm depths for two different sapling times. Total of 15 FAMEs  
were used representing fungal and bacterial indicators. Microbial FAME  
indicators plotted are: Gram positive in dark red (i15:0, a15:0, i17:0, a17:0),  
Gram negative in blue (i13:0 3OH, i17:0 3OH, cy17:0, cy19:0), Actinomycetes  
in orange (10Me 17:0, 10Me 18:0, 10Me 19:0), arbuscular mycorrhizal fungi in  
light green (AMF- 16:1ω5c), saprophytic fungi in dark green (18:1ω9c, 18:2ω6c, 
18:3ω6c) and protozoa in dark purple (20:4ω6c). 
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Discussion  

Soil health indicators as affected by inclusion of alfalfa into OWB system 

The higher levels of SOC in OWB-alfalfa compared to OWB and native mix in 

this study suggest an effect of legume inclusion in building C and N stocks, which 

would provide a source of mineralized N available for uptake by the companion grass. 

This effect agrees with Eekeren et al. (2009) in which SOC and N mineralization were 

greater in perennial ryegrass-white clover than perennial ryegrass only. Similarly, 

Elgersa and Hassink (1997) found a lower C:N ratio of organic matter fractions 

decomposed by soil biota resulting in greater N mineralization in a grass-clover 

mixture than grass-only. 

The greater soil microbial biomass in grass-alfalfa in our study may be at least 

partially explained by the older age of OWB-alfalfa. OWB-alfalfa pastures were 

established 5 yr before the native mix and OWB, and 11 yr before alfalfa (Table 7.1), 

thus allowing more time for SOC accumulation and associated increases in MBC and 

MBN. This agrees with reports on the effects of stand age on SOM accumulation by 

Elgersma and Hassink (1997) and Meimei et al. (2008). The C:N ratio was 

numerically always higher in native grass mix, probably owing to no nitrogen 

fertilizers applied to the native mix. In contrast, the C:N ratio was lower in alfalfa, 

likely resulting from N input via N2 fixation and soil deposition of legume N during 

root and shoot tissue turnover, such as that reported by Trujillo et al. (2006) with the 

legume perennial peanut (Arachis pintoi ) growing with Brachiaria spp. grasses. 
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A previous study at the current site (Acosta-Martinez et al., 2004; 2010b) 

reported higher activities of the same enzymes in our study and greater fungal 

abundances in OWB compared to continuous cotton. However, our results from 

enzyme activities revealed distinctions between OWB with and without alfalfa. The 

elevated levels of SOC, total N, MBC, and MBN in response to the inclusion of alfalfa 

in the OWB system were associated with increases in the index of mineralization and 

recycling as indicated by the enzyme activities evaluated. The higher enzyme 

activities in the OWB-alfalfa pasture compared to OWB can indicate benefits to soil 

health in this region by including alfalfa with a warm-season grass under long 

duration.  

Soil health indicators in OWB-alfalfa mixture compared to the other forages 

Our findings of greater soil health indicators under a grass-alfalfa mixture in 

this semi-arid region agree with trends found in other regions. Fungal markers and 

fungal:bacterial ratios were higher in paspalum-alfalfa mixtures than in broad-leaved 

paspalum (Paspalum wetsfeteini Trin.) grass monoculture in China (Zhao et al., 2015). 

Our finding of greater fungal:bacterial ratio in the grass-alfalfa and alfalfa pastures 

than in the grass-alone may be explained by legume tissues stimulating bacterial 

biomass relatively more than fungal biomass, as shown by the greater bacterial 

biomass in those pastures. Legumes may produce senescent tissues and excrete 

organic substrates in their rhizosphere which favor rapid decomposition by bacteria 

due to lower C:N ratio and lignin content in legume roots than grass roots, whereas C4 
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grass tissues may promote fungal populations that favor highly fibrous and slowly 

decomposing tissues (Urquiaga et al., 1998). 

Soil health indicators as related to other biological communities  

The strong deterring effect of OWB and OWB-alfalfa on soil-dwelling ants 

(Bhandari et al., 2018) did not carry over to suppressions of soil microbial 

communities. In contrast, soil fungal and bacterial biomass of OWB and OWB-alfalfa 

were not less than those of alfalfa or native mix; in fact, OWB-alfalfa often had the 

greatest fungal and bacterial biomasses. Native mix pastures had the greatest total 

insect abundance, mainly because of the greatest abundances of soil-dwelling ants, 

compared with OWB, OWB-alfalfa and alfalfa pastures (Bhandari et al., 2018). There 

are clear differences between soil-dwelling ants and soil microbial communities 

among the forage systems in that the ants are highly susceptible to OWB deterrence 

agents, whereas microbe-mediated soil functions are apparently not susceptible. The 

combination of suppression of pestiferous ants, desirable cattle productivity when 

grazed, and enhancement of soil health indicators, especially in combination with 

alfalfa, provides strong support to the beneficial role of WW-B.Dahl grass as a 

desirable forage for producers facing decisions on cropping options in a semi-arid 

region with declining irrigation water supply. 

 

Conclusions 

This study found clear and consistent differences in various soil properties and 

soil microbial communities among the OWB, OWB-alfalfa, alfalfa and native-grass 
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mix. We documented the comparisons of soil chemical properties, microbial 

community structure and function, and a possible influence of pasture age on these 

soil parameters. The most consistent trend was that the OWB-alfalfa had the greatest 

soil microbial biomass and enzyme activities compared to the grass only and alfalfa 

only. This suggests that grass-alfalfa mixture provided more favorable conditions for 

soil microbial populations, which had developed over the 18 yr since establishment, in 

comparison to the other pasture treatments which were 7 to 13 yr since establishment. 

OWB did not suppress the soil microbial community, unlike its inhibitory effects on 

the RIFA and harvester ants (Bhandari et al., 2018). The consistently greatest number 

of fungal and bacterial communities in OWB-alfalfa indicated that this mixture is able 

to build up favorable levels of SOC and N with associated high levels of enzyme 

activities independently of its strong inhibitory effect on soil-dwelling ants that are 

potentially deleterious to the grass stands. 
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CHAPTER VIII 

ESSENTIAL OIL COMPOSITION OF ‘WW-B.DAHL’ OLD 
WORLD BLUESTEM [BOTHRIOCHLOA BLADHII (RETZ) S.T. 

BLAKE] GROWN IN THE TEXAS HIGH PLAINS1 
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Abbreviations: OWB, ‘WW-B.Dahl’ Old World bluestem; RIFA, red imported fire 
ant. 
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Abstract  

Bothriochloa spp. include grasses that produce essential (volatile aromatic) 

oils, some of which may repel economically important insects. Leaves and stems of 

‘WW-B.Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake] were 

sampled during 2 yr of summer growth. Qualitative analysis by GC and GC-MS 

methods revealed a total of 143 compounds in which spiro [4.5]dec-6-en-8-one, 1,7-

dimethyl-4-(1-methylethyl)- showed consistently greatest analytical detection in both 

years (mean of 33.4% of total extracted oils). The next major compounds were 

9,12,15-octadecatrienoic acid, methyl ester, (Z,Z,Z)- (13.6 %); 9,12-octadecadienoic 

acid, methyl ester, (E,E)- (16.9%); 9,12,15-octadecatrienoic acid, methyl ester, 

(Z,Z,Z)- (13.1%); and hexadecanoic acid, methyl ester (10.8%). Methyl Z-11-

tetradecenoate (9.6%) and 1-cyclohexylnonene (10.0%), cyclohexanone, 2-methyl-, 

oxime (9.4%) were found in only one year. Detection of naphthalene, a known insect 

deterrent, were trace. Old World bluestem grass contained measurable amounts of 

volatile oils that may be associated with previously observed repellency of red 

imported fire ants (Solenopsis invicta Buren). 
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Introduction  

The declining water supply for irrigation in the Texas High Plains is 

encouraging growers to transition some irrigated cropland to low-water-requiring 

forages. ‘WW-B.Dahl’ Old World bluestem [Bothriochloa bladhii (Retz) S.T. Blake, 

OWB] is a warm-season perennial grass which tolerates drought conditions in semi-

arid regions (Allen et al, 2012; Dahl et al., 1988,). Some OWB species produce 

aromatic oils (Gupta and Daniel, 1982), which may confer repellence of certain insects 

(Pinder and Kerr, 1980; Zalkow et al., 1980). Sternberg et al. (2006) indicated an 

insect-deterring trait in Texas where the number of red imported fire ant (Solenopsis 

invicta Buren, RIFA) mounds was reduced by 75% compared with adjacent pastures 

of other grasses, predominantly bermudagrass [Cynodon dactylon (L.) Pers.]. Even 

more striking results were reported by Bhandari et al. (2018c) where OWB pastures 

were nearly devoid of RIFA and harvester ants (Pogonomyrmex spp.) in OWB 

pastures while adjoining native-grass pastures (dominated by Bouteloua spp.) 

contained substantial numbers of those ants. In response to anecdotal reports in the 

Texas High Plains of lowered infestation levels of horn flies (Haematobia irritans L.) 

on beef cattle (Bos taurus L.) grazing OWB, Bhandari et al. (2018b) surveyed fly 

numbers in a recent trial. Cattle on OWB-dominant pasture systems had numerically 

fewer flies on most sampling dates relative to cattle on the OWB-legume pasture 

systems, but of low statistical significance. In addition, there was minor inhibitory 

effects of OWB on honey bee (Hymenoptera: Apidae) and sweat bee (Hymenoptera: 

Halictidae) abundances compared to adjacent alfalfa (Medicago sativa L.) and native 
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grass pastures (Bhandari et al., 2018d). In contrast, OWB was not inhibitory of 

canopy-dwelling arthropod (Bhandari et al., 2018a) and soil microorganism numbers 

(Bhandari et al., 2018e). 

Essential oils have been suspected to repel insects on Bothriochloa grasses 

Pinder and Kerr (1980); however, no direct suppressions of insect activity or fecundity 

by such oils have been tested. If essential oils in OWB are responsible for repellency 

of RIFA and harvester ants, then identification of such oils may lead to 

commercialization of extracts for treating agricultural infestations. The first step in 

elucidating the chemical repellent is to characterize the profile of oil compounds in 

OWB to identify components of highest concentration to use in controlled tests on 

insects. Bahl et al. (2014) conducted the most exhaustive characterization of oils in B. 

bladhii, collected in its native India from a grass population genetically similar to the 

source of the WW-B.Dahl cultivar used in pasture surveys by Bhandari et al. (2018a, 

2018b). Other studies on B. bladhii revealed the major constituents in B. bladhii as 

intermediol, limonene, camphene (Melkani et al.,1984) and isoamyl hexanoate, 

isovaleric acid, propyl hexanoate, and camphor (Verma et al., 2008). Acorenone-B, 

camphene, isobornyl acetate, acorenone, and limonene were the major constituents in 

B. bladhii (Bahl et al., 2014). The dominating constituents in the grass collected from 

Nepal were intermedeol, limonene, and camphene, whereas isoamyl nexasnoate and 

propyl hexanoate predominated in the grass collected from the Himachal Pradeesh, 

India (Melkani, et al., 1984). (Bhandari et al., 1993) reported lower concentrations of 

isoamyl hexanoate (0.1 %), propyl hexanoate (0.04 %), and camphor (0.31 %) in B. 
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bladhii collected from the Terai region of Nepal, whereas these were found in higher 

concentrations (33.2%, 3.5%, and 2.1%) in the same species collected from Himachal 

Pradesh, India (Melkani, et al., 1984). Acorenone-B was absent in the oil (Melkani, et 

al., 1984, Verma et al., 2008); however, a recent study found a high concentration of 

acorenone-B (Bahl et al., 2014). Scrivanti et al. (2009) reported neointermediol and 

acorenone-B as major essential oils in Bothriochloa spp. native to South America, 

with distinctive profiles that contrasted with previous reports on B. bladhii. The 

objective of this study was to determine the essential oil composition of WW-B.Dahl 

OWB grown in the semi-arid Texas High Plains as an initial step in elucidating the 

causal agents in RIFA deterrence. 

 

Materials and Methods  

Grass sample collection 

WW-B.Dahl OWB samples were collected on 14 October, 2014 and 26 July, 

2015 from the New Deal Research Farm of Texas Tech University near Lubbock, 

Texas (33°45’ N, 101°47’ W; 994 m elevation). Details on soil conditions and pasture 

management are described in Baxter et al. (2017). On each date, samples were 

collected from five different sites within each of three field replicates and composited 

into a single sample representing that replicate. At least 30 m distance was maintained 

between adjacent sites. In October 2014, leaves with stems exhibiting mature 

seedheads were collected from three replicated grazed pastures. In the July 2015 

sampling, leaves and stems were collected, but less than 50% of stems exhibited 
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seedheads. Samples were immediately transferred into air-tight storage bags, and 

placed on ice inside a cooler, which were transported to the laboratory on the same 

day. The samples were stored in an ultra-cold freezer (-80◦C) until extraction of oils.  

Extraction of oils 

 Samples of 5.4 to 5.7 g were manually ground using mortar and pestle with 

added liquid N to prevent volatilization of the oils. Hexane was used to wash the 

mortar, pestle, stirring rod, test tubes and other apparatus between each sample, and 

rinsate retained with the sample. Chloroform:methanol (2:1 v:v) was added to make a 

paste and then the samples were filtered into a beaker through a coffee filter. Extracts 

were decanted into test tubes using a micropipette tip and dried using Reacti-block and 

N2 gas for 5 min (gas pressure was adjusted and needles were lowered into the sample 

until a wave action occurred). Nitrogen gas was turned off when samples were 

completely dry and when a white residue was visible.  

Methylation 

After drying, 1.5 mL FAME [29.1 mL BF3 (boron triflouride) in methanol, 

20.0 mL toluene, and 50.9 mL methanol] was added to each test tube and the solution 

was transferred to reaction vials and tightly capped. Then the reaction vials were 

heated for 30 minutes at 98◦C in a dry bath incubator. After cooling to room 

temperature, triplicate sets of test tubes were labeled for each sample. 1.5 mL of 

distilled water was added to each sample, which induced a milky white color. Samples 

was poured into test tubes and then 1 mL of chloroform and 0.5 mL of methanol were 

added and vortexed so that a bubble layer formed between the top clear layer and the 
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bottom white layer. The bottom layer normally loses its white color and becomes more 

translucent. The top layer of each sample was decanted into corresponding test tubes 

using a pipette. Each sample was dried under N2 gas using the Reacti-block. Then 1.5 

mL of hexane was added to each tube. If the samples became cloudy with a white 

color, there was still water in the sample and samples were dried again. Then samples 

were poured into labeled chromatograph vials and sealed tightly. Samples were stored 

at -18◦C until analysis. Composition analyses was carried out in the Texas Tech 

University Environmental Toxicology Department using gas chromatography (GC) 

and mass spectrometry (MS). Unidentified constituents were also investigated by GC-

MS, and all constituents expressed as percentage detection reaction of all extracted 

oils. 

GC-MS analysis 

An Agilent 6890 Series GC system coupled with a 5975 Mass Selective 

Detector was used to perform GC-MS analysis. DB-5HT trace analysis 5% phenyl 

methyl capillary column (30 m × 250 μm, film thickness 0.1 μm) was used to separate 

the analytes. The 50°C oven temperature was maintained for 10 min and then 

programmed at 3.5°C min-1 increase to 200°C and final time for 30 min. Total run 

time was set at 83 min, and 150°C was set for injector temperature. The carrier gas 

was He (99.99%) at a flow rate of 1.0 mL/min. One microliter of the extract was 

injected without splitting mode. The mass spectrometer was operated in electron 

impact mode with ionization energy of 70 eV and with scan mass range from m/z 50 
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to 700 amu. Five min was set for solvent delay time. The transfer line and ionization 

source temperatures were maintained at 280°C and 230°C, respectively. 

Identification of components 

Comparisons were made between the obtained mass spectra of the analytes 

with those of authentic standards from the NIST/EPA/NIS Mass Spectral Libraries 

(NIST 2014) and NIST Mass Spectral Search Program (Version 2.2) June 2014 to 

identify the volatile compounds extracted from OWB.  

 

Results and Discussion  

We identified 143 compounds across 2 yr of field sampling. In 2014, 66 

compounds were identified, of which 55 compounds were at detection intensities less 

than 1% of the oils. In 2015, 91 compounds were detected and identified, of which 88 

compounds were at less than 1% (Table 8.1). Only 19 compounds were found in both 

years. The consistently highest concentration (25.32% in 2014 and 41.50% in 2015) 

was spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)-, which agrees with 

Bahl et al. (2014); however, their paper reported the name of the compound as 

acorenone-B, which is a stereoisomer of spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-

methylethyl-. 9,12-Octadecadienoic acid, methyl ester, (E,E)-, hexadecanoic acid, 

methyl ester; and 9,12,15-octadecatrienoic acid, methyl ester, (Z,Z,Z)- were found in 

higher intensities in both years. Three different compounds of naphthalene were found 

in both years, although at low concentrations. Spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-

4-(1-methylethyl), 9,12-Octadecadienoic acid, methyl ester, (E,E)-, hexadecanoic acid, 
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methyl ester, and 9,12,15-octadecatrienoic acid, methyl ester, (Z,Z,Z)- only 

constituted 73.07% and 75.48% of the oil extracted in 2014 and 2015 respectively. 

Cyclohexanone, 2-methyl-, oxime (9.35%), and methyl Z-11-tetradecenoate (9.55%) 

were only present in 2014.  
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Table 1. Chemical composition of essential oils as % of extracted oil (w/w) of Bothriochloa bladhii in 2014 and 2015; means 
of three field replicates, each comprising a composite of five sites.  
 
No. RT  Compound 2014 2015 
  min  % of oil 
1 29.586 4,7-Methanoazulene, 1,2,3,4,5,6,7,8-octahydro-1,4,9,9-tetramethyl-,[1S-

(1.alpha.,4.alpha.,7.alpha.)]- 
nd 0.09 

2 31.834 Bicyclo[4.4.0]dec-1-ene, 2-isopropyl-5-methyl-9-methylene- nd 0.14 
3 31.834 Benzene, 1,1'-(1,2-ethanediyl)bis[2,3,4,5,6-pentamethyl- nd 0.16 
4 32.84 Naphthalene, 1,2,3,4-tetrahydro-1,6-dimethyl-4-(1-methylethyl)-, (1S -cis)-  0.26 0.33 
5 31.841 Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, (1S-cis)- nd 0.13 
6 33.459 1H-Indole, 2,3-dihydro-1,3,3-trimethyl-2-methylene- nd 0.17 
7 33.723 Cyclopropanecarboxylic acid, 3-(3-methoxy-2-methyl-3-oxo-1-propenyl)-2,2-dimethyl-, 2-

methyl-4-oxo-3-(2-pentenyl)-2-cyclopenten-1-yl ester, [1R-[1.alpha.[S*(Z)],3.beta.(E)]]- 
nd 0.32 

8 33.72 (1R)-(-)-Myrtenal 0.23 nd 
9 34.62 Naphthalene, 1,2,3,5,6,7,8,8a-octahydro-1,8a-dimethyl-7-(1-methyleth enyl)-, [1R-

(1.alpha.,7.beta.,8a.alpha.)]- 
0.27 0.65 

10 34.62 Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-methylethylidene)-, (4aR-trans)- 0.33 0.13 
11 34.631 1H-Cycloprop[e]azulene, 1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7-tetramethyl-, [1aR-

(1a.alpha.,4.alpha.,4a.beta.,7b.alpha.)]- 
nd 0.76 

12 34.748 Furane-2-carboxylic acid, 5-(1,2,4-triazol-1-ylmethyl)- nd 0.14 
13 35.27 Guaia-3,9-diene  0.23 0.42 
14 35.27 10s,11s-Himachala-3(12),4-diene 0.27 0.23 
15 35.28 1, 4-Cyclohexadiene, 6-isopropenyl-1,2,3,4-tetramethyl- 0.29 0.42 
16 36.44 Benzene, 1-methyl-4-(1,2,2-trimeth ylcyclopentyl)-, (R)- 0.18 0.42 
17 36.45 Benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl- 0.17 0.49 
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18 36.593 1H-Benzocycloheptene, 2,4a,5,6,7,8,9,9a-octahydro-3,5,5-trimethyl-9-methylene-, (4aS-
cis)- 

nd 0.20 

19 36.593 Ledene oxide-(I) nd 0.20 
20 36.59 2,5-Cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)- 0.05 nd 
21 36.747 1H-Cyclopropa[a]naphthalene, decahydro-1,1,3a-trimethyl-7-methylene-, [1aS-

(1a.alpha.,3a.alpha.,7a.beta.,7b.alpha.)]- 
nd 0.32 

22 36.747 Azulene, 1,2,3,4,5,6,7,8-octahydro-1,4-dimethyl-7-(1-methylethyliden 
e)-, (1S-cis)- 

nd 0.32 

23 37.362 1H-3a,7-Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-,[3R-
(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 

nd 0.45 

24 37.391 Tricyclo[5.4.0.0(2,8)]undec-9-ene,2,6,6,9-tetramethyl- nd 0.56 
25 37.68 t-Butyldimethyl(undec-10-ynyloxy) silane 0.36 nd 
26 37.699 (4'S,4'Ar,5'R,8'aS)-spiro-[1,3-dithiolan-2,1'-(4'-isopropyl-4'a,5'-dimethyl-(1'H)-

octahydronaphthalene 
 

nd 0.43 

27 37.713 2-Methylbutanoic acid, 3-(t-butyldimethylsilyloxy)- nd 0.45 
28 38.13 Spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)- 25.32 41.50 
29 38.41 cis-.alpha.-Bisabolene 0.41 nd 
30 38.42 2-Methyl-trans-3a,4,7,7a-tetrahydroindane 0.31 nd 
31 38.431 Levomenol nd 0.66 
32 38.446 Spiro[5.5]undeca-1,8-diene, 1,5,5,9-tetramethyl-, (R)- nd 0.47 
33 39.149 1H-Indene-1,6(2H)-dione, hexahydro-3a-methyl- nd 3.52 
34 39.156 Z-7-Pentadecenol nd 3.50 
35 39.19 Cyclohexanone, 2-methyl-, oxime 9.35 nd 
36 39.24 Methyl Z-11-tetradecenoate             9.55 nd 
37 39.288 4-Methyl-5-penta-1,3-dienyltetrahydrofuran-2-one nd 0.87 
38 39.28 1-Azabicyclo[2.2.2]octane, 4-methy nd 0.91 
39 39.30 1-Cyclohexylnonene   1.32 2.27 
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40 39.33 2(5H)-Furanone, 4-(2,3-dimethyl-2-buten-4-yl)- 1.42 nd 
41 39.43 Tridecanoic acid, 12-methyl-, methyl ester 4.53 nd 
42 39.456 1H,5H-Benzo[ij]quinolizin-8-ol, 2,3,6,7-tetrahydro- nd 0.82 
43 39.464 5-Amino-4-methyl-1-phenyl-3-pyrazolol nd 4.41 
44 39.617 1-Methyl-2-phenylpiperidin-4-one nd 2.67 
45 39.625 Thiophene, 2-ethynyl-5-[(trimethylsilyl)ethynyl]- nd 0.89 
46 39.632 Butyrophenone, 4'-tert-butyl-2',6'-dimethyl- nd 0.92 
47 39.63 1H,5H-Benzo[ij]quinolizin-8-ol, 2,3,6,7-tetrahydro- 0.37 4.35 
48 39.65 Cobaltocene 0.47 nd 
49 39.66 Pyrido[3,4-d]pyrimidin-4(3H)-one,2,6,8-trimethyl- 0.39 nd 
50 40.137 Isoquinolin-6,7-diol, 1-methyl- nd 0.23 
51 40.481 Longiverbenone nd 0.09 
52 40.811 Oxiraneundecanoic acid, 3-pentyl-,methyl ester, trans- nd 0.57 
53 40.818 1-(1-Methoxycyclopropyl)-3-methylbut-2-en-1-ol nd 0.53 
54 40.818 trans, cis-2-Ethylbicyclo[4.4.0]decane nd 0.68 
55 40.82 2-Heptenoic acid, methyl ester, (E)- 1.13 nd 
56 40.83 2-Hexadecenoic acid, methyl ester,(E)- 1.09 nd 
57 40.83 2-Nonenoic acid, methyl ester, (E) 1.13 nd 
58 41.331 5-Isopropenyl-2-hydroxy-2,4,6-cycloheptatrien-1-one nd 0.57 
59 41.323 Isoquinoline, 1-[3-methoxy-5-hydroxybenzyl]-1,2,3,4-tetrahydro-6-methoxy- nd 0.51 
60 41.33 2H-1,5-Benzodioxepin, 3,4-dihydro-3-methylene- 0.33 0.41 
61 41.34 4-tert-Butyl-N,N-dimethylaniline 0.32 nd 
62 41.35 Isoquinoline, 1-[3-methoxy-5-hydroxybenzyl]-1,2,3,4-tetrahydro-6-methoxy- 0.34 nd 
63 41.748 Peri acid nd 0.40 
64 41.748 2-Propanone, 1-(2,5-dimethoxy-4-methylphenyl)-, oxime nd 0.51 
65 41.755 Cobalt, (.eta.-5-cyclopentadienylcarboxylic acid)(.eta.-4-cyclopenta 

diene), 
nd 0.59 
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66 41.77 1,4,7-Trimethyl-2-azafluorenone 0.24 nd 
67 41.946 Neoisolongifolene, 8-oxo- nd 0.65 
68 41.953 2-Acetamide, N-4-phenyl-2-thiazolyl- nd 0.55 
69 42.03 6S-2,3,8,8-Tetramethyltricyclo[5.2 .2.0(1,6)]undec-2-ene 1.27 nd 
70 42.04 Benzene, 1,4-dimethyl-2,5-bis(1-methylethyl)- 0.59 nd 
71 42.048 2-Guanidinobenzimidazole nd 0.88 
72 42.048 1-Ethyl-3-(propen-1-yl)adamantane nd 0.83 
73 42.048 Cedrene-V6 nd 0.70 
74 42.05 Tricyclazole 0.90 nd 
75 42.29 Pentan-1-one, 1-(1-ethyl-2-hydroxy-3-indolylazo)-2-hydroxy-2-propyl- nd 0.39 
76 42.297 1H-Indole-2-carboxylic acid, 1-methyl-, methyl ester nd 0.39 
77 42.297 Pentan-1-one, 1-(1-ethyl-2-hydroxy-3-indolylazo)-2-hydroxy-2-propyl-5-Amino-6-

nitroquinoline 
nd 0.43 

78 42.31 Nonanoic acid, 9-oxo-, methyl ester 0.53 nd 
79 42.32 Pentadecanoic acid, methyl ester 0.56 nd 
80 42.414 Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-methylethenyl)-, [4aR-

(4a.alpha.,7.alpha.,8a.beta.)] 
nd 0.46 

81 42.41 2,10,10-Trimethyltricyclo[7.1.1.0 (2,7)]undec-6-en-8-one 0.21 nd 
82 42.414 Benzene, 1,3,5-tris(1-methylethyl) nd 0.53 
83 42.422 1,4-Methanoazulene, decahydro-4,8,8-trimethyl-9-methylene-, [1S-

(1.alpha.,3a.beta.,4.alpha.,8a.beta.)] 
nd 0.52 

84 42.60 Eugenol 0.32 0.74 
85 42.60 1,4-Benzenediamine, N,N,N',N'-tetramethyl- 0.21 0.69 
86 42.605 Phenol, 2-methoxy-4-(1-propenyl)-,(E)- nd 0.67 
87 43.381 5-(2-Oxo-[1,2]oxathiolan-3-yl)pentanoic acid, methyl ester nd 0.35 
88 43.381 4.Xi.-Germacr-9-en-12-oic acid, 6.alpha.-hydroxy-1-oxo-, gamma.-lactone, (11S)- 

tone, (11S)- 
nd 0.35 

89 43.388 5-(2-Oxo-[1,2]oxathiolan-3-yl)pentanoic acid, methyl ester nd 0.21 
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90 43.557 1H-1,2,3-Triazole, 4,5-diphenyl- nd 0.54 
91 43.571 Patchoulene nd 0.60 
92 43.578 1H-Cycloprop[e]azulene, decahydro-1,1,7-trimethyl-4-methylene-, [1aR-

(1a.alpha.,4a.alpha.,7.alpha.,7a.beta.,7b.alpha.)]- 
nd 0.60 

93 43.857 2,5-Cyclohexadiene-1,4-dione, 2,5-dichloro-3,6-dimethoxy- nd 0.59 
94 43.857 4,4'-Dichlorobenzophenone nd 0.51 
95 43.86 2,5-Cyclohexadiene-1,4-dione, 2,5-dichloro-3,6-dimethoxy- 0.55 nd 
96 43.864 7-Oxabicyclo[4.1.0]heptane, 1-(2,3-dimethyl-1,3-butadienyl)-2,2,6-trimethyl-, (E)- nd 0.56 
97 43.86 N-(4-Hydroxy-5-oxo-1,3,6-cyclohept 0.51 nd 
98 43.87 2,4' -Dichlorobenzophenone 0.33 nd 
99 44.018 1,4-Naphthalenedione, 2-(1-butenyl)-3-hydroxy- nd 0.65 
100 44.02 Phenol, 2,4'-isopropylidenedi-    0.39 0.63 
101 44.267 13-Borabicyclo[7.3.0]tridecane, 13-butoxy-, (Z)- or (E)- nd 0.36 
102 44.267 Dibenz[c,e]oxepin nd 0.26 
103 44.28 9-Borabicyclo[3.3.1]nonane, 9-octyloxy 0.23 nd 
104 44.39 Cyclododecanone, 2-methylene- 0.16 nd 
105 44.41 3H-1,3,4-Benzotriazepin-2-one, 1,2-dihydro-3-methyl-5-phenyl- 0.63 nd 
106 44.42 Ethyl 2-(O-nitrophenylhydrazono)propanoate nd 0.91 
107 44.42 5-tert-Butyl-4,6-dinitro-1,2,3-trimethylbenzene 0.50 nd 
108 44.42 2,2',4,4',6,6'-Hexamethylbenzophenone nd 0.89 
109 44.421 4,4'-di-tert-Butylbiphenyl nd 0.67 
110 44.87 Bicyclo[5.3.0]decane (cis) 0.32 nd 
111 44.88 Thiophene-2-carboxaldehyde, (4-amino-5-ethyl-1,2,4-triazol-3-yl) hydrazone 0.39 nd 
112 44.889 2-Cyclopenten-1-one, 2-pentyl- 0.31 0.42 
113 45.328 Hexadecanoic acid, methyl ester 12.94 8.66 
114 46.507 (1S,15S)-Bicyclo[13.1.0]hexadecan-2-one nd 0.32 
115 46.507 1-(Methylamino) anthraquinone nd 0.40 
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116 46.544 2,6-Dimethylbicyclo[3.2.1]octane 1.25 nd 
117 46.544 Z-5-Methyl-6-tetradecen-1-ol acetate 1.34 nd 
118 46.851 N-(p-Methoxybenzylidene)-p-anisidine nd 0.23 
119 46.851 Methyl tetradecanoate nd 0.19 
120 47.04 Hydrazinecarbodithioic acid, [(4-nitrophenyl)methylene]-, methyl ester 0.17 nd 
121 47.04 Ethyl 2-(2-chloroacetamido)-2-(2,4-difluoroanilino)-3,3,3-trifluoropropionate 0.19 nd 
122 47.833 Methyl 2-ethylhexyl phthalate nd 0.31 
123 47.84 Heptadecanoic acid, methyl ester 0.47 0.27 
124 47.84 Hexadecanoic acid, 14-methyl-, methyl ester 0.43 nd 
125 48.85 2',5'-Dimethoxy-2-biphenylcarboxylic acid nd 0.79 
126 48.85 6-Methoxy-benzo[c]phenanthrene 0.44 nd 
127 48.858 Benzene, 1-fluoro-2-(3-methylbenzylidenamino)-4-nitro- nd 0.66 
128 48.86 6-Acetyl-5-methoxy-2,7-dimethyl-1,4-naphthoguinone 0.34 nd 
129 49.11 1,2-Di-but-2-enyl-cyclohexane 0.20 nd 
130 49.76 9,12-Octadecadienoic acid, methyl ester, (E,E)- 22.01 11.83 
131 49.91 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 12.80 13.49 
132 50.49 Octadecanoic acid, methyl ester 1.59 0.86 
133 51.88 3-Methyl-1-phenyl-4-azafluorene 0.21 nd 
134 51.889 5-Carbamoyl-2,3,4,6-tetrahydro-1,6-dioxo-1H-pyrido(3,2-) quinolizine nd 0.23 
135 54.84 Eicosane 0.21 nd 
136 55.71 Hexadecane, 2-methyl- 0.26 nd 
137 55.711 Nonadecanoic acid, 10-methyl-, methyl ester nd 0.22 
138 55.718 Eicosanoic acid, methyl ester 0.68 0.27 
139 55.718 Ethyl 6-methyl-3-oxopentadecanoate 0.79 nd 
140 62.857 Tetracosane 0.34 nd 
141 62.857 Methoxyacetic acid, 3-tetradecyl ester 0.29 nd 
142 64.497 Octadecanoic acid, 11-methyl-, methyl ester 0.35 nd 
143 64.504 Docosanoic acid, methyl ester 0.48 nd 
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Although the total number of compounds from samples representing six 

pasture-year combinations was 143, each sample in 2014 had 35 compounds, and in 

2015 there were 39 compounds. (Melkani et al., 1984) reported differences in essential 

oils from other Bothriochloa species with respect to acorenone-B. Greater quantitative 

and qualitative variations for the presence and absence of various oil constituents 

could be explained by genotypic, agro-climatic and ecological differences (Bahl et al., 

2014). Dong et al. (2015) reported higher percentage (9.08% of total oil) of 

spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)- in a culinary herb 

(Chuanminshen violaceum) in China, but they did not report any biological activities 

of the compound. Melkani et al. (1984) reported that essential oils constituted more 

than 62.38% of oxygenated compounds, and that 29.14% of the oil contained 

monoterpenes and sesquiterpenes hydrocarbons with oxygenated sesquiterpenoid 

(C15H24O) in B. bladhii. In the current trial, the lower concentration of spiro[4.5]dec-

6-en-8-one, 1,7-dimethyl-4-(1-methylethy)- recovered in 2014 than in 2015 could be 

explained by the fact that the seedheads contained lower concentration of this 

compound compared to stems and leaves, and in 2015, a much lower proportion of 

stems exhibited seedheads owing to the less advanced maturity at sampling time than 

for 2014. In contrast, a higher detection of 9,12-octadecadienoic acid, methyl ester, (E, 

E)- in 2014 than 2015 suggests that heads may have higher concentration of this 

compound. Compounds such as 9,12,15-octadecatrienoic acid, methyl ester, (Z,Z,Z)- 

and hexadecanoic acid, methyl ester, and 1-cyclohexylnonene were present at similar 

levels of concentration in both years. Presence of higher concentrations of 
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cyclohexanone, 2-methyl-, oxime and methyl Z-11-tetradecenoate only in 2014 could 

be due to more heads in the sample.  

 

Conclusions 

This is the first documentation of essential oil composition of cultivar WW-

B.Dhal OWB grown in the semi-arid region of Texas, where increased plantings of 

this grass are taking place in response to reduced water supply for crop production. 

Highest detection of spiro[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)- in 

both years was the most consistent trend. The methyl esters of 9,12-octadecadienoic 

acid, hexadecanoic acid, and 9,12,15-octadecatrienoic acid were also among the 

higher concentrated compounds in all replications of each year. The study identified 

the following compounds to isolate for bioassays on insect susceptibility: spiro 

[4.5]dec-6-en-8-one, 1,7-dimethyl-4-(1-methylethyl)-; 9,12,15-Octadecatrienoic acid, 

methyl ester, (Z,Z,Z)-; 9,12-octadecadienoic acid, methyl ester, (E,E)-; 9,12,15-

Octadecatrienoic acid, methyl ester, (Z,Z,Z)-; and hexadecanoic acid, methyl ester. 

Positive results of such bioassays in demonstrating significant RIFA deterrence would 

support strategies for OWB management to minimize pestiferous ant infestations. 

Variation among replications and between years in growth stages of grass suggest that 

future research needs to include a systematic chemical profiling of plant parts by 

growth stage.  
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CHAPTER IX 

GENERAL CONCLUSIONS AND SYNTHESIS 
 

The vitality of the Ogallala Aquifer is threatened because the rate of withdrawing 

water far exceeds the recharge rate, resulting in a diminishing water supply for irrigation 

to produce agricultural crops and livestock in the Texas High Plains. Integrating 

drought-tolerant perennial forage species such as ‘WW-B.Dahl’ Old World bluestem 

[OWB, Bothriochloa bladhii (Retz) S.T. Blake] into beef cattle (Bos taurus L.) 

production in a system can potentially extend the economic life of irrigated crops in 

this region through improved irrigation use efficiency. This grass strongly deters 

ground-dwelling ants (Hymenoptera: Formicidae) and protects the soil surface from 

erosion. Reduction or control of horn flies can be economically beneficial to cow-calf 

and stocker/yearling operations because of improved animal comfort and productivity. 

The results from the fly rating trial indicate that the cattle grazing OWB had numerical 

tendency of lower flies than the other forages, but not strongly enough to claim a 

dependable or consistent repelling effect. The results of arthropod characterization 

indicate that incorporating introduced forage grasses into the pasture systems selects 

against important pests such as the RIFA and harvester ants, while exhibiting a low to 

moderate degree of inhibition of insect pollinators. Overall arthropod diversity 

including insect pollinators can be enhanced by maintaining native mixed grass 

pastures. The integration of OWB with alfalfa in this study was a beneficial 

combination for the soil microbial community by enhancing soil physical and 
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biological properties for soil health and improved sustainability over OWB, alfalfa 

alone, and native mixed-grass pastures. While revealing repellence of some 

pestiferous insects such as fire ants and harvester ants, it is possible that widespread 

adoption of WW-B.Dahl OWB as a single stand may reduce overall arthropod 

community numbers and diversity, including pollinators. However, integrating OWB 

with other adapted forages such as alfalfa seems to be a promising pasture 

combination for improving the agroecosystems on the Texas High Plains through 

strong deterrence of harmful ants while still hosting overall arthropod diversity and 

enhancing soil health parameters. The combination of OWB with alfalfa increased 

beef productivity through enhanced beef cattle liveweight gain (Baxter et al., 2017a) 

in addition to lower overall water footprint of animal weight gain (Baxter et al., 

2017b). Maintaining native grass mixes in the pasture system can maintain insect 

pollinators for surrounding plants in Southern High Plains. Presence of the well 

known insect-deterring compound naphthalene in the essential oils from OWB 

suggests that there may be a link between essential oil and insect deterrence and 

potentially other insect-deterring compounds; however, further study is needed to 

determine its role as an insect deterrent in OWB. 

Future research should include comparing cattle that are limited to grazing 

only OWB to those with no access to OWB to provide a further understanding of 

deterring effect of OWB on horn flies. Similarly, it would be desirable to test the links 

between essential oil presence and insect deterrence in the pasture through bioassay 
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activity of essential oils using purified or crude extracts of oils against harmful ants to 

determine the chemicals responsible for deterring ants. 
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Figure 9.1. Fly density ratings by year for cattle on grass-only and grass-legume 
forage systems. Means with the same letters are not different at α=0.05. ns = non 
significant. 
 
 
 
 

 
Figure 9.2. Abundance of total insects recovered in pitfall traps by forage treatment, 
averaged over 3 years (2 years only for teff) and 3 blocks. Means with the same letters 
are not different at α=0.05.  
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Figure 9.3. Abundance of red imported fire ants (RIFA) recovered in pitfall traps by 
forage treatment, averaged over 3 years (2 years only for teff) and 3 blocks. Means 
with the same letters are not different at α=0.05. 
 
 
 
 

 
Figure 9.4. Abundance of harvester ants recovered in pitfall traps by forage treatment, 
averaged over 3 years (2 years only for teff) and 3 blocks. Means with the same letters 
are not different at α=0.05. 

0

100

200

300

400

2014 2015 2016 Mean

M
ea

n 
nu

m
be

r

Year

OWB OWB-alfalfa Teff Alfalfa Native mix

n=3

a

b
c

d d

a

b

cc

a

bb
c c

a

a

bc c

0

50

100

150

2014 2015 2016 Mean

M
ea

n 
nu

m
be

r

Year

OWB OWB-alfalfa Teff Alfalfa Native mix

a

b

a

c c

a

b
bb

a

ab

a

b b

a

bb

cc

n=3



Texas Tech University, Krishna Bhandari, August 2018 

161 

 
Figure 9.5. Abundances of total pollinators and foraging insects recovered in bee bowl 
traps by forage type during 3 years and averaged over three blocks. Means with the 
same letters are not different at α=0.05. ns= nonsiginificant.  
 
 
 
 
 
 
 

 
Figure 9.6. Abundances of total arthropods recovered in sweep net traps by pasture 
type and year, summed over three transects per pasture replicate and averaged over 
three replications. Means with the same letters are not different at α=0.05. ns= 
nonsignificant.  
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Figure 9.7. Effect of forage type and sampling depth on microbial biomass carbon 
(MBC) in summer and autumn sample dates. Means with the same letters are not 
different at α=0.05. ns= nonsiginificant.  
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Figure 9.8. Effect of forage type and sampling depth on microbial biomass nitrogen 
(MBN) in summer and autumn sample dates. Means with the same letters are not 
different at α=0.05. ns= nonsignificant.  
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Figure 9.9. Effect of forage type and sampling depth on soil organic carbon (SOC) in 
summer and autumn sample dates. Means with the same letters are not different at 
α=0.05. ns= nonsiginificant.  
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Figure 9.10. Effect of forage type and sampling depth on total nitrogen in summer and 
autumn sample dates. Means with the same letters are not different at α=0.05.  
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Figure 9.11. Effect of forage type and sampling depth on enzyme activities of β-
glucosaminidase / Arylsulfatase in summer and autumn sample dates. Means with the 
same letters are not different at α=0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

100

200

0-5 cm 5-15 cm 0-5 cm 5-15 cm

m
g 

p-
ni

tro
ph

en
ol

 k
g-1

 so
il 

h-1

Soil depths and dates

OWB OWB-alfalfa Alfalfa Native mix

n=3

14-Jun 6-Dec

a

bb

a

a

bbab

a

cbc

b a

c
bb



Texas Tech University, Krishna Bhandari, August 2018 

167 

 
Figure 9.12. Effect of forage type and sampling depth on enzyme activities of alkaline 
phosphatase in summer and autumn sample dates. Means with the same letters are not 
different at α=0.05. ns= nonsiginificant.  
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APPENDICES 
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APPENDIX A. OVERVIEW MAP  OF THE RESEARCH SITE. 

 

Figure A.1. Overview of the experimental area near Lubbock, TX. Map  
provided by Baxter, L.L. 2017. Novel grazing management strategies for the  
Southern High Plains. Ph.D. diss., Texas Tech Univ., Lubbock. 
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APPENDIX B. SUMMARY OF ESTABLISHED FORAGE 
SPECIES. 
 
Table B.1. Summary of seeding rate and planting date for all established forage 
species. 
 
Forage species Seeding 

rate 
Date(s) 

 kg pure 
live seed 
ha−1 

 

Grass-only   

Native grass mix (buffalograss, blue grama, 
sideoats grama, green sprangletop) 

2.25, 1.12,  
2.25, 0.56                             

12 June 2002 

Old World bluestem (OWB, cv. WW-B. Dahl) 3.36                   12 June 2003 
 3.36                   15 Apr. 2016 
Teff (cv. Tiffany) 8.97                  4–6 June 2014 
 9.08 27 May 2015 
 7.70 28 Apr. 2016 
Grass-legume   

Natives grass mix (buffalograss, blue grama, 
sideoats grama) 

7.63 16 May 2008 

OWB (cv. WW-B.Dahl) 3.36 11 May 1998 

Alfalfa (cv. RSI 707, into OWB) 11.99            11–13 Mar. 2010 

 7.50                 10 Sept. 2014 
Yellow sweetclover (cv. Madrid, into OWB) 11.99            10 Sept. 2014 

Alfalfa (cv. RSI 707) 7.52 15 Apr. 2009 
Tall wheatgrass (cv. José, into alfalfa) 10.32 15 Apr. 2009 

 14.15                  10 Sept. 2009 
 8.97 6 June 2014 
Teff (cv. Tiffany) 9.19 3 June 2015 
 6.84                      17 May 2016 
   

Table provided by Baxter et al., 2017. Stocker beef production on low-water-input 
systems in response to legume inclusion: I. Forage and animal responses. Crop Sci. 
57:2294-2302. doi: 10.2135/cropsci2017.02.0112 
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APPENDIX C. LIST OF ANNELID AND VERTEBRATES. 

Table C.1. List of taxa and abundances recovered by pitfall traps summed over  
three transects per pasture and averaged over forage treatments, blocks, and years. 
 
Class Order Common name Abundance 
   no. pasture-1 

Oligochaeta - annelid 0.05 

Amphibians Anura  frogs 2.2 

Mammalia Rodentia  mouse 0.8 

Reptilia Squamata   lizard 0.1 
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APPENDIX D. GRAVIMETRIC WATER CONTENT OF SOIL. 

Table D.1. Table for showing sequence of calculating the gravimetric water content of 
soil. 
 
Sample info Can no. Can wt. Can + wet 

soil wt. 
Can + dry soil 
wt. 

Moisture 
content  

   - - - - - - - - - - - - - - g - - - - - - - - - - - -  g cm-3 
OWB 1     
OWB-alfalfa 2     
Alfalfa 3     
Native mix 4     
         

 
Method  

Steps 
1. Leave scale at zero for all weighing 
2. Weigh can and write down the weight, 
3. Add =10 g soil and write down the weight in ‘Can + wet soil’ column (can 

and soil weight)  
4. Dry at 105 degree C for 24 hr, then weigh the ‘Can + dry soil wt.’ 

 
 
Gravimetric water content (GWC) = 
 
[(Can + wet soil wt.) - Can weight ] - [(Can + dry soil wt.) – (Can wt.) ] / [ (Can +dry 
soil wt.) - (Can wt.)] 
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APPENDIX E. DETERMINATION OF MICROBIAL BIOMASSS C 
AND N. 

 
Microbial Biomass C &N 

Chloroform Fumigation Extraction Method  
 

Safety notes 
Personal Protective Equipment: Disposable gloves, lab coat 

 
Safety Measures 
 Only handle chloroform in the fume hood. Make sure vacuum output hose is 
in hood at all times, as it is releasing chloroform gas. 
 
 After 24 hr fumigation, pour remaining chloroform in bottle marked “used 
chloroform.”  Make sure not to pour out boileezers. Leave the beaker with boileezers 
in the fume hood until dry. 
 
Procedure (Brookes et al., 1985; Vance et al., 1987) 
 
Preparation 
  Weigh out 15g of field-moist soil (oven dry equivalent) within 2 weeks of 
sampling and place in a 125 mL Nalgene bottle. Weigh 3 lab reps per sample labeled 
A, B (fumigated) and C (non-fumigated control) 
 
Fumigation on samples A and B only  
 
Preparation for fumigation:  

Place the desiccator in the fume hood and place a damp large white towel in 
the bottom. You can put 16 sample bottles (8 samples, A and B) in each desiccator and 
place a 150 mL beaker containing ~5-10 mL of boileezers and ~100 mL chloroform 
with the samples. Place the lid on the desiccator with the top valve lined up to the hole 
into the desiccator. Attach the vacuum hose to the lid and start the vacuum pump. Run 
the pump for 2 minutes after the chloroform starts to boil. After the 2 min, close the 
top valve by turning it ~45°. Remove the hose, turn off the pump and place the 
desiccator in the dark (we use the cabinet across from the fume hood) for 24 hr. 
 
After 24 hr fumigation 

Place the desiccator back in the fume hood and release the vacuum by lining 
up the valve with the hole in the lid. Remove the lid to remove the bottles and dump 
the chloroform from the flask back into the used chloroform bottle, being careful not 
to dump the boileezers. Leave the flask in the fume hood with the boileezers. Remove 
the damp towel from the desiccator and allow it to dry in the fume hood also. Wipe 
down the desiccator and lid with a clean towel to remove any chloroform. Place the 
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samples back into the desiccator and replace the lid, keeping the valve lined up with 
the hole in the lid. Connect the hose, start the vacuum pump, and run for 2 min. While 
leaving the pump running, pull the hose off of the valve allowing air to re-enter the 
desiccator. Reconnect the hose and repeat for a total of six 2-min evolutions. This step 
will remove any remaining chloroform from the soil. When complete, remove the 
samples and store the desiccator, and proceed to the extraction step.  
 
Extraction to all samples A, B, and C 

• Add 75 mL of 0.5M K2SO4 to each sample bottle and cap it. Shake them on the 
shaker for 1 hr. 

• Centrifuge them for 1 minute @1800 rpm.  
• Filter the extraction solvent through a Whatman No. 42 filter into a labeled 

tube.  
• Dilute the samples 1:1 with DI water (10 mL each) into TOC analysis vials. If 

the samples are not going to be analyzed that day, keep them cool (4۫°C) in the 
refrigerator until analysis. Also refrigerate the remaining sample in the tubes in 
the cold room. Always perform dilutions before refrigerating extractions as 
precipitation will occur on non-diluted samples. 

 
Determination and calculation of C & N 

• Organic C and N extracted from the fumigated (24 h) and non-fumigated 
(control) soil are quantified by a CN analyzer (Shimadzu Model TOCV/CPH-
TN, Shimadzu Corp., Kyoto, Japan). See manual for operating the Shimadzu. 

• The MBC and MBN, difference between fumigated and non-fumigated values, 
are calculated using a kEC factor of 0.45 (Wu et al., 1990) and kEN factor of 
0.54 (Jenkinson, 1988), respectively. 
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APPENDIX F. FATTY ACID METHY ESTER ANALAYIS  
 
 

Microbial Community Structure  
Ester-linked fatty acid methyl ester (El-FAME) Procedure 

Safety notes 
Personal Protective Equipment: Disposable gloves, lab coat, lab goggles 
 

Safety Measures 
 When handling samples, wear gloves and lab coat at all times. 
Wear goggles at all times when adding chemicals, vortexing, and adding/removing 
tubes from water bath. The addition of certain reagents to certain soils can cause a 
somewhat violent reaction that release gases, carrying chemicals out of the tube. 
Tubes may also bust when vortexing or when temperature changes occur due to the 
water bath. 

 
EL FAME Reagent Preparation 
 
Reagent 1: 0.2 M KOH in Methanol (methylation reagent) 

• 5.61 g KOH (certified ACS) 
• 500 mL Methanol (HPLC grade) 
While stirring methanol, add KOH pellets, stir until dissolved. 

 
Reagent 2: 1.0 M Acetic acid (neutralization reagent) 

• 57.5 mL Glacial (17.4 M) acetic acid (certified ACS) 
• DI water 

Fill 1 L volumetric flask with about 500 mL DI water and add acetic acid. Bring with 
DI water, stir to mix. 
 
Reagent 3: (extraction solvent) (Hexane HPLC grade) 

• Enough Hexane for 3 mL per sample  
 
Procedure 
 
Methylation 

1. Analysis of 3 g field moist equivalent soil to an appropriate size (usually 20 x 
150-mm) of Teflon-lined screw-cap test tube.  

2. Add 15 mL of Reagent #1 to each test tube and vertex 5‒10 s. 
3. Heat test tubes in a 37°C in water bath for 60 min total, vortexing each test 

tubes 5 s every 15 min.  
4. Cool test tubes at ambient temperature for ~10 min. 
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Neutralization 

1. Add 3 mL of Reagent #2 and vortex for 5-10 s 
2. Let samples sit at ambient temperature for reaction to fully occur for  ~5 min. 
 

Extraction 
1. Add 5mL of Reagent #3. 
2. Centrifuge at 2200 rpm for 8 min 
3. Carefully transfer top organic phase to a 13 x 100 mm Teflon lined screw-cap 

test tube and dry by heating at 37°C for 20 min 
4. Add 100 μL of standard hexane to the tube, dry under N2, and transfer samples 

to the gas chromatography vial and run on GC.  
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