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ABSTRACT OF DISSERTATION
FIELD BIOLOGY OF RUSSIAN WHEAT APHID, DIURAPHIS NOXIA
(MORDVILKO) (HOMOPTERA: APHIDIDAE) ON WHEATS DIFFERING IN
CATEGORIES OF RESISTANCE.

The Russian wheat aphid, Diuraphis noxia (Mordvilko), is a serious pest of small
grains in certain regions of the United States. An economically and environmentally
effective option for controlling this pest is the use of resistant cultivars. Two resistant
genotypes (CO 940626 that contains resistance gene Dn4 and CO 940252 that contains
resistance gene Dn6 ) were tested for their effects on Russian wheat aphid field biology in
1996, 1998 and 1999. Russian wheat aphid densities were low on resistant wheat
genotypes as compared to those of the susceptible wheat cultivar TAM 107. Based on
Russian wheat aphid age structure, the two resistant genotypes affected the Russian wheat
aphid developmental biology. A higher proportion of first instars was produced, but
lower proportions of second-third, fourth instar and adults were observed. indicating an
antibiosis resistance category. Both of these resistant genotypes had similar effects on
aphid development. The infestation levels were distinct over the study period in all three
years. The susceptible cultivar had more parasitization of the Russian wheat aphid than
the resistant genotypes. Seed quality was affected by the highest level of infestation.

Biotic and abiotic factors were examined for their effects on Russian wheat aphid
on the resistant and susceptible wheat genotypes in 1997-1998 and in 1998-1999.
Combined natural enemies did not affect Russian wheat aphid mortality on resistant

wheats but did on the susceptible cultivar. Exclusion of natural enemies with insecticide
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treatments had no effect on activity of natural enemies. Rainfall affected the Russian
wheat aphid significantly more on resistant wheats than on the susceptible. because of the
flat leaves of resistant wheats. Accumulative degree hours below 0°C reduced aphid
population densities during winter. On the other hand, accumulative degree hours above
20°C negatively affected aphid densities later in the season.

A laboratory experiment showed antibiosis as the primary resistance category in
the Zadoks 13 growth stage, antixenosis and some indication of tolerance also were

observed. However, tolerance was not clearly indicated as one of the category.

Hassan Y. Al-Ayedh
Department of Bioagricuitural
Science and Pest Management
Colorado State University
Fort Collins, CO 80523
Spring 2000.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgments

First, I thank Allah the creator and the one whom we worship. A great many
people have been instrumental in the success of this research. [ would like to thank Dr.
Frank B. Peairs, my adviser. Although [ learned a lot from his classes, recommendations,
discussion and suggestions, it is not comparable with what he taught me through his
accomplishment, spirit, attitude and kindness also his financial support throughout my
study. Dr. James S. Quick, the source of the different wheat genotypes that I used and his
recommendation in gaining a knowledge about plant breeding and genetics. Dr. Whitney
Cranshaw, for his valuable recommendations, his encouragement and attitude. Dr. Boris
Kondratieff, for his encouragement, spirit, attitude, his advice during my master study and
his friendship throughout my study here at CSU.

My appreciation to Dr. Assefa Gebre-Amlak, for his help during the 1997-1998
season and to his valuable comments.

My appreciation to Jeff Rudolph and Terri Randolph for their help in lab and in
field work as well as their discussion and their technical ideas. Shawn Walter was a great
help for me as graduate student and as research associate. Brian Walter, from the
Department of Chemistry at Colorado State University for helping me in using the
sensitive scale for weighing aphids. Also, my thanks to all Insectary crew for their
technical assistance, including Randia Hazlett, Hayley Miller, Aaron Spriggs. Hillary
Freeman and Lindsay Yerkes.

My appreciation to the wheat breeding crew, Bruce Clifford for teaching me how

to analyze grain protein, John Stromberger and Salley Clayshulte for their help in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



providing me with some wheat materials and allowing me to use the threshing machine. I
thank Dr. Dan Smith, for providing me with rain gauges.

[ would like to thank Dr. Phil Chapman (Department of statistics. Colorado State
University) for all his statistical guidance and valuable input.

I gratefully acknowledge the financial support from King Abdulaziz City for
Science and Technology (KACST), Research Institute of Environment and Natural
Resources., Riyadh, Saudi Arabia during my study in the United States of America.
Special thanks goes to Dr. Abdullah Al Rashid, Vice President for his support and his
encouragement. Also, Dr. Abdulkader Al Sari for his support, encouragement, interest in
my work and in believing in me.

My appreciation to Dr. Mohammed Al-Doghairi, Dr. Ahmed Al Jabr, Dr. Amir
Ibrahim, Dr. Rachid Mrabet and Dr. Ali Subyani, for their substantial assistant. support.
encouragement and friendship. Also, I wouid like to thank my friends Dr. Fahad Al
Tukaife and Dr. Ateq Al Ghamdi for all their statistical help.

I share the completion of this endeavor with my parents Yahya H. Al-Ayedh and
Zarah M. Aziz who never wavered in their love , understanding and support and
respected my career decisions. I must acknowledge my wife Zahra M. Al Hamed, my
daughter Lama and my son Yazid for all their love spirit and their commitment. Without
their support I could not have completed this task. My brothers and sisters Yazid and his
family, Lama and her family, Haifa, Najla, Haitham, Shaima and Sofian.

Finally, my thanks to the many other people who helped in this work; “A person

who does not thank people does not thank God”.

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dedication

This work is dedicated to my precious family, my wife Zahra and my two children. Lama

and Yazid.

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Listof Tables . .......... .o i e e e Xi
Listof Figures . .. ... . . e e Xix
Chapter 1 .. et e 1
Field biology of Russian wheat aphid on wheats differing in category of resistance . . .. ....... 1
Introduction . ....... ... e e 2
Field biology of Russian wheataphid. ............ ... ... ... ... ... ... .. ... 2
Biological control of Russian wheataphid: ................................. 4
Host plant resistance and biological control. ........... ... .. ... ... ... .... 9
Materialsand Methods .. ...... .. . .. e 11
Plant materials. . ......... ... ... . e 11
Aphidcolony. .. ... ... e e 11
Field treatments and infestationmethods. ............... ... .. .. .. ... ..., 11
Field layout and crop management. . .................. ... . ... ... ... ..., 12
Experimental design. .. .. ...... ... ... .. 13
Sampling and data collection. ......... .. .. ... ... .. . . il 14
Data management and statistical analysis. .............. ... ... ... ... .. ... 15
Results and Discussion .. ......... ... i e 17
Populationdensity. ........... ... 17
Seasonal trends for Russian wheat aphid. ................ ... ... ....... 24
Effects of wheat genotype on aphid life stages over sampling period. ............. 28
Wheat genotypes with different initial infestation density and aphid age structure. .. .. 41
Natural enemy interaction with wheat genotypes and infestation levels ... ......... 53
Effects of Russian wheat aphid on yield components . . . ........... ... .. .. ... 62
ConCIUSIONS . . ... e e e 69
References Cited . .. ... ...t e e e 70
Chapter 2 . . e e 76
Effects of biotic and abiotic factors on Russian wheat aphids infesting wheats differing in
categories Of reSiStance .. ...... ...ttt e e e 76
Introduction .. ... ... ... . e e 77
Effect of abiotic factors. .. ....... .. .. ... ... L 77
Effects of biotic factors in northern Colorado. . ............... ... ... .. ... 79
viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ObeCtiVe. ..ottt 81

Materials and Methods . . ... .o ittt e e e e e 82

Plantmaterials. . . . ... ..ottt e 82
Field layout and cropmanagement. . ....... ... .. .. ... ... ... .. ... .. ..., 82
Experimental design. ... ........ .. . e 84
Cagetreatments. .. ... .......ouumnnne ittt 84
Sampling and data collection. . .......... .. .. .. .. ... . il 86
Statistical analysis. . .......... .. i 87
Dataanalysis. .........c.coimniiiiii i e 88
Results and Discussions . . . . ... oo ittt i e e 91
Populationdensity. ......... .. .. o 91
Exclusions, wheat genotypes and Russian wheat aphids. . .. .................. 101
Biotic and abiotic measurements. . ... ....... ... .. ... .. i, 113
Regression model for 1997-1998 and 1998-1999 season. Spring phase. .. ... ... 124
ConClUSIONS ..ottt et e e e 128
References Cited . ... .. oottt e e e e e 129
Chapter 3 ...t 135
Characterization of resistance to Russian wheat aphid, Diuraphis noxia (Mordvilko), in two
resistant wheat genotypes . . . . . ... ... i s 135
Introduction .. ... .. e e 134
Materials and Methods . . ..ottt i e e e 138
Plant materials. . .. ...t e e 138
Aphidcolony. . ......o.ioi i 138
General procedures fortestplants. ............ ... ... ... ... ... ... 138
Antixenosis: Procedures. . ........ ... ... e 139
Antixenosis: Experimental design. . ........ ... ... .. ... ... ... il 139
Antixenosis: Dataanalysis. ........... ... . . . i 140
Antibiosis and tolerance: Procedures. ........... ... ... .. . ... .. oL 141
Antibiosis and tolerance: Experimental design. ................. ... ... . ... 142
Antibiosis and tolerance: Data analysis. . .............. ... . ... .. . .. ... 143
Results and DisCUSSION . . . . oottt ettt et et 145
ANLIXEMOSIS. oottt e e 145
ANtiDIOSIS. ..ottt 147
03 T O 153
ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ConCIUSIONS . . ot ottt e e e e e e e e e e e 159

References Cited . ... ..ottt i e e e e e e e 160

Overall SUMMArNY . . .. ...ttt e i e 163

GlOSSAIY .« .« .ottt ettt e et e e e e 165

Appendix A SAS programs for Chapter 1 data. ................................. 166

Appendix B SAS programs for all possible models described in Chapter 2 ............. 174

Appendix C SAS programs for Chapter 3data. ............... .. .. .. .. ... ... 185
X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 1.1. Potential predators of Russian wheat aphid collected from the host plants.
Piedmont Farm (Larimer, Co., Colorado), 1991 - 1994 (Mohamed 1995). ..... 6

Table 1.2. Parasitoids of Russian wheat aphid collected from the aphid host plants.
Piedmont Farm (Larimer, Co., Colorado), 1991 - 1994 (Mohamed 1995). ... .. 8

Table 1.3. Summary of field activities during the study periods. Agricultural Research,
Development and Education Center. Fort Collins, CO. ................... 13

Table 1.4. Analysis of variance for a two - factor treatment design in randomized complete
block experimentdesign. ............ ... ... ... 14

Table 1.5 . Seasonal total number of Russian wheat aphid per tiller collected, 1996, 1998,
1999. Agricultural Research, Developmental and Education Center. Ft. Collins,
Colorado . . .o oot e e e e e e 22

Table 1.6. Mean (+ SEM) Russian wheat aphids per tiller sampled April-July 1996 on 3
wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ... ... . et e e 22

Table 1.7. Mean (x SEM) Russian wheat aphids per tiller sampled April-July 1998 on 3
wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. .. ... ... .. . . et e et 23

Table 1.8. Mean (= SEM)Russian wheat aphids per tiller (+ SEM) sampled April-June 1999
on 3 wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. .. ... ... ... . . . i e e e 23

Table 1.9. Proportion (= SEM) of first instar Russian wheat aphids sampled April-July 1996
on 3 wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. ... ... ... e et 49

Table 1.10. Proportion (= SEM) of second-third instar Russian wheat aphids sampled April-
July 1996 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. ...... ... ... ... ... .. .. ... 49

Table 1.11. Proportion (+ SEM) of fourth instar Russian wheat aphids sampled April-July

1996 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. . ....... ...ttt i, 50

X1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.12. Proportion (+ SEM) of adult Russian wheat aphids sampled April-July 1996 on
3 wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ...ttt et e e eeeaean 50

Table 1.13. Proportion (= SEM) of first instar Russian wheat aphids sampled April-July
1998 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. ............ .. . .. 51

Table 1.14. Proportion (= SEM) of second-third instar Russian wheat aphids sampled April-
July 1998 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. . ........ ... . ... ... . ... . .... 51

Table 1.15. Proportion (= SEM) of fourth instar Russian wheat aphids sampled April-July
1998 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. . ........ .. it 52

Table 1.16. Proportion (= SEM) of adult Russian wheat aphids sampled April-July 1998 on
3 wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ... . e e 52

Table 1.17. Proportion (+ SEM) of first instar Russian wheat aphids sampled April-June
1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. . .......... . .. i, 53

Table 1.18. Proportion (£ SEM) of second-third instar Russian wheat aphids sampled April-
June 1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. . ...... ...t 53

Table 1.19. Proportion (= SEM) of fourth instar Russian wheat aphids sampled April-June
1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO. ......... ..t 54

Table 1.20. Proportion (+ SEM) of adult Russian wheat aphids sampled April-June 1999 on
3 wheats, infested at 3 levels. Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ... i e e e e e e 54

Table 1.21. Mean number (= SEM) of parasitoids mummies per tiller sampled 1996, 1998,
1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center. Fort Collins, CO. .. ....... .. it 57

Table 1.22. Mean number (= SEM) of parasitoid mummies D. rapae per tiller sampled

April-July 1996 on 3 wheats at 3 infestation levels. Agricultural Research,
Development and Education Center, Fort Collins, CO. .. .................. 57

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.23. Mean number (+ SEM) of parasitoid mummies D. rapae per tiller sampled
April-July 1998 on 3 wheats at 3 infestation levels. Agricultural Research,
Development and Education Center, Fort Collins, CO. . ................ ... 58

Table 1.24. Mean number (= SEM) of parasitoid mummies D. rapae per tiller sampled
April-Jun 1999 on 3 wheats at 3 infestation levels. Agricultural Research,
Development and Education Center, Fort Collins,CO. . ................... 58

Table 1.25. Predators of Russian wheat aphid collected from the host plants using a sweep
net. Agricultural Research, Development and Education Center, Fort Collins, CO
1996, . . o o e e e e e 59

Table 1.26. Predators of Russian wheat aphid collected from the host plants using a sweep
net. Agricultural Research, Development and Education Center, Fort Collins, CO
| 2 - 7 60

Table 1.27. Predators of Russian wheat aphid collected from the host plants using a sweep
net. Agricultural Research, Development and Education Center, Fort Collins, CO
1999, . e 61

Table 1.28. Mean number of wheat spikes per meter (= SEM) sampled in 1996 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 63

Table 1.29. Mean of total seed weight per meter (g) (£ SEM) sampled in 1996 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. .. .. ... ... 63

Table 1.30. Mean of one thousand seed weight (g) (= SEM) sampled in 1996 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center. Fort Collins, CO. ........... 64

Table 1.31. Mean of grain protein (%) (= SEM) sampled in 1996 on 3 wheats varying in
resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,
Development and Education Center. Fort Collins, CO. . ................... 64

Table 1.32. Mean number of wheat spikes per meter (= SEM) sampled in 1998 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 65

Table 1.33. Mean of total seed weight per meter (g) (£ SEM) sampled in 1998 on 3 wheats

varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 65

Xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.34. Mean of one thousand seed weight (g) (+ SEM) sampled in 1998 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center. Fort Collins, CO. ........... 66

Table 1.35. Mean of grain protein (%) (= SEM) sampled in 1998 on 3 wheats varying in
resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,
Development and Education Center. Fort Collins, CO. ... ................. 66

Table 1.36. Mean number of wheat spikes per meter (x SEM) sampled 1999 on 3 wheats
varying in resistant to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 67

Table 1.37. Mean of total seed weight per meter (g) (+ SEM) sampled in 1999 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 67

Table 1.38. Mean of one thousand seed weight (g) (+ SEM) sampled in 1999 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center. Fort Collins, CO. ........... 68

Table 1.39. Mean of grain protein (%) (+x SEM) sampled in 1999 on 3 wheats varying in
resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,
Deveiopment and Education Center. Fort Collins, CO. . ................... 68

Table 2.1. Summary of field activities during the study period. Agricultural Research,
Development and Education Center. Fort Collins, CO. . ................... 83

Table 2.2. Effect of different rates of malathion 50 on Russian wheat aphid survival after 24
hoftreatment. ... .. .. ... . e e 85

Table 2.3. Analysis of variance for split-plot design with wheat as main plot and cages as
asuUbplOts. . ... e 87

Table 2.4. Mean number of Russian wheat aphid per tiller (= SEM) sampled for 3 months
representing December 1997 - July 1998 on 3 wheats differing in aphid resistance,
from 4 exclusion cage treatments. Agricuitural Research, Development and
Education Center, Fort Collins, CO. .. ...... . ... .. . ... 98

Table 2.5. Mean number of Russian wheat aphid per tiller (= SEM) sampled for 3 months
representing November 1998- June 1999 on 3 wheats differing in aphid resistance,

from 4 exclusion cage treatments. Agricultural Research, Development and
Education Center, Fort Collins, CO. ........ . ... .. ... 98

Xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.6. Mean number of Russian wheat aphid per tiller (+ SEM) sampled for 3 months
representing December 1997- July 1998 on 3 wheats differing in aphid resistance,
grown in different exclusion cages. Agricultural Research, Development and
Education Center. Fort Collins. CO. ......... ... . ... ... ... ... ...... 102

Table 2.7. Mean number of Russian wheat aphid per tiller (+x SEM) sampled for 3 months
representing November 1998- Jun 1999 on 3 wheats differing in aphid resistance,
grown in different exclusion cages. Agncultural Research, Development and
Education Center. Fort Collins. CO. .......... ... ... ... ... ... .. .... 103

Table 2.8. Effect of plant resistance and exclusion cage type on Russian wheat aphid
densities per tiller (£ SEM) per sampling date, monthly from December 1997 until
July 1998. Agricultural Research, Development and Education Center, Fort Collins,
CO. i e e e 105

Table 2.9. Effect of plant resistance and exclusion cage type on Russian wheat aphids
densities per tiller (+ SEM) per sampling date, monthly from November 1998 until
June 1999. Agricultural Research, Development and Education Center, Fort Collins,
CO. .o e e e e 108

Table 2.10. The effect of the exclusion treatment on the mean of the amount of snow
received (cm) (= SEM) during 1997-1998 season and 1998-1999 season.
Agricultural Research, Development and Education Center. Fort Collins, CO. 115

Table 2.11. The effects of exclusion treatment on the mean of rainfall amount received (cm)
(= SEM), 1997-1998 and 1998-1999. Agricultural Research, Development and
Education Center, Fort Collins, CO. ......... ... . .. 116

Table 2.12. Effects of exclusion treatment and resistance on mean of parasitoid mummies
counts (= SEM), 1997-1998, Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ... ... it 117

Table 2.13. Effects of exclusion treatment and resistance on mean of parasitoid mummies
counts (£ SEM), 1998-1999, Agricultural Research, Development and Education
Center, Fort Collins, CO. . ... ... ... it ieean 117

Table 2.14. Effects of exclusion treatment and different wheat genotypes varying in
resistance to aphids on the mean of predator counts (x SEM), 1997-1998.
Agricultural Research, Development and Education Center,

Fort Collins, CO. . ... it e e e et et 118

). 4%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.15. Effects of exclusion treatment and different wheat genotypes varying in
resistance to aphids on the mean of predator counts (= SEM), 1998-1999.
Agricultural Research, Development and Education Center,

Fort Collins, CO. . ... . ... . e e e e e i e 118

Table 2.16. The mean number of hours below zero degree centigrade (+ SEM) in 4
exclusion treatments with 3 wheat genotypes varying in resistance to aphids from
December 1997 until March 1998, Agricultural Research, Development and
Education Center, Fort Collins, CO. . ....... ... ... ... ... ............. 119

Table 2.17. The mean number of hours below zero degree centigrade (+ SEM) in 4
exclusion treatments with 3 wheat genotypes varying in resistance to aphids from
November 1998 until March 1999. Agricuitural Research, Development and
Education Center, Fort Collins, CO. . .......... . ... 119

Table 2.18. The accumulative mean degree hours above 20°C (+ SEM) in 4 exclusion
treatments with 3 wheat genotypes varying in resistance to aphids from December
1997 until March 1998, Agricultural Research, Development and Education Center,
Fort Collins, CO. . ..... ... . . ittt e e 120

Table 2.19. The accumulative mean degree hours above 20°C (+ SEM) in 4 exclusion
treatments with 3 wheat genotypes varying in resistance to aphids from November
1998 until March 1999. Agricultural Research, Development and Education Center,
Fort Collins, CO. ... . e e e e e e i 120

Table 2.20. Best-fit linear regression models for Russian wheat aphid densities on resistant
and susceptible wheats in different exclusion cages versus accumulated degree hours
< 0 °C (AHO) December-March 1997 -1998 and November 1998 - April 1999.
Agricultural Research, Development and Education Center,
Fort Collins CO. . . ... ... . e et 126

Table 2.21. Best-fit linear regression models (a) for Russian wheat aphid densities on
resistant and susceptible wheats in different exclusion cages versus natural enemies
(parasitoids and predators) (NE), average daily rain fall (ADRF) and accumulative
degree hours < 20 °C (ADH20). March-June 1997-1998 season and April June 1998-
1999. Agricultura! Research, Development and Education Center,

Fort Collins CO. . ... ... . . i e e 127

Table 3.1: Analysis of variance for randomized complete block experiment design. . . 140

Table 3.2: Analysis of variance for a two - factor treatment design in randomized complete
block experimentdesign. ... ... ... ... ... ... 143

xvi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.3. Mean (+SEM) adult D. noxia on 3 wheats differing in resistance to Russian
wheat aphid after 48 h of free choice test, averaged over 2 trials. ........... 146

Table 3.4. Mean (xSEM) Russian wheat aphids per plant on 3 wheats differing in resistance
to aphids, averaged over 2 initial aphid densities. .............. ... ... .. 149

Table 3.5. Mean (+SEM) of Russian wheat aphids per plant at 2 levels of initial infestation,
averaged over 3 wheat genotypes. ............. ... . . .. i i 149

Table 3.6. Mean (+SEM) of Russian wheat aphids adult fecundity on 3 wheats differing in
resistance to Russian wheat aphids, averaged over 2 initial densities,
firsttrial. . . ... e 150

Table 3.7. Mean (+SEM) Russian wheat aphid adult fecundity at two levels of initial
infestation, averaged over 3 wheat genotypes, firsttrial. . . ......... ... ... 150

Table 3.8. Mean (+SEM) Russian wheat aphid adult fecundity on 3 wheats differing in
resistance to Russian wheat aphid, averaged over 2 initial densities,
secondtrial. ........ ... L 151

Table 3.9. Mean (+SEM) Russian wheat aphid adult fecundity at 2 levels of initial
infestation, averaged over 3 wheat genotypes, second trial. ............... 151

Table 3.10. Mean (+SEM) Russian wheat aphid biomass gain (mg) on wheats differing in
resistance to Russian wheat aphids, averaged over 2 initial densities,
Irst trial. . . .. e e e e 152

Table 3.11. Mean (SEM) Russian wheat aphid biomass gain (mg) on 3 wheats differing
in resistance to Russian wheat aphids, averaged over 2 initial densities,
second trial. .. ... ... e e 152

Table 3.12. Plant heights and dry weights of three wheats prior to infestation with Russian
wheataphids. .......... .. . .. L 155

Table 3.13. Mean (xSEM) Russian wheat aphid reduction on plant heights (cm) of 3 wheats
differing in levels of resistance, averaged over 2 initial infestation levels. ... 155

Table 3.14. Mean (+SEM) Russian wheat aphid reduction (cm) on plant heights of 2 initial
infestation, averaged over 3 wheat genotypes. ............... ... ... ... 156

Table 3.15. Mean (+SEM) reduction in plant dry weight (g) by Russian wheat aphid on 3

wheats differing in aphid resistance, averaged over 2 initial
infestation levels. ......... ... . .. .. 156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.16. Mean (=SEM) reduction in Plant dry weight (g) by Russian wheat aphid in 2
initial infestation, averaged over 3 wheats differing in aphid resistance. ... .. 157

Table 3.17. Mean (+#SEM) reduction in plant biomass by Russian wheat aphid on 3 wheats
differing in aphid resistance, averaged over 2 initial infestation levels. . ... .. 157

Table 3.18. Mean (+SEM) Tolerance indices (Robinson et al. 1991; Lamb and Mackay
1995), for 3 wheats differing in resistance to Russian wheat aphid, averaged over 2
initial infestation levels. ........... ... ... . . . .. 158

XVviii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Fig 1.1. Mean (+#SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats, averaged over 3 initial infestation levels, April-July 1996,
Agricultural Research, Development and Education Center, Fort Collins, CO. Bars
marked with different letters are significantly different, Fisher protected LSD
(0=0.05). . o e e e 19

Fig 1.2. Mean (= SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats, averaged over 3 initial infestation levels, April-July 1998,
Agricultural Research, Development and Education Center, Fort Collins, CO. Bars
marked with different letters are significantly different, Fisher protected LSD
(=0.05). . o e e 20

Fig 1.3. Mean (+SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats, averaged over 3 initial infestation levels, April-June 1999,
Agricultural Research, Development and Education Center, Fort Collins, CO. Bars
marked with different letters are significantly different, Fisher protected LSD
(=0.05). . .t e e e 21

Fig 1.4. Mean (+SEM) Russian wheat aphids (RWA) per tiller collected in 1996 from
resistant and susceptible wheats, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 25

Fig 1.5. Mean (xSEM) Russian wheat aphids (RWA) per tiller collected in 1998 from
resistant and susceptible wheats, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 26

Fig 1.6. Mean (xSEM) Russian wheat aphids (RWA) per tiller collected in 1999 from
resistant and susceptible wheats, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 27

Fig 1.7. Mean +SEM 1* Russian wheat aphids (RW A) per tiller collected from resistant and
susceptible wheats, April-July 1996, averaged over 3 infestation levels. Agricultural
Research Development and Education Center, Fort Collins, CO. ... ...... ... 29

Fig 1.8. Mean (+SEM) 1* instar Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats. April-July 1998, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. . ... i it i et ettt et et aeeeeeens 30

Fig 1.9. Mean (+ SEM) 1* instar Russian wheat aphids (RWA) collected from resistant and

susceptible wheats, April-June 1999, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 31

Xix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig 1.10. Mean (= SEM) 2™ -3" instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats, April-July 1996, averaged over 3 infestation
levels. Agricultural Research, Development and Education Center,

Fort Collins, CO. .. .. .. e e e e e e e e e e e e et 32

Fig 1.11. Mean (= SEM) 2™ -3 instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats, April-July 1998, averaged over 3 infestation
levels. Agricultural Research, Development and Education Center,

Fort Collins, CO. . ... ... . et e e e e e e e 33

Fig 1.12. Mean (= SEM) 2™ - 3" instar Russian wheat aphid (RWA) per tiller collected
from resistant and susceptible wheats, April-June 1999, averaged over 3 infestation
levels. Agricultural Research, Development and Education Center,

Fort Collins, CO. ... .. i e e e e e e e e 34

Fig 1.13. Mean (= SEM) 4" instar Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-July 1996, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. ... it e e e e e e e e e e e e e 35

Fig 1.14. Mean (+ SEM) 4" instar Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-July 1998, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. .. ... it e e e e e e e e e et e i 36

Fig 1.15. Mean (= SEM) 4" instar Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-June 1999, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. . ... i e e e e e e e e e e 37

Fig 1.16. Mean (= SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-July 1996, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. ... e e e e et e 38

Fig 1.17. Mean (= SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-July 1998, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. . .... ... .. it i ettt e e 39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig 1.18. Mean (=x SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-June 1999, averaged over 3 infestation levels.
Agricultural Research, Development and Education Center,

Fort Collins, CO. .. ... . e e e e e e e e 40

Fig 1.19. Age class structure of Russian wheat aphids (RWA) collected in 1996 from 3
wheats, differing in aphid resistance, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 43

Fig 1.20. Age class structure of Russian wheat aphids (RWA) collected in 1998 from 3
wheats, differing in aphid resistance, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 44

Fig 1.21. Age class structure of Russian wheat aphids (RWA) collected in 1999 from 3
wheats differing in aphid resistance, averaged over 3 infestation levels. Agricultural
Research, Development and Education Center, Fort Collins, CO. ........... 45

Fig 1.22. Age class structure of Russian wheat aphids (RWA) collected in 1996 subsequent
to 3 levels of infestation, averaged over 3 wheats. Agricultural Research,
Development and Education Center, Fort Collins, CO. . ................... 46

Fig 1.23. Age class structure of Russian wheat aphids (RWA) collected in 1998 subsequent
to 3 levels of infestation, averaged over 3 wheats. Agricultural Research,
Development and Education Center, Fort Collins, CO. .................... 47

Fig 1.24. Age class structure of Russian wheat aphids (RWA) collected in 1999 subsequent
to 3 levels of infestation, averaged over 3 wheats. Agricultural Research,
Development and Education Center, Fort Collins, CO. ................... 48

Fig 2.1. Mean (+ SEM) Russian wheat aphids (RWA) per tiller collected from 3 wheats
differing in aphid resistance, averaged over 4 exclusion cage types, December 1997-
July 1998. Agricultural Research, Development and Education Center, Fort Collins,
CO. Bars marked with different letters are significantly different, Fisher protected
LSD (0t=0.05). -« oottt e e e e 92

Fig 2.2. Mean (+ SEM) Russian wheat aphids (RWA) per tiller collected from 3 wheats
differing in aphid resistance, averaged over 4 exclusion cage types, November 1998-
June 1999. Agricultural Research, Development and Education Center, Fort Collins,
CO. Bars marked with different letters are significantly different, Fisher protected
LSD (0=0.05). - .ttt it it e e e e 93

XXI1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig 2.3. Mean (z SEM) Russian wheat aphids (RWA) per tiller collected from 4 exclusion
cage treatments averaged over three wheats differing in aphid resistance, December
1997-July 1998. Agricultural Research, Development and Education Center, Fort
Collins, CO. Bars marked with different letters are significantly different, Fisher
protected LSD (a¢=0.05). . ... ... . ... .. 96

Fig 2.4. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from 4 exclusion
cage treatments averaged over three wheats differing in aphid resistance, November
1998-June 1999. Agricultural Research, Development and Education Center, Fort
Collins, CO. Bars marked with different letters are significantly different, Fisher
LSD (@=0.05). . ...t e 97

Fig 2.5. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from resistant and
susceptible wheats, summarized over 4 exclusion cage treatments, December 1997-
July 1998. Agricultural Research Development and Education Center. Fort Collins,
0 99

Fig 2.6. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from resistant and
susceptible wheats, summarized over 4 exclusion cage treatments, November 1998-
June 1999. Agricultural Research, Development and Education Center. Fort Collins,
CO e e e 100

Fig 2.7. Average monthly temperatures in 4 types of exclusion cages, December 1997 -July
1998. Agricultural Research Development and Education Center,
Fort Collins, CO. .. ..ot e e e e e e e e e e e 121
Fig 2.8. Average monthly temperatures in 4 types of exclusion cages, November 1998-June

1999. Agricultural Research, Development and Education Center,
Fort Collins, CO. .. ...t e e e e e e e 122

xXii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Field biology of Russian wheat aphid on wheats

differing in category of resistance
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Introduction

The Russian wheat aphid. Diuraphis noxia (Mordvilko) (Homoptera: Aphididae).
is an important pest of wheat. Triticum aestivum L., and other small grains in the Great
Plains. This insect was first recognized as a cereal pest by Mordvilko in Russia in 1912
(Poprawski et al. 1992). Itis indigenous to southern Russia, Iran and Afghanistan. The
Russian wheat aphid was introduced into South Africa in 1978 and into Mexico in 1980
(Aalbersberg et al. 1987a). It was first reported from the United States in Texas in 1986
(Stoetzel 1987). Since then it has spread into 16 additional western states. Direct losses
to Russian wheat aphid have ranged from $129.3 million in 1988 to $6.4 million in 1991.
From 1987 to 1993, estimated direct US losses were $432.5 million (Morrison and Peairs
1998).

Economic. environmental and food safety considerations associated with intensive
use of insecticides have stimulated the development of an integrated pest management
approach for Russian wheat aphid. employing wise use of insecticides. cultural practices.
resistant host plants. and biological control. The following studies focused on resistant
wheats and their etfects on Russian wheat aphid field biology.

Field biology of Russian wheat aphid.

The Russian wheat aphid can be either holocyclic or anholocyclic. Holocyclic
Russian wheat aphids reproduce sexually during the fall and overwinter as eggs.
Parthenogenetic (viviparity) reproduction occurs from the spring to the next fall.
Anholocyclic aphids undergo parthenogenetic viviparous reproduction throughout the

vear. In North America Russian wheat aphid is anholocyclic (Kiriac et al. 1990).

[19)
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Armstrong and Peairs (1996) and Hammon and Peairs (1992) observed only
anholocyclic Russian wheat aphids in Colorado.

Russian wheat aphid seasonal density varies in the field. Archer and Bynum
(1993) reported that in Texas aphid densities were low in the fall for the years 1987-1989.
Greenbug, Schizaphis graminum (Rondani), was the most common aphid. comprising
44%-72%, of all aphids in November and December in fail 1987. By January 1988,
Russian wheat aphid accounted for >95% of all aphids. A similar trend was observed for
Russian wheat aphid from April until harvest when it comprised 90% of all aphids. with
the remainder being mostly S. graminum and the bird cherry-oat aphid Rhopalosiphum
padi (L.). Russian wheat aphids disperse among fields and regions throughout the fall.
The low number of Russian wheat aphids in the fall suggests that summer survival is
poor. Winter cold, even in the relatively mild Texas panhandle favored survival of the
Russian wheat aphid over greenbug or bird cherry-oat aphids.

Seasonal activity of aphids is well marked for some species. The green spruce
aphid. Elatobium abietinum (Walker). has a single seasonal peak in spring. hop aphid.
Phorodon humuli (Schrank). has two peaks in spring and summer and R. padi has three
seasonal peaks in spring. summer and between summer and winter (Dixon 1998). Peairs
(1990) reported that Russian wheat aphid population densities were low in the fall in
Colorado. with further decrease during the winter. followed by rapid spring increases.
There was some variation in this pattern between northeastern and southeastern Colorado.

Greenbug had been affected by cereals that were partially resistant. reducing the

frequency of outbreaks of this aphid in the early part of this century in North America
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(Dixon 1989). The use of plant resistance for reducing the aphid infestation has been
known for some time.

Russian wheat aphid has four to six instars from birth to adult (Aalbersberg et al.
1987b). According to Hughes (1972), aphid instar knowledge is very important for
construction of time-specific life-tables, which in :urn allows evaluation of the impact of
mortality factors under field conditions. Olsen et al. (1993) used antenna segment
morphology to distinguish among Russian wheat aphid instars (first instar. second instar.
third instar, fourth instar) and adults in measuring development. The first instar nvmphs
have 4 antennal segments. Second and third instar nymphs both have 5 antennal
segments. but with distinct segment ratios. Fourth instar nymphs and adults both have six
segments, again with different length ratios. It is most challenging to differentiate
between second and third instars.

Plant resistant can affect insect development. Antibiosis can reduce the rate of
population increase by reducing the reproduction rate and survival of insects (Panda and
Khush 1993). Russian wheat aphid deveiopmentai rate had been affected by wheut
resistance (Formusoh et al. 1992; Webster et al. 1991: Webster et al. 1993).

Aphid development can be affected by many factors such as temperature.
overcrowding and host quality. Russian wheat aphids are typical r-strategists (Hewitt
1988). Population densities increase with increasing temperature. with greatest
abundance occurring in later crop growth stages.

Biological control of Russian wheat aphid:

Biological control is the action of parasites. predators. and pathogens in
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maintaining undesirable insects below certain level. Over 100 species of natural enemies
have been associated with Russian wheat aphid worldwide (Mohamed 1995). Many of
these. mostly coccinellids and braconids, have been introduced to over 20 countries in
Asia. Europe, Africa and South America. Coccinellids are often abundant in Russian
wheat aphid infested wheat. but may not be effective predators due to limited ability to
search within rolled leaves (Kauffman and La Roche 1994). In Colorado, Mohamed
(1995) listed potential Russian wheat aphid natural enemies (Tables 1.1, 1.2). The
predators included spiders (5 species), carabids (13 species). coccinellids (12 species).

syrphids (5 species). nabids (2 species) and chrysopids (2 species) (Table 1.1).
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Table 1.1. Potential predators of Russian wheat aphid collected from the host plants.
Piedmont Farm (Larimer, Co., Colorado), 1991 - 1994 (Mohamed 19953).

Order Family

Species

Araneae Lycosidae
Tetragnathidae
Thomisidae

Coleoptera Carabidae

Coccinellidae

Pardosa sternalis (Thorell)
Pardosa spp.

Schizocosa avida (Walckenaer)
Tetragnatha labariosa (Hentz)
Misumenaops asperatus (Hentz)
Thomisidae spp.

Agonum placidum (Say)

Agonum subsericum(LeConte)
Amara carinata (LeConte)

Amara coelebs (Hayward)

Amara fracta (LeConte)

Amara littoralis (Mannerheim)
Amara quenseli (Schoenherr)
Anisodactylus harrisii(LeConte)
Bembidion nitidum (Kirby)
Harpalus amputatus (Say)
Harpalus pensylvanicus (DeGeer)
Loriecera pilicornis(Fabricius)
Poecilus lucublandus (Say)
Poecilus scitulus (LeConte)
Selenophorus planipennis(LeConte)
Brachyacantha spp.

Coccinella septempuncrata (L.)
Coccinella transversoguttata -
Richardsoni Brown

Coleomegilla maculata (DeGeer)
Exochomus aethiops (Bland)
Hippodamia convergens Guerin
Hippodamia parenthesis (Say)
Hippodamiu sinuata crotchi Casey
Hyperaspis quadrivirtata LeConte
Paranaemia vittigera Mannerheim
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Table 1.1. (cont) Potential predators of Russian wheat aphid collected from the aphid
host plants. Piedmont Farm 8 (Larimer. Co.. Colorado). 1991 - 1994 (Mohamed 1995).

Order Family Species

Coccinellidae Scymnus brullei Mulstan
Scymnus postpictus Casey

Diptera Syvrphidae Allograpta oblique Say
Eupeodes volucris Osten Sacken
Helophilus latifrons Loew
Mesogramma marginata Say
Syrphus opinator Osten Sacken

Hemiptera Nabidae Nabis alternatus Parsh
Nabis americoferus Caravon

Neuroptera Chrysopidae Chrysoperla plorabunda (Fitch)
Eremochrysa Sabulosa Bank

~}
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The parasitoids included braconids (1 species), pteromalids (2 species). chairpids (1

species) and megaspilids (1 speci:s) (Table 1.2).

Table 1.2. Parasitoids of Russian wheat aphid collected from the aphid host plants.
Piedmont Farm (Larimer, Co., Colorado). 1991 - 1994 (Mohamed 1995).

Order Family Species
Hymenoptera Braconidae Diaeretiella rapae (M’ Intoch)
Pteromalidae Asaphes suspensus (Nees)
Asaphes californicus (Girauit)
Chairpidae Aloxysta megourae (Ashmead)
Megaspilidae Dendrocerus sp
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Host plant resistance and biological control.

The use of plant resistance and biological control strategies are important
components of integrated pest management programs. Some studies have focused on
plant secondary compounds or certain morphological characteristics such as trichomes or
waxy layers which interfere with the natural enemies. In susceptible wheats. Russian
wheat aphids prevent leaf unrolling. However, some resistant wheats are able to unroll
leaves in the presence of Russian wheat aphid. This exposes the aphid to its natural
enemies (Formusoh and Wilde 1993; Reed etal. 1991). Reed etal. (1991) showed
higher parasitism rate of Diaeretiella rapae on plant species resistant to leaf rolling. Ina
similar study. Messina et al. (1997) concluded that tested predators had a better chance in
capturing the aphids on unroiled grass leaves than rolled grass leaves. However. Reed et
al. (1991) stated that the high level of antibiosis in wheat resulted in smaller D. rapae
parasitoids and antibiotic plants thus were not preferable. On the other hand. Farid etal.
(1998) found that two resistant wheat lines. PI 137739 and PI 262660. increased the
percent of D. rapae emergzing from aphids and that antibiosis resistance was compatible
with D. rapae for integrated management of Russian wheat aphid. According to Brewer
etal. (1998). parasitism rates were approximately equal on uncurled leaves of resistant
and curled leaves of susceptible barley. They concluded that plant resistance and
biocontrol were compatible management strategies.

Russian whear 2rhd density can affect wheat quality and quantity. Girma etal.
(1993) reported that 7 % stem infestation during early fall caused up to 6 %% vield loss.

Also. a similar infestation level. allowed to continue throughout spring. caused a 43 %
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vield loss. Grain quality in terms of 100-kernel weight and protein content also was
reduced by spring infestations (Girma et al. 1993).

[ hvpothesize that different categories of aphid resistant in wheat will have
different effects on Russian wheat aphid field biology in Colorado. My objectives were
to: (1) examine the population dynamics of Russian wheat aphid on three wheats differing
in category of resistance: and (2) determine the effect of D. noxia infestation on grain

vield and quality of each wheat.

10
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Materials and Methods
Plant materials.

Three wheat lines were used: (1) CO940626 containing the Dn4 resistant gene
with pedigree CO850034/T-57//5* TAM 107; (2) CO940252 containing the Dné
resistant gene with pedigree TAM 107//P1243781/C0O850260. and (3) the susceptible
wheat ‘TAM 107" (J. S. Quick, Department of Soil and Crop Sciences. Colorado State
University. personal communication).

Aphid colony.

The D. noxia colony was established from aphids collected from volunteer wheat
in August of each year. The colony was maintained in a growth chamber and a
greenhouse on a mixture of susceptible wheat and barley seedlings (J. Rudolph.
Department of Bioagricultural Sciences and Pest Management. Colorado State
University, personal communication).

Field treatments and infestation methods.

Aphid numbers were manipulated to produce three levels of Russian wheat arhid
infestation: low. medium and high. The low level was not infested and was treated with
disulfoton (Di-Syston 15G) (Miles Inc. Agriculture Division. Kansas City. MO) applied
at the rate of 0.49 kg (AI)/ ha to control natural infestation from migrants (Armstrong et
al. 1960) (Table 1.3). The insecticide was lightly incorporated into the soil surface by
raking after application. The first application was made at spring regrowth (Table 1.3).
The medium level was infested with approximately 25 aphids per plant at spring regrowth

( growth stage 30-31 (Zadoksetal. 1974)). Russian wheat aphids were mixed with dry

11
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Cream of Wheat® cereal (Nabisco. Inc. east Hanover. N.J.). and applied to the plant with
a Davis insect inoculator in a manner similar to that described by Calhoun et al. (1990,
The highest level of infestation was approximately 50 aphids per plant, applied in similar
manner. According to Rafi et al. (1996) 0, 20, 40 and 80 aphids per plants resulted in
significant variation in population density increases. These infestation levels were
intended to achieve similar variation within limits of aphid production capacity.
Field layout and crop management.

Field operations are summarized in Table 1.5. Border rows and buffers were
planted to TAM 107 with a tractor-mounted plot planter. However. each 0.76m x 2.25m
plot was hand-planted with a wheel planter. except the 1999 season. when a tractor-

mounted precision plot planter was used.
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Table 1.3. Summary of field activities during the study periods. Agricultural Research.
Development and Education Center. Fort Collins. CO.

Activities / Years 1996-1997 1997-1998 1998-1999

Pre irrigation August 13, 1995 August 18. 1997 “September 24. 1998
Planting September 20. 1995 | September 11. 1997 | September 10. 1998
Insecticide November 13, 1995 | February 2, 1998 March 3, 1999

"November 8, 1995

Infestations ‘April 13. 1996 February 27, 1998 | March 15, 1999
'April 27, 1996
Sampling started April 22, 1996 May 4, 1998 April 6. 1999
Harvest July 28. 1996 July 23, 1998 July 22. 1999
'Infestations were repeated three times because of the low survival due to poor colony
condition.

* Irrigation were made only 1998-1999 season wks after planting.
Experimental design.
A factorial design was used with six replicates and nine treatments (Steel and

Torrie 1980). The analysis of variance model used is shown in Table 1.4.
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Tabie 1.4. Analysis of variance for a two - factor treatment design in randomized
complete block experiment design.

Source of Degree of Sum of Mean F

Variation Freedom Squares Square

Total 53 SS Total

Block 5 SS Block MSR Freps

Aphid level 2 SSAphids MSAphids F_4cvet

Wheat line 2 SSWheat MSWheat F, . iine

Aphid level

x wheat line 4 SS(Aphids* MS(Aphids*  F_; dcuhea
Wheat) Wheat)

Error 40 SSE MSE

The following model was applied :
Yi=M+pP + A + BB, + (ABB), + LE ; (Steel and Torrie 1980).

i = Wheat variety. . j = Russian wheat aphids level of infestations (0. 20 and 34).. k =
block effect 1....... 6.
Sampling and data collection.

The first sample was taken as svmptoms first appeared in the spring (Table 1.3).
Six tillers per plot were removed twice per wk late in spring until crop maturity. Samples
were placed in Ziploc® bags (S. C. Johnson & Son. Inc.. Racine. WI) labeled with the
date and plot number. The bags were put in a cooler for transport to the laboratory.
Samples were examined for parasitoid mummies and then placed individually in Berlese
funnels for 24 hours (Armstrong et al. 1991). Russian wheat aphids were extracted into

jars containing 80% ethanol. and labeled with the corresponding plot number. for
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subsequent sorting and counting by life stage. Life stages were separated according to
Olsen et al. ( 1993).

Biological control agents were determined by two methods. First, parasitoid
mummies were counted before placing samples in Berlese funnels. Predators collected at
each tiller sample from 50 sweeps with a standard sweep net (37.5cm diameter) were also
counted. Identification and counting were done on the preserved mature and immature
stages of aphid predators. These were then it was compared with determined materials in
the C. P. Gillette arthropod museum at Colorado State University. Russian wheat aphid
samples, predators and parasitoids specimens were deposited as vouchers in the same
museum.

The effect of D. noxia infestation on grain yield and quality was determined by
harvesting one m of unsampled row from each plot. The number of spikes. total seed
weight and thousand kernel weight were determined. Approximately 5 mg of the
harvested seeds were ground to determine the percent protein with a Dickey John GAC
ITT near infrared grain analysis computer (B. Clifford. Department of Soil and Crop
Science. Colorado State University. personal communication).

Data management and statistical analysis.

Data were arranged in columns and rows using the spreadsheet program Corel ¥’
Quattro Pro ® Suite 8. Then data were analyzed using SAS (SAS 1996). Data were
tested for normality and an appropriate transformation was applied as if needed. based on
the residual plot shape (SAS 1996). Means were compared by Fisher’s LSD method if P

> F was < 0.05 and by Bonferroni’s method if it was > 0.05 (Milliken and Johnson
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1984). All analyses of results, including LSD value and Bonferroni’s value (reported as
Dunn procedure), are reported in tables. In addition, a single-degree contrast was used to
compare both resistant wheats to TAM 107.

The proportions of each developmental stage comprising a sample also were
analyzed using SAS. Proportions were transformed by the arcsine method (Little and
Hills 1987) and analyzed as described above.

Yield and quality parameters were analyzed using the same procedures as

described above. However. transformation was not necessary.
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Results and Discussion
Population density.

Russian wheat aphid population density was three times to five times greater on
susceptible wheat than resistant wheats in 1996, 1998 and 1999, respectively (Figs 1.1.
1.2 and 1.3). Wheat genotype affected aphid population density in 1996 (F=80.01. df=2,
P <0.0001), 1998 (F= 30.35, df=2, P <0.0001) and 1999 ( F=25.10, df=2, P <0.0001 ).
Fewer Russian wheat aphids collected from CO 940626 or CO 940252 than from TAM
107 in 1996 (F= 159.15; df=1; P <0.0001), 1998 ( F=60.63; df=1; P <0.0001) and
1999 ( F=44.05; df=1; P <0.0001). This significant effect on Russian wheat aphid
density is a response of the effect of different wheat genotypes on aphid biology. Such
effects would be expected from antibiotic wheat genotypes. The low Russian wheat
aphid density observed in 1999 might be explain in part by competition due to the high
density of greenbug. (F= 7.20, df=73. P <0.0001).

The initial infestation levels resulted in distinct Russian wheat aphid densities
(Table 1.5). Infestation level significantly affected aphid population densities in all three
vears. 1996 (F= 58.94: df=2: P <0.0001). 1998 ( F=34.153: df=2: P <0.0001) and 1999 (
F=45.48:df=2: P <0.0001).

A significant interaction for aphid population density between genotypes and
initial aphid density was observed during 1996 ( F=17.65: df=4: P <0.0001). 1998 (F=
12.42: df=4; P <0.0001) and 1999 ( F=7.38: df=4; P <0.0001). Both infestation level
and wheat genotypes affected Russian wheat aphid density (Tables 1.6 .1.7 and 1.8).

However. that was not the case in the low infestation level 0 aphids/plants in 1999. which
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might be due to the low aphid density (Table 1.8).
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Fig 1.1. Mean (=SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats. averaged over 3 initial infestation levels. April-July 1996.
Agricultural Research. Development and Education Center. Fort Collins. CO. Bars
marked with different letters are significantly different. Fisher protected LSD (¢t=0.03).
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Fig 1.2. Mean (= SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats, averaged over 3 initial infestation levels. April-July 1998,
Agricultural Research. Development and Education Center. Fort Collins, CO. Bars
marked with different letters are significantly different. Fisher protected LSD (=0.03).
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Fig 1.3. Mean (=SEM) Russian wheat aphids (RWA) collected from resistant and
susceptible wheats. averaged over 3 initial infestation levels. April-June 1999,
Agricultural Research. Development and Education Center. Fort Collins. CO. Bars
marked with different letters are significantly different. Fisher protected LSD (¢=0.03).
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Table 1.5 . Seasonal total number of Russian wheat aphid per tiller collected. 1996, 1998,
1999. Agricultural Research, Developmental and Education Center. Ft. Collins, Colorado.

Seasonal total Russian wheat aphid per tiller

Infestation levels ' 1996 1998 1999
0 aphids/plant 129 441 15

25 aphids/plant 517 2902 173
50 aphids/plant 734 5777 239

"Number of Russian wheat aphid originally infested /plant.

Table 1.6. Mean (= SEM) Russian wheat aphids per tiller sampled April-July 1996 on 3
wheats, infested at 3 levels. Agricultural Research, Development and Education Center,

Fort Collins, CO.
Infestation Levels'

Wheat genotypes 0 aphids/plant 25 aphids/plant 50 aphids/plant
CO 940626 0.2+0.0b 0.9%0.1b 1.0+ 0.1b
CO 940252 0.2+0.0b 0.7 +0.1b 0.8 =£0.0b
TAM 107 0.5=0.1a 24=02a 39+05a
LSDg s 0.1755 0.4124 0.5687

F- value 7.21 41.99 69.64
P>F 0.0009 0.0001 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to the mean separation test indicated in first column.
"Number of Russian wheat aphid originally infested /plant-tiller on November 8, 1995.
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Table 1.7. Mean (= SEM) Russian wheat aphids per tiller sampled April-July 1998 on 3
wheats. infested at 3 levels. Agricultural Research. Development and Education Center.

Fort Collins, CO.
Infestation Levels '

Wheat genotypes | aphids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 1.0£0.2b 7.1=1.1b 10.3 +1.4b
CO 940252 1.4+0.2b 6.7=1.0b 8.4=1.0b
TAM 107 24+04a 18.2+4.3a 453 % 7.2a
LSDg.0s 0.6819 6.3709 9.634
F- value 8.58 8.14 36.07
P>F 0.0002 0.0004 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to the mean separation test indicated in first column.
"Number of Russian wheat aphid originally infested/plants on February 27, 1998.

Table 1.8. Mean (= SEM)Russian wheat aphids per tiller (= SEM) sampled April-June
1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO.

Infestation Levels !

Wheat genotypes 0 aphids/plant 25 aphids/plant 50 aphids/plant
CO 940626 0.1 = 0.0a 0.6 =0.1b 0.9+0.1b
CO 940252 0.0+ 0.0a 0.4 =0.0b 0.5=0.0c
TAM 107 0.0 £0.0a 1.3+0.1a 1.9+0.2a
Dunn, o/ LSDy 45 0.0914 0.3265 0.4387
F- value 0.40 14.73 8.01
P>F 0.6688 0.0001 0.0004

Means within a column followed by the same letter (s) are statistically similar
according to the mean separation test indicated in first column.
"Number of Russian wheat aphid originally infested/plant on March 15, 1999.
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Seasonal trends for Russian wheat aphid.

The seasonal trends of Russian wheat aphid were similar, although differences in
aphid abundance were observed among genotypes and vears (Figs 1.4, 1.5.1.6).
However, among different wheat genotypes aphid population densities were very low at
beginning of sampling periods in all three years, expressing no differences between
wheats genotypes. This can be related to the colonization phase of aphids at the
beginning of sampling period, which is common to all cereal aphids (Dixon 1998). The
number of colonizing aphids depends on the initial infestation level and resistance of the
plants. The rate of population increase also depends on weather, plant quality, plant
resistance and activity of natural enemies. The decline in density noted on 9-11 June
1996 may have been due to an intense rain fall event (Fig 1.4). Agricultural Research,
Development and Education Center received 1.49 cm of rain on 9-10 June 1996. Greater
rainfall effects were observed on the two resistant wheats because of the flat leaves in
contrast to the curled leaves on the susceptible TAM 107. Messina et al. (1993) observed
that Russian wheat aphid alternative hosts with small flat leaves did not protect Russian

wheat aphid against rainfall.
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Fig 1.4. Mean (xSEM) Russian wheat aphids (RWA) per tiller collected in 1996 from
resistant and susceptible wheats, averaged over 3 infestation levels. Agricultural Research.
Development and Education Center, Fort Collins, CO.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



300

250

200 ;

150 -

100 1

RWA per tiller £ SEM

50

o |

OIS
S N NN VLV P AS
F F FFFEFFEF D

Dates

A N LH D o O
Q.0 N NN LY L
F F F FFEFS

—o—C0 940626 —g— CO 940252 —_»— TAM 107

Fig 1.5. Mean (=SEM) Russian wheat aphids (RWA) per tiller collected in 1998 from
resistant and susceptible wheats. averaged over 3 infestation levels. Agricultural
Research. Development and Education Center. Fort Collins. CO.
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Fig 1.6. Mean (zSEM) Russian wheat aphids (RWA) per tiller collected in 1999 from
resistant and susceptible wheats, averaged over 3 infestation levels. Agricultural
Research. Development and Education Center. Fort Collins. CO.
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Effects of wheat genotype on aphid life stages over sampling period.

The seasonal trend of aphid life stage composition also varied among host
genotypes due to differences in rates of population growth. Differences were observed
among sampling dates in all three years, 1996 ( F=20.40, df = 20, P<0.0001), 1998 ( F=
19.11, df = 14, P<0.0001) and 1999 (F=30.84, df = 11, P<0.0001). In all years the first
instars were scarce at the beginning of sampling period (Figs 1.7, 1.8 and 1.9). After 7
sampling dates, genotypic effects on the Russian wheat aphid first instar population were
observed. This delay in expression of genotypic differences may have been due to
colonization phase mentioned above or maternal effects (Quisenberry and Schotzko
1994). Aphids used for infestation were reared on susceptible genotypes, so several
generations would be necessary before the effect of resistant wheat genotypes on aphid
development would be expressed.

On the other hand the delays in expressing the effects of different wheat genotype
were observed in the second-third instar, fourth instar and adult proportions (Figs 1.10-
1.18). These are all indication of an effects of antibiosis on the aphids due to different
wheat genotypes. Crop maturity affected seasonal trends since TAM 107 matured more
quickly than resistant wheats, reducing differences in aphid abundance at the end of the

season.
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Fig 1.7. Mean +SEM 1¥ Russian wheat aphids (RWA) per tiller collected from resistant
and susceptible wheats. April-July 1996. averaged over 3 infestation levels. Agricultural
Research Development and Education Center, Fort Collins. CO.
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Fig 1.8. Mean (=SEM) 1* instar Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats. April-July 1998. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.9. Mean (= SEM) 1* instar Russian wheat aphids (RWA) collected from resistant
and susceptible wheats. April-June 1999, averaged over 3 infestation levels. Agricultural
Research. Development and Education Center, Fort Collins. CO.
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Fig 1.10. Mean (= SEM) 2™ -3 instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats, April-July 1996. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.11. Mean (= SEM) 2™ -3 instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats, April-July 1998. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.12. Mean (= SEM) 2™ - 3™ instar Russian wheat aphid (RWA) per tiller collected
from resistant and susceptible wheats, April-June 1999. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.13. Mean (= SEM) 4" instar Russian wheat apnids (RWA) per tiller collected from
resistant and susceptible wheats. April-July 1996. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.14. Mean (= SEM) 4* instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats. April-July 1998. averaged over 3 infestation
levels. Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.15. Mean (= SEM) 4" instar Russian wheat aphids (RWA) per tiller collected
from resistant and susceptible wheats. April-June 1999. averaged over 3 infestation
levels. Agricultural Research. Development and Education Center. Fort Collins. CO.
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Fig 1.16. Mean (= SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats, April-July 1996, averaged over 3 infestation levels.
Agricultural Research. Development and Education Center, Fort Collins. CO.
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Fig 1.17. Mean (= SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats. April-July 1998. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 -

Adult RWA per tiller £ SEM

© a ° A » n A o » o n »
N N N 12 ) N N N v N S )
F ¢ F @ F & & & & & &

Dates

——C0 940626 - CO 940252 - TAM 107

Fig 1.18. Mean (= SEM) adult Russian wheat aphids (RWA) per tiller collected from
resistant and susceptible wheats. April-June 1999. averaged over 3 infestation levels.
Agricultural Research. Development and Education Center. Fort Collins. CO.
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Wheat genotypes with different initial infestation density and aphid age structure.

Resistant wheats affected Russian wheat aphid age structure. The proportion of
first instars in 1996 was affected by genotype (F = 6.58; df = 2, P=0.0034), 1998 (F =
37.99; df = 2, P<0.0001) and 1999 (F =12.67; df =2, P< 0.0001). The proportions of
second and third instar, fourth instar and adult age classes also varied in their response to
wheats genotypes in 1996: second-third instars ( F =2.05; df = 2, P= 0.1424). fourth
instar (F = 8.37; df = 2, P= 0.0009), adults (F = 4.88: df = 2, P=0.0127); in 1998:
second-third instar (F = 10.58; df = 2, P=0.0002), fourth instar (/ = 55.09: df = 2. P<
0.0001), adult (F =4.25; df = 2. P=0.0213) and 1999 second-third instar (F = 0.34: df =
2. P=0.7163). fourth instar (F = 1.80; df = 2. P=0.1779) and adults (F =6.93; df = 2. P=
0.0026) (Figs 1.20. 1.21 and 1.22). Differences were observed among the three years that
can be explain in part by the density variations. since aphids collection in 1998 were
almost seven fold greater comparing to 1996 and more than ten fold more abundant
compared to 1999 as mentioned before. However. proportions of second-third. fourth
instars and adults were clearly affected by wheat genotypes. as indicated by relatively
high proportions of second-third. fourth instars and adults in TAM 107 compared with
CO 940626, CO 940252 (Figs 1.19. 1.20 and 1.21).

C09400626 and CO9402352 were similar in instar proportions in all three vears
(Tables 1.9-1.20). thus both resistant genes had similar effects on Russian wheat aphid

age structurz. However. orthogonal contrasts of the resistant wheats versus susceptible

wheat in their effects on first instar proportion in 1996 ( £ = 11.35:df = [. P=0.0016)

second-third instars (F = 1.04; df = 1. P=0.3125). fourth instar (F = 14.41:df = 1. P=
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0.0004) adult ( F=9.67;df =1, P=0.0033) in 1998, first instar (F =37.61:df =1. P<
0.0001). second-third instar (F = 12.63: df = 1, P=0.0009) fourth instar (¥ = 59.77; df =
1, P<0.0001), adult (F=7.85; df = 1, P=0.0073) and 1999 first instar (F = 6.67; df = 1,
P=0.0100), second-third instars (F = 1.29; df = 1, P=0.2567), fourth instar (F = 45.75; df
=1, P<0.0001) and adult (F =69.82, df = 1, P<0.0001) were significant except for the
second-third instar comparisons in 1996 and 1999 for unknown reasons. The difference
in age classes structure is an expression of antibiosis by both Dn4 and Dn6. Although
Hawley (1997) concluded that Dn4 confers mostly tolerance to Russian wheat aphid

under lab conditions, these field results indicate antibiosis expressed by Dn4. Differences

in results could be due to the experiment methods and experimental conditions.

In addition, some interactions of wheat genotypes and infestation levels were
observed (Figs 1.22. 1.23 and 1.24). As initial infestation level increased first instar
proportions tended to decline in contrast to fourth instar and adult proportions. This trend
might be more clear with higher initial infestations. However. no significant interactions
were observed for age structure and initial infestation leve! during the 1996 season as

well as some age classes in 1998 and 1999 (Tables 1.9-1.20).
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Fig 1.19. Age class structure of Russian wheat aphids (RWA) collected in 1996 from 3
wheats, differing in aphid resistance. averaged over 3 infestation levels. Agricultural
Research. Development and Education Center, Fort Collins. CO.
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Fig 1.20. Age class structure of Russian wheat aphids (RWA) collected in 1998 from 3
wheats. differing in aphid resistance. averaged over 3 infestation levels. Agricultural
Research. Development and Education Center, Fort Collins, CO.
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Fig 1.21. Age class structure of Russian wheat aphids (RWA) collected in 1999 from 3
wheats differing in aphid resistance. averaged over 3 infestation levels. Agricultural
Research, Development and Education Center. Fort Collins. CO.
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Fig 1.22. Age class structure of Russian wheat aphids (RWA) collected in 1996
subsequent to 3 levels of infestation. averaged over 3 wheats. Agricultural Research.
Development and Education Center. Fort Collins. CO.
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Fig 1.23. Age class structure of Russian wheat aphids (RWA) collected in 1998
subsequent to 3 levels of infestation. averaged over 3 wheats. Agricultural Research.
Development and Education Center. Fort Collins, CO.
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Fig 1.24. Age class structure of Russian wheat aphids (RWA) collected in 1999
subsequent to 3 levels of infestation. averaged over 3 wheats. Agricultural Research.
Development and Education Center. Fort Collins, CO.
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Table 1.9. Proportion (= SEM) of first instar Russian wheat aphids sampled April-July
1996 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins. CO.

Infestation Levels '
Wheat genotypes [ - phids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.694 = 0.0a 0.650 = 0.0ab 0.617 = 0.0a
CO 940252 0.737 = 0.0a 0.671 = 0.0a 0.642 = 0.0a
TAM 107 0.643 £ 0.0a 0.611  0.0b 0.594 = 0.0a
Dunnig o5 /LSD; os 0.1395 0.0514 0.0526
F- value 1.34 3.33 1.76
P>F 0.3268 0.0422 0.2019

Means within a column followed by the same letter (s) are statistically similar
according to LSDy o5 if P > F < 0.05 or Dunnggs in P > F > 0.05.
"Number of Russian wheat aphid originally infested / plant on November 8, 1995.

Table 1.10. Proportion (= SEM) of second-third instar Russian wheat aphids sampled
April-July 1996 on 3 wheats, infested at 3 levels. Agricultural Research, Development
and Education Center, Fort Collins, CO.

Wheat genotypes

Infestation Levels !

0 aphids/plant 25 aphids/plant 50 anhids/vlant
CO 940626 0.168 = 0.0a 0.174 =0 0.132 =0.0a
CO 940252 0.121 £ 0.0a 0.158 = 0.0a 0.172 £ 0.0a
TAM 107 0.167 = 0.0a 0.176 = 0.0a 0.181 £0.0a
Dunny o5 0.0992 0.0415 0.0489
F- value 1.30 1.42 0.38
P>F 0.3400 0.2974 0.8932

Means within a column followed by the same letter (s) are statistically similar
according to LSDg4s iIf P> F < 0.05 or Dunn, s in P > F > 0.05.
"Number of Russian wheat aphid originally infested / plant on November 8, 1993.
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Table 1.11. Proportion (= SEM) of fourth instar Russian wheat aphids sampled April-
July 1996 on 3 wheats, infested at 3 levels. Agricultural Research, Deveiopment and
Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | S0 aphids/plant
CO 940626 0.059 £ 0.0a 0.082 = 0.0ab 0.098 = 0.0a
CO 940252 0.050 = 0.0a 0.078 £ 0.0b 0.078 £0.0a
TAM 107 0.075 £ 0.0a 0.100+0.0a 0.107 £0.0a
Dunny o5 0.0377 0.029 0.0323

F- value 1.45 0.97 1.55
P>F 0.2880 0.4999 0.2546

Means within a column followed by the same letter (s) are statistically similar
according to LSD s if P > F < 0.05 or Dunn, ¢ in P > F > 0.05.
"Number of Russian wheat aphid originally infested / plant on November 8, 1995.

Table 1.12. Proportion (= SEM) of adult Russian wheat aphids sampled April-July 1996

on 3 wheats, infested at 3 levels. Agricultural Research, Development and Education

Center, Fort Collins, CO.

Infestation Levels '
Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.076 = 0.0a 0.093 = 0.0a 0.100+=0.0a
CO 940252 0.089 = 0.0a 0.092 =0.0a 0.107 =0.0a
TAM 107 0.113 =£0.0a 0.110=0.0a 0.117=0.0a
Dunn, 45 0.0527 0.0321 0.0267
F- value 0.84 2.36 0.90
P>F 0.5763 0.1054 0.5444

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s if P > F < 0.05 or Dunng s in P > £ > 0.05.
"Number of Russian wheat aphid originally infested / plant on November 8, 1995.
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Table 1.13. Proportion (= SEM) of first instar Russian wheat aphids sampled April-July

1998 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins. CO.

Infestation Levels '

Wheat genotypes | o phids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 0.633 +0.0a 0.610 + 0.0a 0.519  0.0b
CO 940252 0.621 +0.0a 0.592 + 0.0a 0.592 £ 0.0a
TAM 107 0.625 +0.0a 0.460 = 0.0b 0.398  0.0c
Dunnggs /LSDy s 0.078 0.0371 0.0482
F- value 0.89 16.37 12.56
P>F 0.5449 0.0001 0.0003

Means within a column followed by the same letter (s) are statistically similar
according to LSD; o if P> F <0.05 or Dunny s in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on February 27, 1998.

Table 1.14. Proportion (= SEM) of second-third instar Russian wheat aphids sampled
April-July 1998 on 3 wheats, infested at 3 levels. Agricuitural Research. Development
and Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.215 £ 0.0a 0.277 £ 0.0b 0.334 £ 0.0b
CO 940252 0.254 % 0.0a 0.293 = 0.0b 0.290 = 0.0b
TAM 107 0.212%0.0a 0.354 =£0.0a 0.413=0.0a
LSDg s 0.0585 0.03 0.0458
F- value 3.17 7.31 6.10
P>F 0.0486 0.0029 0.0056

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s if P> F < 0.05 or Dunn, s in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on February 27, 1998.
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Table 1.15. Proportion (= SEM) of fourth instar Russian wheat aphids sampled April-
July 1998 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.067 % 0.0a 0.056 £ 0.0b 0.078 =£0.0b
C0 940252 0.055 £ 0.0a 0.047 = 0.0b 0.053 £0.0c
TAM 107 0.068 + 0.0a 0.099 = 0.0a 0.122 = 0.0a
Dunng o5 /LSDy g5 0.0236 0.0164 0.016
F- value 0.93 9.07 14.04
P>F 0.5228 0.0012 0.0002

Means within a column followed by the same letter (s) are statistically similar
according to LSDy s if P> F < 0.05 or Dunny o in P > F > 0.05.
'"Number of Russian wheat aphid originally infested/plant on February 27, 1998.

Table 1.16. Proportion (= SEM) of adult Russian wheat aphids sampled April-July 1998
on 3 wheats. infested at 3 levels. Agricuitural Research. Development and Education

Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes [ phids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 0.083 = 0.0a 0.055 + 0.0b 0.067 = 0.0a
CO 940252 0.068 = 0.0a 0.066 = 0.0b 0.063 = 0.0a
TAM 107 0.093 + 0.0a 0.085 = 0.0a 0.065 + 0.0a
Dunng o5 /LSDo s 0.046 0.0126 0.0165
F- value 0.66 4.96 112
P>F 0.6987 0.0118 0.4210

Means within a column followed by the same letter (s) are statistically similar
according to LSDg,s if P > F < 0.05 or Dunngos in P > F>0.05.
"Number of Russian wheat aphid originally infested/plant on February 27, 1998.

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table 1.17. Proportion (= SEM) of first instar Russian wheat aphids sampled April-June

1999 on 3 wheats, infested at 3 levels. Agricuitural Research, Development and
Education Center, Fort Collins, CO.

Wheat genotypes Infestation Level !

0 aphids/plant 25 aphids/plant 50 aphids/plant
CO 940626 0.304 = 0.0a 0.538+0.0a 0.576 = 0.0a
CO 940252 0.162 = 0.0ab 0.548 £ 0.0a 0.589 = 0.0a
TAM 107 0.204 = 0.0b 0.593+0.0a 0.454 £ 0.0b
Dunng o< /LSDy o5 0.1252 0.1277 0.0831
F- value 2.69 1.24 5.30
P>F 0.0704 0.2912 0.0057

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s if P> F < 0.05 or Dunng o in P > F > 0.05.
'Number of Russian wheat aphid originally infested/plant on March 15, 1999.

Table 1.18. Proportion (= SEM) of second-third instar Russian wheat aphids sampled
April-June 1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development
and Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant 50 aphids/plant
CO 940626 0.047 = 0.0a 0.200 = 0.0ab 0.259 =0.0a
CO 940252 0.018 = 0.0a 0.155 =2.0% 0.211 =0.0a
TAM 107 0.025 £ 0.0a 0.240 = 0.2a 0.222 = 0.0a
Dunny o5 /LSDg g5 0.0334 0.0691 0.0567
F- value 2.41 2.47 2.99
P>F 0.0921 0.0871 0.0525

Means within a column followed by the same letter (s) are statistically similar

according to LSDg s if P> F < 0.05 or Dunngys in P> F > 0.05.
‘Number of Russian wheat aphid originally infested/plant on March 15, 1999.
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Table 1.19. Proportion (= SEM) of fourth instar Russian wheat aphids sampled April-
June 1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes [ phids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 0.002 + 0.0a 0.044 = 0.0b 0.046  0.0b
CO 940252 0.008 + 0.0a 0.013 = 0.0c 0.019 = 0.0c
TAM 107 0.007 = 0.0a 0.066 = 0.0a 0.088  0.0a
Dunng s /LSDq g5 0.0173 0.0192 0.0194
F- value 1.42 1.80 30.63
P>F 0.2438 0.0001 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to LSD, o5 if P > F < 0.05 or Dunn, s in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on March 15, 1999.

Table 1.20. Proportion (= SEM) of adult Russian wheat aphids sampled April-June 1999

on 3 wheats, infested at 3 levels. Agricultural Research, Development and Education

Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | S0 aphids/plant
CO 940626 0.000=0.0a 0.015 =0.0b 0.026 = 0.0b
CO 940252 0.001 =0.0a 0.017 =0.0b 0.008 = 0.0b
TAM 107 0.017 = 0.0a 0.074 £ 0.0a 0.100 = 0.0a
Dunn, o5 /LSDy g5 0.0281 0.0279 0.022
F- value 0.78 11.36 37.90
P>F 0.4615 0.0001 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if 2 > F < 0.05 or Dunny ;. in P> F > 0.05.
"Number of Russian wheat aphid originally infested/plant on March 15. 1999.
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Natural enemy interaction with wheat genotypes and infestation levels.

Natural enemy observations indicated less parasitoid activity in 1996 and 1999
than in 1998 (Table 1.21). Wheat genotype affected parasitoid activity in all three years
(Table 1.21). Although both resistant wheats had a flat leaves, more mummies were
collected from TAM 107 (Table 1.21). Factors other than leaf structure thus affected
parasitoid mummy abundance. Brewer et al. (1998) reported that uncurled barley leaves
did not provide a better environment for D. rapae. The relatively large collections of D.
rapae parasitoid mummies in 1998 might be explained by two facts. In 1998, the study
site was adjacent to two rows of canola plants, which are attractive to this parasitoid (M.
Antolin, Department of Biology, Colorado State University, personal communication).
Secondly, there might have been functional response to the high density of Russian wheat
aphids during the 1998 season. Initial infestation levels showed a significant interaction
with wheat genotypes on parasitoid mummies in 1996 and 1998 (Tables 1.22.1.23). In
1999 no interaction was observed between infestation level and wheat genotype, perhaps
due to the relative low density of Russian wheat aphids.

According to Mohamed (1995), predators followed Russian wheat aphid trends.
Messina et al. (1997) concluded that predators had a better chance in capturing the aphids
on unrolled grass leaves than rolled grass leaves. However, in this study fewer predators
were collected by sweep net in 1998 and 1999 than 1996 (Tables 1.25-1.27). The
sampling method used in this study prevented analysis of the relationship of predators

with wheat genotypes and infestations levels.
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Table 1.21. Mean number (= SEM) of parasitoid mummies per tiller sampled 1996.

1998, 1999 on 3 wheats, infested at 3 levels. Agricultural Research, Development and
Education Center. Fort Collins, CO.

Mummies per tiller
Wheat genotypes Years

1996 ' 1998 * 1999°
CO 940626 0.02 £ 0.0a 0.04 £ 0.0b 0.01 = 0.0ab
CO 940252 0.00 = 0.0b 0.04 £ 0.0b 0.01 = 0.0b
TAM 107 0.02+0.0a 0.15+0.0a 0.03 =+ 0.0a
Dunng o5 /LSDy g5 0.0071 0.0396 0.0223
F- value 9.33 17.67 2.70
P>F 0.0001 0.0001 0.0680

Means within a column followed by the same letter (s) are statistically similar

according to LSDg o5 if P > F <0.05 or Dunny s in P > F > 0.05.

! Russian wheat aphid infestation on November 8, 1996.
* Russian wheat aphid infestation on Februaryv 27, 1998.
* Russian wheat aphid infestation on March i3, 1959.
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Table 1.22. Mean number (= SEM) of parasitoid mummies D. rapae per tiller sampled

April-July 1996 on 3 wheats at 3 infestation levels. Agricultural Research, Development
and Education Center, Fort Collins, CO.

Infestation Levels '

Wheat genotypes [ - phids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.02 £ 0.0a 0.02 £ 0.0a 0.01 = 0.0b
CO 940252 0.01 £ 0.0b 0.01 + 0.0b 0.00 = 0.0b
TAM 107 0.00 = 0.0b 0.03  0.0b 0.04 £ 0.0a
LSD, s 0.0103 0.0127 0.0144
F- value 7.08 5.53 11.66
P>F 0.0010 0.0043 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to LSD, o5 if P > F <0.05 or Dunn, 45 in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on November 8, 1996.

Table 1.23. Mean number (= SEM) of parasitoid mummies D. rapae per tiller sampled

April-July 1998 on 3 wheats at 3 infestation leveis. Agricultura! Research, Development
and Education Center, Fort Collins, CO.

Infestation Levels'

Wheat genotypes 1™, phids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 0.01 = 0.0a 0.05 = 0.0a 0.07 = 0.0b
CO 940252 0.01 = 0.0a 0.05 = 0.0a 0.06 = 0.0b
TAM 107 0.05 = 0.0a 0.11 +0.0a 0.28 £ 0.0a
Dunn o5 /LSDq0s 0.0435 0.0755 0.1048
F- value 2.81 2.84 10.33
P>F 0.0619 0.0603 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s 1f P> F < 0.05 or Dunn, o in P > F > 0.05.
! Number of Russian wheat aphid originally infested/plant on February 27, 1998.
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Table 1.24. Mean number (= SEM) of parasitoid mummies D. rapae per tiller sampled
April-Jun 1999 on 3 wheats at 3 infestation levels. Agricultural Research, Development
and Education Center, Fort Collins, CO.

Infestation Levels '
Wheat genotypes [ o - phids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 0.00 £ 0.0a 0.01 =0.0a 0.03  0.0a
CO 940252 0.00 £ 0.0a 0.02 % 0.0a 0.01 = 0.0a
TAM 107 0.03 £0.0a 0.03 = 0.0a 0.04 = 0.0a
Dunng o /LSDy s 0.0421 0.032 0.0511
F- value 1.40 1.74 0.84
P>F 0.2487 0.1787 0.4326

Means within a column followed by the same letter (s) are statistically similar
according to LSDg4s 1f P > F < 0.05 or Dunn, s in P > F > 0.05.
'Number of Russian wheat aphid originally infested/plant on March 15, 1999.
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Table 1.25. Predators of Russian wheat aphid collected from the host plants using a
sweep net. Agricultural Research. Development and Education Center. Fort Collins. CO

1996.
Predators per one sweep
Sampling dates | ffippodamia Coccinella Orius sp
convergens septempunctata
04-22-96 0 0 0
05-06-96 0 0 0
05-13-96 0 0 0
05-20-96 0 0 0
05-27-96 0 0 0
06-04-96 0 0 1
06-11-96 0 0 1
06-13-96 0 0 0
06-17-96 0 0 0
06-24-96 l 0 0
06-28-96 0 0 0
07-05-96 1 0 0
07-08-96 1 0 0
07-10-96 1 0 0
Total 4 0 2
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Table 1.26. Predators of Russian wheat aphid collected from the host plants using a

sweep net. Agricultural Research. Development and Education Center, Fort Collins, CO
1998.

Predators per one sweep

Sampling dates Hippodamia Coccinella Orius sp

convergens septempunctata

05-04-98

05-07-98

05-11-98

05-15-98

05-18-98

oJ]ojoj]olo o

05-26-98

05-29-98

06-01-98

06-10-98

06-16-98

06-19-98

06-22-98

=l Holl Holl Noll Hol B~ Nl el NN =N Nl RN =
=l Nall Noll Noll Noll Noll ol lell el Noll ol He il B e
P

06-26-98

06-30-98 1 1

o|lolojo o)} O

07-06-98 0 0

Total 1 1

[§9]

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.27. Predators of Russian wheat aphid collected from the host plants using a
sweep net. Agricultural Research, Development and Education Center, Fort Collins, CO

1999.
Predators per one sweep
Sampling dates Hippodamia Coccinella Orius sp
convergens Septempunctata
04-06-99 0 0 0
04-12-99 0 0 0
04-19-99 0 0 0
04-27-99 0 0 0
05-04-99 0 0 0
05-11-99 0 0 0
05-17-99 0 0 0
035-19-99 0 0 0
05-24-99 0 0 0
05-29-99 0 0 0
06-01-99 0 0 0
NE-N1-09 0 0 0
Total 0 0 0
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Effects of Russian wheat aphid on yield components.

Grain yield and quantity based on number of spikes, total seed weight (g), 1000-
seed weight (g) and grain protein content were similar among wheats at the low, medium
and high levels of infestation in all years (Tables 1.28 - 1.38). However, 1000-seed
weight was reduced in TAM 107 at high infestation level in 1996 (Table 1.29), at the
medium and high infestation level in 1998 and at high infestation level in 1999 (Tables

1.30, 1.34,1.38). Both CO 940626 and TAM 107 1000-seed weights were lower at the

high infestation level (Tables 1.34 and 1.38). This shouldn’t be surprising because both
CO 940626 and TAM 107 are genetically close. Since CO 940626 was back crossed to
TAM 107 five times, indicating that 95% of TAM 107 genetic bases were transferred to
CO 940626. Grain protein was higher in TAM 107 than in the resistant wheats at the
medium infestation level in 1998 and 1999, -vhich couid be due to reduced test weight
(Tables 1.35 and 1.39). High grain protein level might be a genotypic difference or a
response to the stress from aphid feeding. Resistant wheats were similar in yield and

quality in all years. except for grain protein in 1999 at high inies:ation ievel (Tabic 1.39).
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Table 1.28. Mean number of wheat spikes per meter (= SEM) sampled in 1996 on 3
wheats varying in resistance to Russian wheat aphid. infested at 3 levels. Agricultural
Research. Development and Education Center, Fort Collins. CO.

Infestation levels '

Wheat genotypes [ aphids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 98.6 + 18.1a 170.2 =+ 24.5a 165.0+24.7a
CO 940252 103.8 £ 30.9a 165.3+36.3a 168.1 =15.3a
TAM 107 95.8 £ 17.8a 164.5 +30.9a 159.3 =24.8a
Dunn, o5 64.821 128.153 117.238
F-value 1.10 1.32 1.30
P>F 0.8940 0.5626 0.4056

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if P > F < 0.05 or Dunng gy in P > F > 0.05.

"Number of Russian wheat aphid originally infested/plant on November 8. 1995.

Table 1.29. Mean of total seed weight per meter (g) (= SEM) sampled in 1996 on 3
wheats varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research. Development and Education Center, Fort Collins. CO.

Infestation levels '
Wheat genotypes 0 aphids/plant 25 aphids/plant 50 aphids/plant
CO 940626 103.6 = 28.5a 80.9=20.1a 110.5 =228
CO 940252 100.9 =25.9a 91.8 £26.5a 94.8 =9.1a
TAM 107 82.8=23.2a 90.5 = 22.6a 90.4 = 39.4a
Dunny g5 11.492 43.866 64.282
F- value 0.68 0.19 1.52
P>F 0.7898 0.7565 0.0659

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if P> F < 0.05 or Dunn, 4 in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on November 8. 1995.
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Table 1.30. Mean of one thousand seed weight (g) (= SEM) sampled in 1996 on 3 wheats
varying in resistance to Russian wheat aphid. infested at 3 levels. Agricultural Research.
Development and Education Center. Fort Collins. CO.

Infestation ievels !

Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 152£0.2a 18.8 +0.7a 18.2+0.3a
CO 940252 19.5+0.6a 17.8 £ 0.1a 17.2+0.0a
TAM 107 17.7+0.3a 16.7 = 0.0a 15.6 £0.1b
Dunng g5 / LSDy g5 4.275 3.2151 1.0323

F- value 1.98 1.81 9.20
P>F 0.8562 0.3089 0.0014

Means within a column followed by the same letter (s) are statistically similar
according to LSD; o5 if P> F < 0.05 or Dunn, 4 in P > F > 0.05.
'Number of Russian wheat aphid originally infested/plant on November 8. 1995.

Table 1.31. Mean of grain protein (%) (= SEM) sampled in 1996 on 3 wheats varyving in
resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,
Development and Education Center. Fort Collins, CO.

Infestation levels '

|

Wheat genotypes [ @ phids/plant | 25 aphidsiplant | 50 aphids/plant
CO 940626 12.4%03a 12.7=0.4a 1252022
CO 940252 12.1=0.1a 12.4%0.3a 12.0=0.1a
TAM 107 132+ 0.4a 13.9+0.0a 12.9 = 0.0a
Dunng os 1.0705 1.0814 1.0267
F-value 1.54 1.75 3.12
P>F 0.6542 0.8058 0.2972

Means within a column followed by the same letter (s) are statistically similar
according to LSDg4s if P > F < 0.05 or Dunng o5 in P > £ > 0.05.
'Number of Russian wheat aphid originally infested/plant-tiller on November 3. 1993.
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Table 1.32. Mean number of wheat spikes per meter (= SEM) sampled in 1998 on 3
wheats varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research. Development and Education Center, Fort Collins. CO.

Infestation levels '

Wheat genotypes 0 aphids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 203.3 £22.5a 235.0 = 34.5a 142.3 £25.7a
CO 940252 202.3 + 40.6a 233.1+44.1a 177.1 = 14.62
TAM 107 186.6 = 26.3a 181.3 = 30.8a 202.6 = 33.92
Duni s 128.33 166.39 123.43

F- value 0.09 0.55 1.05
P>F 0.9170 0.5921 0.3843

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if P > F < 0.05 or Dunn, s in P > F > 0.05.

"Number of Russian wheat aphid originally infested/plant on February 27, 1998.

Table 1.33. Mean of total seed weight per meter (g) (= SEM) sampled in 1998 on 3
wheats varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO.

Infestation levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | S0 aphids/plant
CO 940626 227.3%=413a 214.4=236a 164.2 =31.3a
CO 940252 209.9 £31.6a 189.7 = 24.3a 181.9%+6.2a
TAM 107 163.5+37.0a 132.5£25.5a 181.7=42.4a
Dunny s 4.4981 83.779 113.28

F- value 0.90 2.50 2.88
P>F 0.4385 0.1321 0.0854

Means within a column followed by the same letter (s) are statistically similar
according to LSD, 4 if P > F < 0.05 or Dunngy o in P > F>0.0S.

'Number of Russian wheat aphid originally infested/plant on February 27. 1998.
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Table 1.34. Mean of one thousand seed weight (g) (= SEM) sampled in 1998 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research.
Development and Education Center. Fort Collins, CO.

Infestation levels '
Wheat genotypes 0 aphids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 385+ 1.0a 35.9+0.3a 37.2 = 0.6ab
CO 940252 38.5+0.8a 36.5+0.4a 37.4+0.38a
TAM 107 35.5+2.4a 32.6 £ 0.9b 33.4=1.7b
Dunny os/'LSDq s 5.794 2.2695 3.9175
F- value 1.49 8.45 332
P>F 0.2706 0.0071 0.0782

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s if P > F <0.05 or Dunng s in P > F>0.05.
'Number of Russian wheat aphid originally infested/plant on February 27, 1998.

Table 1.35. Mean of grain protein (%) (= SEM) sampled in 1998 on 3 wheats varying in
resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research.
Development and Education Center. Fort Collins, CO.

Infestation levels !
Wheatgenotypes I phids/plant | 25 aphids/plant | 50 aphids/plant
CO 940626 12.5 + 0.4 12.1 £ 0.3b 12.420.22
CO 940252 11.8+0.2a 12.4 £ 0.4b 12.0=0.3a
TAM 107 12.9 £ 0.6a 13.7+04a 13.0 = 0.6
Dunn o5/LSDy gs 1.5841 1.2788 1.9246
F- value 2.02 4.54 1.05
P>F 0.1831 0.0396 0.3843

Means within a column followed by the same letter (s) are statistically similar
according to LSDyg4s if P> F <0.05 or Dunng s in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on February 27, 1598.
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Table 1.36. Mean number of wheat spikes per meter (= SEM) sampled in 1999 on 3
wheats varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research, Development and Education Center, Fort Collins, CO.

Infestation levels '

Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
C0O 940626 189.3+13.8a 232.6 + 14.6a 251.6+23.7a
CO 940252 2248 +21.2a 213.6 £28.5a 228.3 = 16.0a
TAM 107 222.0+£9.3a 235.8+31.0a 226.5+15.8a
Dunny s 57.457 116.4 61.948

F- value 1.94 0.17 0.85
P>F 0.1938 0.8422 0.4580

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if P > F < 0.05 or Dunnggs in P > F > 0.05.

"Number of Russian wheat aphid originally infested/plant on March 15. 1999.

Table 1.37. Mean of total seed weight per meter (g) (= SEM) sampled in 1999 on 3
wheats varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural
Research. Development and Education Center, Fort Collins, CO.

Infestation levels '

Wheat genotypes [ 2phids/plant 25 aphids/zlant | 50 aphids/plant
CO 940626 172.4 = 15.8a 185.4 = 16.6a 188.3 = 14.2
CO 940252 203.9 £20.2a 199.0 = 28.7a 202.8 = 12.0a
TAM 107 203.1 £9.3a 185.0 = 19.82 141.0 = 11.2b
During o5/LSDy o5 63.454 103.02 43367

F- value 1.32 0.10 5.50
P>F 0.3091 0.9072 0.0244

Means within a column followed by the same letter (s) are statistically similar
according to LSD,¢s if P> F < 0.05 or Dunn, o5 in P > F > 0.05.

"Number of Russian wheat aphid originally infested/plant on March 15. 1999.
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Table 1.38. Mean of one thousand seed weight (g) (= SEM) sampled in 1999 on 3 wheats
varying in resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,

Development and Education Center. Fort Collins, CO.

Infestation levels '
Wheat genotypes 0 aphids/plant 25 aphids/plant | 50 aphids/plant
CO 940626 329+£0.9b 339+22a 31.4+0.5b
CO 940252 356+0.4a 33.7+0.4a 343 +1.0a
TAM 107 35.2+0.5a 32.2%0.3a 30.7+0.5b
Dunnyg s/LSDy o5 2.2093 5.3523 2.0336
F- value 4.47 0.52 9.55
P>F 0.0410 0.6089 0.0048

Means within a column followed by the same letter (s) are statistically similar
according to LSD, s if P > F < 0.05 or Dunng s in P > F > 0.05.
"Number of Russian wheat aphid originally infested/plant on March 15. 1999.

Table 1.39. Mean of grain protein (%) (= SEM) sampled in 1999 on 3 wheats varying in

resistance to Russian wheat aphid, infested at 3 levels. Agricultural Research,
Development and Education Center. Fort Collins, CO.

Infestation levels '

Wheat genotypes | phids/plant | 25 aphidsiplant | 50 aphids/plant
CO 940626 11.8 £0.52 12.0=0.3a 11.8 = 0.6b
CO 940252 11.0 £ 0.3b 11.0=0.5a 11.1 0.6
TAM 107 111 £ 0.6ab 11.7£0.2a 129+ 0.5
Dunngos/LSDy s 0.6647 1.245 0.5019

F- value 3.45 2.78 31.20
P>F 0.0725 0.1099 0.0001

Means within a column followed by the same letter (s) are statistically similar
according to LSDg s if P> F <0.05 or Dunnggs in P > F>0.05.
'Number of Russian wheat aphid originally infested/plant on March 15. 1999.
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Conclusions

Russian wheat aphid population densities varied over the study period. Resistant
wheats had low aphid densities compared to the susceptible wheats. Resistant wheats
affected Russian wheat aphid development over three years of study. Intense rainfall
affected Russian wheat aphid on resistant wheats more than aphids on the susceptible
cultivar in 1996. Delays were observed in the expression of wheat genotypic effects on
aphid development, probably due to maternal effects. Strong evidence for antibiosis was
observed for CO 940626 and CO 940252, based on differences in age structure. Different
initial aphid infestation levels resulted in distinct densities throughout the study periods.
The high initial infestation level generally had more effect on plant and aphid parameters
than the lower levels.

More parasitoid mummies were observed on TAM 107 than on resistant wheats.
Leaf structure therefore did not affect parasitoid abundance. Parasitoid density
dependence was observed in two vears. Predator abundance in sweep samples was too
limited to correlate with wheat genotypes or aphid density.

The high Russian wheat aphid infestation level affected the quality of seeds in
C0940626 and TAM 107. Increased grain protein was observed in the susceptible wheat

and may have been due to aphid stress or lower test weight.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References Cited

Aalbersberg, Y. K., F. du Toit, M. C. van der Westhuizen and P. H. Hewitt. 1987a.
Development rate. fecundity and life span of apterae of the Russian wheat aphid.
Diuraphis noxia (Mordvilko) (Homoptera: Aphididae), under controlled
conditions. Bull. Entomol. Res. 77: 629-635.

Aalbersberg, Y. K., M. C. Van der Westhuizen and P. H. Hewitt. 1987b. A simple
key for diagnosis of instars of the Russian wheat aphid, Diuraphis noxia
(Mordvilko) (Homoptera: Aphididae). Bull. Entomol. Res. 77: 637-640.

Archer, T. L. and J. E. D. Bynum. 1993. Ecology of the Russian wheat aphid
(Homoptera: Aphididae) on dryland winter wheat in the southern united states. J.
Kans. Entomol. Soc. 66: 60-68.

Armstrong, J. S. and F. B. Peairs. 1996. Environmental parameters related to winter
mortality of the Russian wheat aphid (Homoptera: Aphididae): Basis for
predicting mortality. J. Econ. Entomol. 89: 1281-1287.

Armstrong, J. 3., M. R. Porter ind F. B. Peairs. 1991. Alternate host pianis of the
Russian wheat aphid (Homoptera: Aphididae) in northeastern Colorado. J. Econ.
Entomol. 84: 1691-1694.

Armstrong, S., W. Meyer, F. Peairs, S. Pilcher, M. Porter, J. Rudolph and J. Echols
1990. Control of Russian wheat aphid with planting time insecricide and fertilizer
combinations eastern Colorado. Rep. No. LTB90-5. Colorado State University.

Brewer, M. J., J. M. Struttmann and D. W. Mornhinweg. 1998. Aphelinus albipodus

(Hymenoptera: Aphelinidae) and Diaereriella rapae (Homoptera: Braconidae)

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



parasitism on Diuraphis noxia (Homoptera: Aphididae) infesting barley plants
differing in plant resistance to aphids. Biol. Contr. 11: 255-261.

Calhoun, D. S., J. Robinson, P. A. Burnett, H. E. Vivar and W. J. Pfeiffer. 1990.
Field screening for Russian wheat aphid resistance in small grain cereals in
Mexico, pp. 31-33. In Proc. 4th Russian Wheat Aphid Workshop. Montana State
University. Bozman, Montana.

Dixon, A. F. G. 1989. Cereal aphids as an applied problem, pp. 113-169./n G. E. Russell
[ed.]Biology and Population Dynamics of Invertebrate Crop Pests. Intercept
limited, Andover. Hampshire.

Dixon, A. F. G. 1998. Aphid Ecology: An Optimization Approach, 2nd ed. Chapman &
Hall. London.

Farid, A., S. S. Quisenberry, J. B. Johnson and B. Shafi. 1998. Impact of wheat
resistance on Russian wheat aphid and a parasitoid. J. Econ. Entomol. 91: 334-
339.

Formusoh, E. S., G. E. Wilde, J. H. Hatcheett and R. D. Collins. 1992. Resistance to
Russian wheat aphid (Homoptera: Aphididae) in Tunisian wheats. J. Econ.
Entomol. 85: 2505-2509.

Formusoh, E. S. and G. E. Wilde. 1993. Preference and development of two species of
predatory coccinellids on the Russian wheat aphid and greenbug biotype
(Homoptera: Aphididae). J. Agric. Entomol. 10: 65-70.

Girma, M., G. E. Wilde and T. L. Harvey. 1993. Russian wheat aphid (Homoptera:

Aphididae) affect yield and quality of wheat. J. Econ. Entomol. 86: 594-601.

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hammon, R. W, S. Armstrong, W. Meyer, C. Walker and F. B. Peairs 1997.
Alternative host plants of Russian wheat aphid in Colorado. Rep. No. TR97-2.
Colorado Agricultural Experiment Station, Fort Collins.

Hammon, R. W. and F. B. Peairs. 1992. Distribution of overwintering Russian wheat
aphid (Homoptera: Aphididae) in furrow-irrigated small grains in western
Colorado. J. Econ. Entomol. 85: 2452-2458.

Hawley, C. J. 1997. Categories of resistance at different growth stages in 'HALT', a
winter wheat resistant to the Russian wheat aphid (Homoptera: Aphididae). MS.
thesis, Colorado State University, Fort Collins, CO.

Hewitt, P. 1988. The South African experience with the Russian wheat aphid. pp. 1-3. /n
2nd Russian Wheat Aphid Workshop, Denver, Colorado.

Hughes, R. D. 1972. Population dynamics. pp. 275-293./n H. F. van Emden [ed.]Aphid
Technology. Academic Press, London.

Hughes, R. D. 1988. A synopsis of information on the Russian wheat aphid. Diuraphis
noxia (Mordvilko). Cummon. Sci. Ind. Organ. Div. Entomol. (Canberra.
Australia) Tech Pap. 28: 59.

Kauffman, W. C. and S. L. La Roche. 1994, Searching activities by coccinellids on
rolled wheat leaves infested by the Russian wheat aphid. Biol. Contr. 4: 290-297.

Kiriac, I., F. Gruber, T. Poprawski, S. Halbert and L. Elberson. 1990. Occurrence of
sexual morphs of Russian Wheat Aphid, Diuraphis noxia (Homoptera:
Aphididae), in several locations in the Soviet Union and the Northwestern United

States. Proc. Entomol. S.:o. Wash. 92: 544-547.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Little, T. M. and F. J. Hills 1987. Agriculturai cxperimentation. Design and Analysis.
st ed. John Wilev and Sons. New York.

Messina, F. J., T. A. Jones and D. C. Nelson. 1993. Seasonal variation in performance
of Russian wheat aphid on alternate hosts. Environ. Entomol. 22: 1022-1030.

Messina, F. J., T. A. Jones and D. C. Nelson. 1997. Host-plant effects on the efficacy of
two predators attacking Russian wheat aphids (Homoptera: Aphididae). Environ.
Entomol. 26: 1398-1404.

Milliken, G. A. and D. E. Johnson 1984. Analysis of Messy Data, Vol. 1 Isted. Van
Nostrand Reinhold, New York.

Mohamed, A. H. 1995. Ecological and molecular genetics studies of Russian wheat
aphids biological control. Ph.D. Dissertation, Colorado State University,
Fort Collins. CO.

Morrison, W. P. and F. B. Peairs 1998. Response model concept and economic impact.
pp. 438./n S. S. Quisenberry and F. B. Peairs eds..Response Model for an
Introduced Pest-The Russian Wheat Aphid. Entomological Society of America.
Lanham. Maryland.

Olsen, C. E., K. S. Pike, L. Boydston and D. Allison. 1993. Key for identification of
apterous vivipara and immature of six small grain aphids (Homoptera:
Aphididae). J. Econ. Entomol. 86: 137 -148.

Panda, N. and G. S. Khush 1995. Host Plant Resistance to Insects. 1sted. CAB
[nternational. Willingford.

Peairs, F. B. 1990. Russian wheat aphid management. /n Aphid-Plant Interactions -

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Populations to Molecules. Stiliwater. Oklahoma. Oklahoma State University.

Pike, K. S., D. Allison, L. K. Tanigoshi, R. F. Harwood, S. K. Clement, S. E. Halbert,
C. M. Smith, J. B. Johnson, G. K. Reed and P. K. Zwer 1991. Russian wheat
aphid - biology, damage. and management, Rep. No. PNW371. Pacific Northwest
Ext.

Poprawski, T. J., S. P. Wraight and S. Peresypkina. 1992. The barley aphid.
Brachycolus noxia Mordwilko - An edited translation, pp. 34-55. /n 5th Annul
Russian Wheat Aphid Conf, Fert Worth, Texas.

Quisenberry, S. S. and D. J. Schotzko. 1994. Russian wheat aphid (Homoptera:
Aphididae) population development and plant damage on resistant and susceptible
wheat. J. Econ. Entomol. 87: 1761-1768.

Rafi, M. M., R. S. Zemetra and S. S. Quisenberry. 1996. Interaction between Russian
wheat aphid (Homoptera: Aphididae) and resistant and susceptible genotypes of
wheat. J. Econ. Entomol. 89: 239-246.

Reed. D. K., J. A. Webster, B. G. Jones and J. D. Burd. 1991 Tritrophic relationships
of Russian wheat aphid (Homoptera: Aphididae). a hymenopterous parasitoid
(Diaeretiella rapae MclIntosh). and resistant and susceptible small grains. Biol.
Contr. 1: 35-41.

SAS 1996. SAS User’s Guide: Statistics. SAS Institute. . Gary, N. C.

Steel, R. G. D. and J. H. Torrie 1980. Principles and Prccedures of Statistics: A
Biometrical Approach, 2nd ed. Mcgraw-hill. Inc. New York.

Stnetzel. M. B. 1987. Information on and ider+ification of Diuraphis noxia (Homoptera:

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Aphididae) and other aphid species colonizing leaves of wheat and barley in the
United States. J. Econ. Entomol. 80: 696-704.

Webster, J. A., C. A. Baker and D. R. Porter. 1991. Detection and mechanisms of
Russian wheat aphid (Homoptera: Aphididae) resistance in barley. J. Econ.
Entomol. 84: 669-  673.

Webster, J. A., F. DuToit and T. W. Popham. 1993. Fecundity comparison of Russian
wheat aphid (Homoptera: Aphididae) in Bethlehem. South Africa and Stillwater.
Oklahoma. J. Econ. Entomol. 86: 544-548.

Zadoks, J. C., T. T. Chang and C. F. Konzak. 1974. A decimal code for the growth

stages of cereals. Weed Res. 14: 415-421.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2

Effects of biotic and abiotic factors on
Russian wheat aphids

infesting wheats differing in categories of resistance
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Introduction

Russian wheat aphid. Diuraphis noxia (Mordvilko), is a major insect pest of
small grains in western United States and Canada. Russian wheat aphid has spread
rapidly across the United States since its discovery, causing major economics losses.
Direct losses have ranged from $129.3 million in 1988 to $6.4 million in 1991. From
1987 to 1993, estimated direct losses were $432.5 millions (Morrison and Peairs 1998).
Effect of abiotic factors.

Rainfall has adverse effects on aphid populations. Meropolophium dirhodum
(Walker), Sitobion avenae (F.) and Rhopalosiphum padi (L.) population densities were
evaluated using mesh cloth cages that allowed simulated and natural rain to enter.
Simulated rain of 15 mm during 30 minutes produced a 58% of displacement of aphids
from plant while a natural rainfall of 7.4 mm displaced 39% (Zuniga 1982). Dhaliwal
and Singh (1973) considered rainfall as one of the most important aphid mortality factors.
Ten mm of rainfall reduced up to 82% of nymphs of the wheat aphid. Macrosiphum
miscanthi (Takahashi). and 74% of adults. Al-Mallah and Mohammad (1988) found a
negative correlation between a leaf rolling aphid. Dysaphis pvri (Boy). population on
apple trees and rain in 1986 (r= -0.34) and in 1987 (r=-0.37). Nasir et al. ( 1998)
found that the mustard aphid. Lipaphis erysimi (Kalt). densities were negatively
correlated with rainfall ( r = -0.03) on mustard and rapesseed. Recently, Liang et al.
(1998) found that D. noxia infestation of spring wheat was negatively correlated with the
amount of rainfall in April and May ( r =-0.92). but positively correlated to the amount of

rainfall in late July ( r = 0.67) between 1989 and 1996 in the Xinjiang Uygur Autonomous
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Region. China.

Temperature affects reproduction and survival of the Russian wheat aphid and
successful overwintering could result in major economic wheat losses. The
developmental threshold was estimated as -1.57°C (Girma 1990). According to
Aalbersberg et al. (1987), the heat requirements in degree days (DD). from birth to
reproduction stage for Russian wheat aphid, was 158.73 DD. The effects of temperature
fluctuation were investigated in three temperature regimes 6.4-17.6, 14.4-25.6 and 21 .4-
32.6°C, by Kieckhefer and Elliott (1989) and the lower threshold for immature
development found was 4.1°C. Michels and Behle (1989) found that from 5.0 to 20.0°C
Russian wheat aphid nymph production per day increased but decreased from 20.0 to
30.0°C. Super-cooling point of laboratory reared Russian wheat aphid was found to be
-24.0°C to -29.0°C depending on instar (Butts 1992). Also. field populations of Russian
wheat aphid could survive average daily temperatures ranging from -5.0 to -20.0°C for 20
days on winter wheat in Canada. However. Harvey and Martin (1988) found that Russian
wheat aphid survived temperatures as low as -20.8 to -21.5°C but greenbug. < rhizaphis
graminum (Rondani). could not survive such exposure. Snowcover insuiated Kussian
wheat aphid from extreme temperature drops caused by fast-moving cold fronts.
allowing temperatures to stabilize at two or three degrees below 0.0°C (Armstrong and
Peairs 1996). The insulation provided by rolled leaves may partly explain the relative
winter-hardiness of Russian wheat aphid compared to other cereal aphids (Armstrong

1994).
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Effects of biotic factors in northern Colorado.

Natural enemies can reduce Russian wheat aphid population densities. although
not necessarily sufficiently to prevent economic damage. Over 100 species of natural
enemies have been associated with Russian wheat aphid worldwide (Mohamed 19953).
Many of these, mostly coccinellids and braconids, have been introduced to over 20
countries in Asia, Europe, Africa and South America. Coccinellids are often abundant in
Russian wheat aphid infested wheat, but may not be effective predators due to their
limited ability to search within rolled ieaves (Kauffman and La Roche 1994).

The mechanical exclusion or cage exclusion technique was first used to evaluate
the efficacy of introduced parasitoids on black scale Saissetia oleae (Bern) (Smith and
DeBach 1942). Knutson and Gilstrap (1989) used exclusion cages to evaluate the effects
of natural enemies on larvae and eggs of southwestern corn borer. Diatraea grandiosella
(Dyar). Cages were also used for European com borer, Ostrinia nubilalis (Hiibner).
(Sparks et al. 1966). sovbean looper. Pseudoplusia includens (Walker), (Richman et al.
1980). and -ke leaf mining lepidopteran. Carmaria sp. (Faeth and Simberloff 1981).

Differences in microclimate. particularly temperature. had been cited as a limiting
factor for this method (Smith and DeBach 1942). However. they used different
construction materials from those used to study Russian wheat aphid (Hopper et al. 1995:
Mohamed 1995: Nechols and Harvey 1998). Nechols and Harvey (1998) reported no
temperature effects caused by cages. Mohamed (1995) observed no visual differences in

piant quality between cuged and uncaged plants.
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Russian wheat aphid population densities increased 2 to 19 fold on caged plants
compared to aphids on uncaged plants in southern France (Hopper et al. 1994).
Mohamed ( 1995) found that Russian wheat aphid densities increased between 3 to 11
fold on caged plants compared to uncaged plants, in northern Colorado. Nevertheless.
exclusion cages have limitations including changes in microclimate and interference with
pest and natural enemy movement. Additionally. maintaining the cages in the ground is
often difficult.

Bayoun et al. (1995) indicated that malathion was effective in the laboratory
against predators and parasitoids but had minimum effect on Russian wheat aphid.
However. Rao (1996) noted a lack of malathion efficacy against parasitoids and
predators when applied in the field.

Both resistant genotypes and biological control can be used for controlling
Russian wheat aphids. The combined use of biological control and plant resistant may
increase aphid mortality rate. if the resistance category is antibiosis. This may decrease
ihe body size of the prey and in turn increase the functional response of a predator
because the predator will satiate more slowly (Farid et al. 1998). Messina et al. ( 1997)
proposed that leaf architecture influenced the effectiveness of two selected predators.
Larvae of the lacewing, Chrysoperla plorabunda (Fitch). and adults of the lady beetle.
Propylea quaruordecimpunctata L.. were more effective predators on Indian ricegrass.
Orvzopsis hymenoides (Roemer & Schuites). with flat leaves. than on crested wheatgrass.
Agropyron desertorum (Fischer ex Link). with rolled leaves. The parasitism rate of

Diaeretiella rapae (Mcintosh) also was greater on aphids infesting resistant unrolled
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Triticum spp. leaves versus aphids on susceptible rolled leaves (Reed etal. 1991). Thus.
both predators and parasitoids of Russian wheat aphid can be influenced by leaf structure.
However, Reed et al. (1992) reported that antibiosis can reduce the parasitoid vitality
because of reduced host size. Brewer et al. (1998) reported that uncurled barley leaves
did not necessarily provide a better environment for Aphelinus albipodus (Hayat and
Fatima) and D. rapae to parasitize D. noxia. Smaller parasitoid size did not seem to be
an indicator of success in a physically restricted environment (rolled leaf).

This study was designed to use the exclusion cage method to measure differential
biotic and abiotic effects on Russian wheat aphid infesting wheat genotypes differing in
category of resistance. It included an intensive measurement of temperature, snowfall.
and rainfall during two consecutive winter wheat seasons. 1997-1998 and 1998-1999.
Objective.

The specific objective of this study was to determine the effects of abiotic natural
controls (snow. rainfall and temperature) and biotic factors on the interaction of Russian

wheat aphid and wheat lines differing in categories of resistance.
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Materials and Methods
Plant materials.
Three wheat lines were used in this experiment: (1) CO 940626 containing the Dn4
resistance gene with pedigree CO 850034/T-57//5* TAM 107, (2) CO 940252 containing
the Dn6 resistance gene with pedigree TAM 107//P1243781/C0O850260, and (3) the
susceptible wheat TAM 107 (J. S. Quick, Department of Soil and Crop Sciences.
Colorado State University, personal communication).
Field layout and crop management.
Field operations are summarized in Table 2.1. Border rows and buffers were planted to
TAM 107 with a tractor-mounted plot planter. However. each 76 cm wide x 9144 cm
long plot was hand-planted with a wheel planter except the 1998-1999 season. when a

tractor mounted precision plot planter was used.
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Table 2.1. Summary of fieid activities during the study period. Agricultural Research.
Development and Education Center. Fort Collins, CO.

Activity 1997-1998 1998-1999
Pre irrigation August 18. 1997 **September 24. 1998
Planting September 11, 1997 September 10. 1998
Infestation November 5, 1997 October 7, 1998
Cages placed November 15, 1997 October 10, 1998
Temperature loggers December 1, 1997 November 1, 1998
Monthly sampling started December 12, 1997 November 18, 1998
Weekly sampling started May 5. 1998 April 13, 1999
May 21, 1998 March 15. 1999
June 7,1998 Aprl 11. 1999
Insecticide June 15, 1998 May 1. 1999
May 20, 1999
June 2, 1999
Rain gauges placed April 20. 1998 March 28. 1999

** First irrigation in 1958-1999 2wks after planting.
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Experimental design.

A split plot design was used with six replicates (Steel and Torrie 1980). Each
main plot (CO 940626, CO 940252 and TAM 107) was 76 cm wide x 9144 cm long and
subdivided into four subplots for each cage treatment.

Cage treatments.

Four exclusion cage treatments were designed as follows:

1= Complete exclusion, closed at sides and top to exclude rain, snow and natural
enemies. The cages were 76.2 cm wide, 152.4 cm long and 135.89 cm height. The
frames were constructed using iron 1.27 cm diameter reinforcement bars bent to fit cage
dimensions. Cage walls and roof were covered with organdy nylon cloth (mesh size 0.4 x
0.5mm. thread thickness 0.1mm) (Hancock Fabrics, Denver, CO) that allowed light for
plant growth while excluding natural enemies.

2= Partial exclusion plus insecticide. was similar to the completely closed cage except
that it was open at the top to allow rain and snow. Also. cages sides were treated with
malathion to control natural enemies. Approximately 1 liter of malathion 50 (The
Solaris Group. Monsanto Company. San Ramon. CA) with 426 ul (AI)/l per cage was
applied to the interior walls.

A laboratory experiment was conducted to determine the effect of different
malathion rates on Russian wheat aphid population to minimize risk of contamination of
adjacent cages. Three groups of susceptible wheats infested with Russian wheat aphid
were pre-counted and sprayed with the following concentrations ( 426 ul (AIY/1. 852 ul

(AD/N. 1278 ul (AD/1). Twenty four hours later Russian wheat aphid number were
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counted and mortality percent was determined ( Table 2.2). The results showed that 426
ul (AI)/1 had the lowest mortality rate from direct exposure. However. only the walls of
cages used in the partial exclusion with insecticide treatment were to be treated so aphids
would not be exposed directly to malathion. Therefore, the 426 ul (AI)/l rate was
selected to be used for this exclusion treatment.

Table 2.2. Effect of different rates of maiathion 50 on mean (=SEM) of Russian wheat
aphid survival after 24 h of treatment.

Treatment Russian wheat aphid before | Russian wheat aphid post | %
treatment treatment mortality
Untreated 17.7£10.2 17.7=10.2 0.00
426 pl (A1 63.5£32.0 26.5=13.0 58
852 ul (A1 125.0=9.0 4.2=0.0 96
1278 ul (AI/1 212.7£0.0 2.0=0.0 99

3= Partial exclusion. the same as number 2 without malathion treatment.
4= No exclusion. consisted of just the cage frame, without walls or sides.
F.ants were inrested 2t aprroximately growth stage 30 (Zadoks et al. 1974) with 10
Russian wheat aphid mixed with drv Cream of Wheat'® cereal (Nabisco. Inc. East
Hanover. N.J.) per plant and applied to the plant with a Davis inoculator in a manner
similar to that described oy Calhoun et al. ( 1990).

Temperature was measured using HOBO '® data loggers (Onset Computer
Corporation. Pocasset. MA). One temperature logger was placed approximately 10cm
above soil. in each of the 12 wheat genotype exclusion combinations. at random among

replicates. to determine the effect of cage type on temperature accumuliations.
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Temperature loggers were programmed to record temperature every 72 minutes (Table
2.1). Rainfall was measured with twelve rain gauges placed in the same cages as
temperature loggers (Table 2.1). Rain gauges were designed as follows (D. Smith.
Department of Soil and Crop Sciences. Colorado State University, personal
communication 1996):

- Two small funnels made of plastic, held by plastic frame.

- A plastic hose connecting the funnels to a graduated cylinder to accumulate and measure
rainfall.

- The graduated cylinder was filled one quarter with antifreeze (ethylene glycol) to avoid
evaporation.

- Metal bar with clips to hold the gauges.

Sampling and data collection.

All cage treatments were sampled at the same time (Table 2.1). The first sample were
taken at approximately three weeks after infestation. Six tillers per plot were removed
once a month starting in late fall and once a week starting in late spring until crop
maturity. Samples were placed in Ziploc® bags (S. C. Johnson & Son. Inc.. Racine. W1)
labeled with the date and subplot number. The bags were put in a cooler during transport
to the laboratory. Samples were examined for parasitoid mummies and then placed
individually in Berlese funnels for 24 hours (Armstrong et al. 1991). Russian wheat
aphids were extracted into jars containing 80% ethanol. and labeled with the
corresponding subplot number. for subsequent sorting and counting. During each

sampling date coccinellids predators (adults and larvae) were counted for | minute per
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subplot: all predator counts were made by the same person.
Snow was measured in cm by metal ruler at three randomly selected points in the
temperature logger subplots and snow duration also was recorded after each snow event.
Rainfall in millimeter was recorded after each event. Temperature logger data were
downloaded every three months.
Statistical analysis.
Table 2.3 shows the analysis of variance of split-plot experiment. The general linear
model used was:

Yi=M+P +, +E, +y; + B, +(B), +E; (Steel and Torrie 1980).
i=TAMI107, CO 940626 and CO 940252.,
J = Block effect..
K = Cage treatment (1.2.3 and 4). Only 3 cages for weather data.

Table 2.3. Analysis of variance for split-plot design with wheat as main plot and cages as

a subplots.
Source of Degree of Sum of Mean F
Variaticn Freedom Squares Square
Total 71
Replications 5 SS Replicate  MSR
Main-plot
(Wheat) 2 SS Wheat MSW F wheat
Error 10 SSError MSE
Sub-plot
(Cages) 3 SSCages MSC F e
Cagesx Wheat 6 SS (Cages* MS(Cages* F_ . ewnex
Wheat) Wheat)
Error 43 SSError
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Data analysis.

Russian wkeat aphid counts were analyzed using Proc Mixed and LSMeans (SAS
1996). This program is limited in detection of sub-plot interactions. Therefore. in order
to construct a general statement for the analysis. three months were selected to represent
each season and analyzed separately to get an overview statement. The rest of data
analysis was on a monthly basis. F-value and p-values are reported in the tables. Aphid
counts were transformed by the square root method if the need to do so was indicated by
the shape of residual plots (SAS 1996). During the 1998 - 1999 season greenbug.
Schizaphis graminum (Rondani), was analyzed as one of the variables affecting Russian
wheat aphid density. Therefore, competition effects were determined based on that.

Temperature data were summarized using SAS and maximum. minimum and
average temperature were calculated. Accumulated degree hours below 0.0°C (ADHO0)
were determined for each sampling date. cage treatment with different wheat genotype.
and each vear. Sub zero accumulations were calculated by summing the average
:2mperature of each h below 0.0°C. (For example, if on a given day the average hourly
temperature were -2.0°C at h 0800, -6.0°C at h 0900. and -10.0°C at h 1000 the ADHO for
the day will be -18.0°C). Then the number of hours with negative temperatures were
summed for each hourly average temperature below 0.0°C (AHO) tor every sampling date
(Armstrong and Peairs 1996). However. 20°C was chosen as the upper favorable
temperature limit (Michels and Behle 1988). Accumulated degree hours above 20°C

(ADH20) were calculated simiiarly.
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The snowfall amount received for exclusion treatment were calculated for all cage
exclusion treatments. Both partial exclusion treatments were combined togther because
of the similarity in snowfall received, creating an unbalanced analysis. PROC GLM was
applied to test the effects of exclusion on snowfall amounts received. The same
procedure was followed for rainfall effects. Then average daily snowcover (ADSC) and
average daily rain fall (ADRF) were calculated from snow and rain observations.

Natural enemy (NE) (parasitoids and predators) counts were analyzed separately.
Parasitoid counts were analyzed after sorting by wheat genotype. All the above
parameters were analyzed by PROC GLM each year for each wheat genotyvpe / exclusion
cage type combination. Means were compared by Fisher’'s LSD method if P>F was <0.05
and by Bonferroni’s method if P>F >0.05 (Milliken and Johnson 1984).

All parameters (ADHO. AHO, ADSC. ADH20, AH20, ADRF and NE) were then
used as independent variables in regression models, with Russian wheat aphid density per
tiller as the dependent variable. Two different data sets were created. The first contained
winter data from December 1997-March 1998 and November 1998- March 1999. The
independent variables were (ADHO0, AHO. ADSC) with Russian wheat aphid per tiller as
dependent variable. This was done for each exclusion treatment / wheat genotype
combination. The other data set included spring data collected during April 1998 - June
1998 and April 1999 - June 1999 with ADH20, AH20, ADRF and NE used as
independent variables and Russian wheat aphid per tiller as the dependent variable.

Multiple regression models were calculated using the PC SAS PROC REG

procedure. followed by selection = MAXR. CP and MSE statements. The MAXR
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statement allows for all combinations of regression to be included or deleted in a step-

wise order.
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Results and Discussions
Population density.

Russian wheat aphid densities varied among different wheat genotypes during the
season from December 1997 until July 1998 (F =34.10.df=2.P <0.0001) and from
November 1998 until June 1999 (F =25.99 ,df=2, P <0.0001 ) based on the
representative month PROC-MIXED analyses (Figs 2.1,2.2). Similar results were
observed in 1996, 1998 and 1999 in the study reported in Chapter 1. Russian wheat aphid
density on the susceptible wheat TAM 107 was three times higher than on either resistant
wheat in both seasons. Densities were similar on CO 940626 and CO 940252 wheat

genotype affected aphid development indicating antibiotic resistance.
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Fig 2.1. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from 3 wheats
differing in aphid resistance. averaged over 4 exclusion cage types. December 1997- July
1998. Agricultural Research. Development and Education Center. Fort Collins. CO. Bars
marked with different letters are significantly different. Fisher protected LSD («=0.03).
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Fig 2.2. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from 3 wheats
differing in aphid resistance. averaged over 4 exclusion cage tvpes. November 1998-June
1999. Agricultural Research, Development and Education Center. Fort Collins, CO. Bars
marked with different letters are significantly different, Fisher protected LSD (2=0.05).
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Aphid population densities varied under the four cage treatments in 1997-1998
(F=3.48.df=3.P =0.0226) and in 1998-1999 ( F = 6.85, df = 3. P = 0.0008) for the
representative month analysis (Figs 2.3. 2.4). In the first season. the complete exclusion
treatment had more Russian wheat aphids than the other exclusion treatments. as
expected, since Russian wheat aphids were protected from detrimental biotic and abiotic
factors. However, in 1998-1999 Russian wheat aphid abundance in the no exclusion
treatment was similar to the complete exclusion treatment (Fig 2.4). This difference
might due to the lack of environmental detrimental influence during 1998-1999 season.
Differences were observed among cage treatments in both seasons (Tables 2.4, 2.5).
Exclusion effects were less than those observed by Hopper et al. (1995) and Mohamed
(1995). although years were not similar more aphid were found in partial exclusion plus
insecticide than in partial exclusion. Caution should taken interpreting these resuits
because they are derived from the three representative months in each year.

Among selected three months in 1997-1998 season (F= 87.65. df=2. P <0.0001)
and 1998-1999 (F= 73.09. df=2. P <0.0001). Densities remained low until spring.
Genotypic differences were not observed until April or May. when more aphids were
observed on TAM 107. Low population densities during winter and early spring in
Colorado is normal for Russian wheat aphid (Peairs 1990), as is the rapid population
increase observed at the end of spring and early summer in both seasons. [n 1998 aphid
densities declined first on TAM 107, due to the earlier maturity of that wheat (Fig 2.5).
However. sampling in the second year was terminated based on the declining population

densities in the study reported in Chapter 1 before noticeable declines occurred in this
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study (Fig 2.6). Russian wheat aphid population densities were lower in 1998-1999 than
in 1997-1998. Greenbug abundance during November 1998 Russian wheat aphids (F =

3.46.df =4, P =0.0131). similarly in May 1999 (F =9.55.df =70, P <0.0001).
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Fig 2.3. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from 4
exclusion cage treatments averaged over three wheats differing in aphid resistance.
December 1997-July 1998. Agricultural Research. Development and Education Center.
Fort Collins. CO. Bars marked with different letters are significantly different. Fisher
protected LSD (0¢=0.05).
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Fig 2.4. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from 4
exclusion cage treatments averaged over three wheats differing in aphid resistance.
November 1998-June 1999. Agricultural Research, Development and Education Center.
Fort Collins. CO. Bars marked with different letters are significantly different. Fisher
LSD (a=0.05).
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Table 2.4. Mean number of Russian wheat aphid per tiller (= SEM) sampled for 3
months representing December 1997 - July 1998 on 3 wheats differing in aphid
resistance. from 4 exclusion cage treatments. Agricultural Research. Development and
Education Center. Fort Collins. CO.

Exclusion treatment Aphids per tiller
Complete exclusion 1.0+ 0.0a
Partial exclusion plus insecticide 0.7+ 0.0b
Partial exclusion 0.6 £0.0c
No exclusion 0.4=0.0d
F-value 3.48
P>F 0.0001

Means within columns followed by the same letter are not significantly different
(a=0.05, LSMeans )(SAS 1996).

Table 2.5. Mean number of Russian wheat aphid per tiller (= SEM) sampled for 3 months
representing November 1998- June 1999 on 3 wheats differing in aphid resistance. from 4
exclusion cage treatments. Agricultural Research. Development and Education Center.
Fort Collins. CO.

Exclusion treatment Aphids per tiller
Complete exclusion 1.0+0.2¢c
Partial exclusion plus insecticide 1.0=0.2b
Partial exclusion 0.8+0.2d
No exclusion 24+0.2a
F-value 6.85
P>F 0.0008

Means within columns followed by the same letter are not significantly different
(2=0.05. LSMeans )(SAS 1996).
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Fig 2.5. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from resistant
and susceptible wheats, summarized over 4 exclusion cage treatments. December 1997-
July 1998. Agricultural Research Development and Education Center. Fort Collins. CO.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

35

30

25

20

15

10 ¢

RWA per tiller £ SEM

© 'S o > © n © o \ ® o ~ A
Vv &Y N N N N Vv < N N a Q i)
N K E F F E ¢ ®

Dates

—e_CO 940626 g CO 940252 __,__ TAM 107

Fig 2.6. Mean (= SEM) Russian wheat aphids (RWA) per tiller collected from resistant
and susceptible wheats, summarized over 4 exclusion cage treatments, November 1998-
June 1999. Agricultural Research, Development and Education Center. Fort Collins. CO.
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Exclusions, wheat genotypes and Russian wheat aphids.

Both CO 940626 and CO 940252 had similar effects on aphid abundance.
compared with TAM 107 (Tables 2.6 and 2.7). TAM 107 had the greatest aphid
abundance (Tables 2.6 and 2.7). Exclusion treatments differed in their effect on aphid
densities with different wheats. The complete exclusion cage treatment always had
greater aphid abundance because of the protection against detrimental environmental
factors provided by this treatment compared to the two partial exclusion treatments.
TAM 107 with exclusions always had greater aphid abundance compare to the two
resistant wheat with exclusion treatments (Tables 2.6 and 2.7). Two reasons for this
observation, exclusion treatment protection and secondly leaf curling protection from
biotic and abiotic factors. Russian wheat aphid densities on resistant wheats were not
affected by the use of insecticides (Tables 2.6 and 2.7). Natural enemies might not have
been exposed to the insecticide because of protection provided by the aphid mummies
Rao (1996) and might be due to inactivity of malathion in the fieid against natural

enemies as was observed by Rao (1996).
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Table 2.6. Mean number of Russian wheat aphid per tiller (£ SEM) sampled for 3
months representing December 1997- July 1998 on 3 wheats differing in aphid resistance.
grown in different exclusion cages. Agricultural Research. Development and Education

Center. Fort Collins. CO.

Aphids per tiller
Wheat Complete Partial Partial No
genotype exclusion | exclusion plus | exclusion exclusion
insecticide

C0O 940626 | 0.9=0.1bA 0.4=0.1bB 0.6=0.1abB | 0.6 £0.1bB
C0O 940252 | 0.6 £0.IcA 0.4 =0.1bA 0.4+0.1bA | 0.4=0.1bA
TAM 107 1.4+0.1aA 1.1 £0.1aA 0.8+0.1aB 1.0 £ 0.1aA

F-value | 3.48 34.10

P>F 10.0226 0.0001

Means within rows and columns followed by the same letter (upper case. rows
and lower case, columns) are not significantly different ( ®=0.05. LSMeans )}(SAS 1996).
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Table 2.7. Mean number of Russian wheat aphid per tiller (+ SEM) sampled for 3
months representing November 1998- Jun 1999 on 3 wheats differing in aphid resistance,
grown in different exclusion cages. Agricultural Research. Development and Education

Center. Fort Collins. CO.

Aphids per tiller
Wheat
genotype Complete Partial Partial No
exclusion exclusion exclusion exclusion
plus
insecticide
CO 940626 0.9+04bA | 0.7+0.4bB 1.0 = 0.4aAB 1.6 = 0.4bA
CO 940252 0.7+04bA | 0.2+0.4cB | 0.4 =0.4bAB | 0.6=0.4cAB
TAM 107 1.3+04aB | 2.2 £ 0.4aBA 1.3 =0.4aB 5.3 = 0.4aA
F-value | 6.85 25.99
P> F | 0.0008 0.0001

Means within rows and columns followed by the same letter (upper case. rows
and lower case, columns) are not significantly different ( @=0.05. LSMeans }(SAS 1996).
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The interaction between Russian wheat aphid. wheat genotypes and exclusion
treatment by month was significant in 1997-1998 (= 88.9, df=12, P =0.0159) and 1998-
1999 (F=5.32, df=12, P <0.0001) in the representative month analysis. The complete
exclusion had greater densities in both years (Tables 2.8 and 2.9). Different wheat
genotypic effects were observed over months in 1997-1998 (F=29.29, df=4. P < 0.0001)
and 1998-1999 (F= 17.30, df=4, P <0.0001) for the representative months. During
December 1997, January 1998-April 1998, the effects of wheat genotype and exclusion
treatment were not clearly observed due to the low aphid abundance normally observed
during winter (Peairs 1990) (Tables 2.8, 2.9). As abundance increased in late March
1998 and May 1999, the interaction started to appear and wheat genotype and exclusion
treatment effects became more clear (Tables 2.8, 2.9). As wheats start to mature and dry
down and Russian wheat aphid abundance decreased interaction effects again became less
apparent (Tables 2.8. 2.9). Therefore. sufficient Russian wheat aphid density is required
to observe effects of wheat genotype and exclusion treatment (Tables 2.8 and 2.9).
Natural enemies usually become active in wite Miay anl oy juac 20 ohid pray become
readily available (Mohammed [994). Insecticide use did not affect aphid densities in the
partial exclusion treatments (Table 2.8 and 2.9). even though malathion applications were
increased from three in the first year to five in the second vear. Parasitoids and predators
might not have come into contact with treated cage walls. or they might be more tolerant
to malathion than was first reported (Rao 1996). One additional reason of the lack of
natural enemies effects might be due to the exclusion design. a cage open at the :ides

mizii Liceract differently with natural enemies than a cage open at the top.
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Table 2.8. Effect of plant resistance and exclusion cage type on Russian wheat aphid densities per titler (£ SEM) per sampling
date, monthly from December 1997 until July 1998. Agricultural Research, Development and Education Center, Fort Collins,

‘uolssiwuad noypm payqiyosd uononpoidal Jayung “Jaumo ybBuAdoo ayy jo uoissiwiad yum peonpoiday

CO.
Aphid per tiller
Wheat genotypes December 1997
Complete exclusion | Partial exclusion | Partial exclusion No exclusion
plus insecticide
CO 940626 0.0 1: 0.0aA 0.0 4 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA
CO 940252 0.0 + 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA
TAM 107 0.0 £ 0.0aA 0.0 £ 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA
F-value | 0.38 0.37
P>F |0.7674 0.6968
January 1998
CO 940626 0.1 £ 0.0abA 0.0 £ 0.0aA 0.0 £ 0.0aA 0.0 £ 0.0aA
CO 940252 0.0 + 0.0bA 0.0 + 0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA
TAM 107 0.1+ 0.0aA 0.0 £ 0.0aBC 0.0 £ 0.0aAC 0.0 £ 0.0aAC
F-value | 1.64 0.61
P>F 101925 0.5548
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Aphid per tiller
Wheat genotypes February 1998
Complete exclusion | Partial exclusion | Partial exclusion No exclusion
plus insecticide
CO0 940626 0.0 + 0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA 0.0+ 0.0aA
CO 940252 0.0 £ 0.0aA 0.0  0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA
TAM 107 0.0 £ 0.0aA 0.0+ 0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA
F-value | .62 0.56
P>F 106039 0.5854
March 1998
C0 940626 0.0 £ 0.0bA 0.0 £ 0.00A 0.0 £ 0.0aA 0.0 + 0.0aA
CO 940252 0.1 +0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA 0.0 + 0.0aA
TAM 107 0.1 £ 0.0aA 0.0 + 0.0aB 0.0 £ 0.0aB 0.0 +£ 0.0aB
F-value { 2.64 3.04
P>F |0.0574 0.0552
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Aphid per tiller
Wheat genotypes June 1998
Complete exclusion | Partial exclusion | Partial exclusion No exclusion
plus insecticide
CO 940626 13.7 £ 6.0bA 6.0 £ 6.0bA 7.0 £ 6.0abA 8.5 £ 6.0abA
CO 940252 104 £ 6.0bA 2.8 4 6.0bA 3.6 £ 6.0bA 5.9+ 6.0bA
TAM 107 43.8 4 6.00A 22.3 4 6.0aB 20.1 £+ 6.0aBB 22.5+6.0aB
F-value | 3.99 1.92
P>F 10.008 0.0045
July 1998
CO 940626 2.8 £ 4.4aA 4.3 + 4.4aA 7.9+ 4.4aA 3.6 £ 4.4bA
CO 940252 3.3 +4.4aB 8.2 +£ 4.4aBC 1.7+ 4.4aB 14.7 £ 4. 4aAC
TAM 107 0.5 £ 4.40A 1.4 + 4.4aA 0.1 £4.4aA 2.7+4.4bA
F-value | 0.85 1.35
P>F 04734 0.2900

Means within rows and columns followed by the same letter (upper case, rows and lower case, colums) are not significantly
different ( =0.05, LSMeans )}(SAS 1996).
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Table 2.9. Effect of plant resistance and exclusion cage type on Russian wheat aphids densities per tiller (£ SEM) per
sampling date, monthly from November 1998 until June 1999. Agricultural Research, Development and Education Center,
Fort Collins, CO.
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Aphid per tiller
Wheat genotypes November 1998
Complete exclusion Partial exclusion | Partial exclusion | No exclusion
plus insecticide
CO 940626 0.0 £ 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA
CO 940252 0.0 4: 0.0aA 0.0 £ 0.0aA 0.0 + 0.0aA 0.0 + 0.0aA
TAM 107 0.0+ 0.0aB 0.1 £ 0.0aBA 0.0 4+: 0.0aB 0.1 £ 0.0aA
F-value | 1.02 1.74
P>F 10.3920 0.2086
December 1998
CO 940626 0.0 £ 0.0aA 0.1 £0.0aA 0.0 + 0.0aA 0.0 : 0.0aA
CO 940252 0.0 + 0.0aA 0.0 £ 0.0bA 0.0 + 0.0aA 0.0 £ 0.0aA
TAM 107 0.1+ 0.0aA 0.1 £0.0aA 0.0 £ 0.0aA 0.0 + 0.0aA
F-value | 0.82 0.94
P>F 104917 0.4121
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Aphid per tiller
Wheat genotypes January 1999
Complete exclusion Partial exclusion | Partial exclusion | No exclusion
plus insecticide
CO 940626 0.0 £ 0.0aA 0.0 £ 0.0aA 0.0 £ 0.0aA 0.0 + 0.0aA
CO 940252 0.0 4 0.0aA 0.0 + 0.0aA 0.0 £ 0.0aA 0.0t 0.0aA
TAM 107 0.0+ 0.0aA 0.0 4+ 0.0aA 0.0 +0.0aA 0.0 + 0.0aA
I-value | 0.29 0.14
P>F 108344 0.8729
February 1999
CO 940626 0.0 4 0.0bA 0.0 = 0.0bAC 0.0 £ 0.0aBC 0.0 £ 0.0aAC
CO 940252 0.0 £ 0.0cA 0.0 + 0.0bA 0.0 £ 0.0aA 0.0 £ 0.0aA
TAM 107 0.1 £ 0.0aA 0.1 = 0.0aA 0.0 £ 0.0aA 0.0 £ 0.0aA
F-value | 0.30 4.63
P>F 10.8284 0.0271
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Aphid per tiller
Wheat genotypes May 1999
Complete exclusion Partial exclusion | Partial exclusion | No exclusion
plus insecticide
CO 940626 0.8 + 0.3bA 0.5+0.3aA 0.8 £ 0.3aA 0.7+ 0.3bA
C0 940252 (.5 4+ 0.3bA 0.1 £0.3aA 0.3 +0.3aA 0.2 + 0.3bA
TAM 107 3.0 4 0.3aA 0.8 £ 0.3aB 0.7 £ 0.3aB 2.0+ 0.3aA
F-valuc | 5.33 7.48
P>F 10.0014 0.0056
June 1999
CO 940626 28+ 1.1aA 1.9+ 1.1bA 3.2 1.1abA 3.1+ L.IbA
CO 940252 294+ 1.1aA 0.2+ 1.16BC 1.1+ 1.1bBA 20+ 1.1bA
TAM 107 35+ 1 1aB 6.1+ 1.1aB 4.8+ 1.1aB 13.8 & 1.1aA
F-value |4.57 33.62
P>F |0.0045 0.0001

Means within rows and columns followed by the same letter (upper case rows and lower case, colums) are not significantly

different ( @=0.05, .SMcans )(SAS 1996).
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Biotic and abiotic measurements.

Both abiotic and biotic factors affect Russian wheat aphid population dynamics.
Temperature differed over time (F = 403.89, df = 11, P<(.0001) but was not affected by
exclusion treatment (F =2.06 ,df =3, P=0.1032) from December 1997 until July 1998
(Fig 2.7). The minimum winter temperature during this period was -14.0°C. From
November 1998 until June 1999 temperature again differed with time (F=2118.2,df =
11, P <0.0001) but not exclusion cage treatment (£ = 1.01 ,df =3, P =0.3874) (Fig 2.8).
The minimum temperature during this period was -18.0°C.

Exclusion treatment did affect snow cover in 1997-1998 (F =17.15,df =3,

P <0.0001) although only five snow events totaling 51.9 cm snowfall and less than 1 d
of snowcover occurred. Therefore. the effects of snow cover as temperature stabilizer
(Armstrong 1994: Armstrong and Peairs 1996) were limited. Exclusion treatments
affected snow cover again in 1998-1999 (F = 15.99.df =3 , P < 0.0001). with two events
totaling 14.1 cm and 3 days of snow cover (Table 2.10). The most snow was measured in
the no exclusion treatment and the least in the complete exclusion treatment.

Rainfall was not affected by exclusion treatment in 1997-1998 (F =0.19. df = 2.
P=0.8313) and 1998-1999 (F = 1.01, df =2. P=0.3672 ). The lack of cage effect may have
been due to fabric type or roof design (Table 2.11).

Parasitoid counts were not affected by exclusion treatments in 1997-1998
(F=0.81,df=3. P=0.4912) and 1998-1999 (F = 0.48, df =3, P=0.6988). Similarly.
predators were not affected by exclusion treatments in 1997-1998 (F = 0.97, df =3.

P=0.4112 ) and 1998-1999 (F = 0.48. df =3. P=0.6988 ). Similar results were observed
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both seasons for wheat genotype exclusion treatments combinations {Tables 2.12. 2.13.
2.14 and 2.15). Therefore natural enemies were not affected by exclusion treatment in
1997-1998 (F =0.39,df =3, P=0.6784 ) and 1998-1999 (F=0.13 .df =3 . P=0.8792).
This may have been due to cage design. insecticide choice or generally low natural enemy
activity.

More hours below 0.0°C were observed in the no exclusion treatment compared
with the other exclusion treatments in 1997-1998 season (Table 2.16) but not 1998-1999
(Table 2.17). Other cage designs might have accumulated heat differentially. Also,
location differences might be a reason for temperature differences between years (Table
2.16 and 2.17). The effects of accumulated temperatures above 20°C were not affected by

exclusion treatment / wheat genotype combinations in either years (Tables 2.18 and 2.19).
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Tabie 2.10. The effect of the exclusion treatment on the mean of the amount of snow
received (cm) (= SEM) during 1997-1998 season and 1998-1999 season. Agricultural
Research. Development and Education Center. Fort Collins. CO.

Exclusion treatments 1997-98 1998-98
Completely exclusion 0.5=02b 0.0 =0.0b
Partial exclusion with and 4.9 =0.5a 6.3+1.0a
without insecticides
No exclusion 5.6=0.7a 7.6+0.7a
LSDy 45 1.978 2.00
F-value 17.15 15.99
P>F 0.0001 0.0001

Mean within a column followed by the same letter (s) are statistically similar

according to Fisher protected LSD (¢=0.05).
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Tabie Z.11. The effects of exclusion treatment on the mean of rainfall amount received
(cm) (= SEM), 1997-1998 and 1998-1999. Agricultural Research. Development and
Education Center, Fort Collins, CO.

Exclusion 1997-1998 1998-1999
treatments
Completely 0.6 £ 0.5a 09=04
exclusion
Partial exclusion 0.7 = 0.6a 1.0£0.3a
with and without
insecticides
No exclusion 0.7+ 0.6a 1.0£0.1a
Dunn, (s 1.9847 24314
F- value 0.19 1.01
P>F 0.8313 0.3672

Mean within a column followed by the same letter (s) are statistically similar
according to Bonferroni Dunn (©=0.05).
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Table 2.12. Effects of exclusion treatment and resistance on mean of parasitoid mummies counts (+ SEM), 1997-1998 |
Agricultural Research, Development and Education Center, Fort Collins, CO.

Exclusion treatments
Wheat Complete | Partial exclusion Partial No exclusion | Dunnggs | F-value |P>F
genotypes exclusion | plus insecticide exclusion
C0940626 {3.0+25A [1.2+0.8A 04 +03A 42+21A 49188 1.01 0.4031
C0 940252 105+03A |1.1+£0.6A 2.6+ 1.3A 1.7£0.7A 2.84690 | 1.24 0.3139
TAM 107 0.7+0.6A ]0.3£03A 40+£2.7A 1.5+0.7A 205183 | 1.05 0.3875

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (a=0.05).

Table 2.13. Effects of exclusion treatment and resistance on mean of parasitoid mummies counts (+ SEM), 1998-1999
Agricultural Rescarch, Development and Education Center, Fort Collins, CO.
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Exclusion treatments
Wheat Complete Partial exclusion | Partial exclusion No Dunn,, | F-value | P>F
genotypes exclusion plus insecticide exclusion
C0 940626 5.2+ 4.6A 4.1 £ 0.0A 31+ 1.7A 1.6+ 13A |2.03693 |0.30 0.8274
C0O 940252 45+ 19A 0.0 £ 0.0A 0.6 £ 0.4A 0.0+0.0A ]2.03693 |257 0.0716
TAM 107 1.5+ 0.8A 1.5+ 0.6A 0.0+ 0.0A 1.8+ 1L1A | 252221 |0.13 0.8743

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (2=0.05).
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Table 2.14. Effects of exclusion treatment and different wheat genotypes varying in resistance to aphids on the mean of
coccinellid counts (£ SEM), 1997-1998. Agricultural Research, Development and Education Center, Fort Collins, CQ).

Exclusion treatments

Wheat Complete Partial exclusion | Partial exclusion No Dunngy | F-value | P>F
genotypes exclusion plus insecticide exclusion

CO 940626 2.1£0.7A 1.4+ 08A 1.8+ 09A 26+ 1.0A (26316 |0.31 0.8172
CO 940252 40+27A 6.0 £ 4.6A 30+ 1L1A 6.0+26A |2.05183 |0.23 0.8761
TAM 107 2.0+ 0.6A 1.8+ 1.0A 1.6 £ 0.7A 8.7+ 8.0A |2.05183 |0.81 0.4985

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (a=0.05).

Table 2.15. Effects of exclusion treatment and different wheat genotypes varying in resistance to aphids on the mean of
coccinellid counts (+ SEM), 1998-1999. Agricultural Rescarch, Development and Education Center, Fort Collins, CO.

Exclusion treatments
Wheat Complete Partial exclusion | Partial exclusion | No Dunnyy | F-value | P>F
genotypes exclusion plus insecticide exclusion
CO 940626 30£0.7A 2.6+ 2.6A 2.7+ 0.6A 20+ 1.8A 2.81234 [0.10 0.9604
CO 940252 4.5+ 1.8A 2.6 £ 2.6A 2.6 £ 0.6A 0.5+0.5A 2.81234 | 0.76 0.5259
TAM 107 3.3+ 0.6A 3.6£13A 0.0+ 0.0A 0.1 £0.1A 2.52221 1.26 0.2968
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Table 2.16. The mean number of hours below zero degree centigrade ( SEM) in 4 exclusion treatments with 3 wheat

genotypes varying in resistance to aphids from December 1997 until March 1998, Agricultural Research, Development and
Education Center, Fort Collins, CO.

Exclusion treatments
Wheat Complete Partial exclusion with and No exclusion LSD,os | F-value | P>F
genotypes exclusion without insecticide
C0 940626 and | 2930.0 + 433.6B 2011.5 +284.2B 6252.2 £ 1062A | 2183.5 | 10.69 | 0.0042
CO 940252
TAM 107 1889.2 + 311.28 2059 + 376.2B 6309.0 £ 966.6A | 2000.2 | 16.04 | 0.001]

Mean within a row followed by the same letter (s) are statistically similar according to Fisher protected LSD (0=0.05).

Table 2.17. The mean number of hours below zero degree centigrade (2 SEM) in 4 exclusion treatments with 3 wheat

genotypes varying in resistance to aphids from November 1998 until March 1999. Agricultural Research, Development and
Education Center, Fort Collins, CO.

Exclusion treatments
Wheat Complete Partial exclusion with and No exclusion Dunn, | F-value | P>F
genotypes exclusion without insecticide
CO 940626 and | 2167.7 £ 654.6A 2269.7 + 703.2A 2404.7 + 803.7A | 3000.1 0.03 09734
CO 940252
TAM 107 22227+ 717.2A 4306.5 £ 17174A 2430.5+ 783.0A | 4836.2 097 | 04157

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (¢=0.05).
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Table 2.18. The accumulative mean degree hours above 20°C (£ SEM) in 4 exclusion treatments with 3 wheat genotypes
varying in resistance to aphids from December 1997 until March 1998, Agricultural Research, Development and tiducation

Center, Fort Collins, CO.

Exclusion treatments
Wheat
genotypes Complete Partial exclusion with and | No exclusion Dunngyy | F-value { P> F
exclusion without insecticide
C0O 940626 and | 2478.1 + 808.7A 1510.1 4+ 479.6A 3436.6 + 10774A | 30374 1.36 | 0.2781
CO0 940252
TAM 107 1925.0 + 557.6A 1706.7 4 558.1A 4547.7 +: 1573.3A | 3738.3 2.42 0.1132

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (a=0.05).

Table 2.19. The accumulative mean degree hours above 20°C (+ SEM) in 4 exclusion treatments with 3 wheat genotypes
varying in resistance to aphids from November 1998 until March 1999. Agricultural Research, Development and Education
Center, Fort Collins, CO.

Exclusion treatments
Wheat
genotypes Complete cage Partially caged with No cage Dunnyy | F-value [ P> F
insecticide partially caged
without insecticide
CO 940626 and | 2025.8 + 731.5A 1360.8 + 377.1A 22970+ 853.4A | 26908 0.50 10.6214
CO 940252
TAM 107 1206.0 £ 377.5A 4553.0 4 1715.0A 2296.4 + 858.3A 4436 229 101440

Mean within a row followed by the same letter (s) are statistically similar according to Bonferroni Dunn (a=0.05).
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Fig 2.7. Average monthly temperatures in 4 types of exclusion cages. December 1997 -
July 1998. Agricultural Research Development and Education Center, Fort Collins. CO.
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Exclusion treatment did not affect amount of rainfall measured received from

April-June 1998 (F=0.19,df =2, P=0.8313) or April-June 1999 (F=1.01,df=2. P
0.3672). In other studies simulated rain of 15 mm during 30 minutes resuited ina 58 %
displacement of aphids, while natural rain resulted in a 39 % displacement of aphids
(Zuniga 1982). Others studies with similar results indicate that rainfall can displace
many aphids from a plant (Dhaliwal and Singh 1975). Consistent rainfall however, is
important for aphid mortality. In this study, rainfall affected the Russian wheat aphid
abundance in both years for only short periods of time. (3days, F=3.11,df=64 ,P =
0.0172) (7days, F =17.42,df =21, P <0.0001) respectively. In 1997-98 there were 10
rain events from late April to early June totaling 62 mm. However, in 1998-1999 there
were 13 rain events between April 22 to May 28, 1999 totaling 114 mm. Rainfall
frequency and amount were important mortality factors. Rainfall affected the interaction
of wheat genotype and aphid abundance in both years 1997-1998 (F =3.31.df=4.P=
0.0927) and 1998-1999 (F =2.39 . df = 4. P= 0.0600) respectively. These results were
similar those of Liang etal. (1998) and Legg and Brewer (1995).

Russian wheat aphid density was not affected by D. rapae parasitoids in 1997-
1998 season ( F =0.02.df = 1. P = 0.8969) but effects were observed in 1998-1999 ( F =
102.28.df = 1. P <0.0001). Wheat genotype did not affect D. rapae abundance in 1997-
1998 ( F=0.21,df=2.P=0.8119) or 1998-1999 ( F=2.15,df=2.P =0.1228).
consistent with Brewer et al. (1998) observations on bariey. No differences were
observed between the partial exclusion with insecticide ar.d partial exclusion without

insecticide treatments for parasitoids or predators in either year.
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Regression model for 1997-1998 and 1998-1999 season. Winter phase.

In comparing the model statistics for the additive effects of independent variables
over the 2 years of the study, the accumulated degree hours < 0 °C (AHO) alone resulted
in R?> =0.62 and CP= 0.78 for Russian wheat aphid on the resistant wheats (Table 2.20).
Also R?=0.63 and a higher CP=2.62 was noted for Russian wheat aphid totais on TAM
107, indicating that low temperatures affected Russian wheat aphid more on resistant
wheats than on the susceptible under no cage treatment for both years.

The AHO was related to Russian wheat aphid decline (Table 2.20). This might be
different if more snowcover duration had occurred. Snowcover duration was limited in
both years compared to Armstrong and Peairs (1996) when more than 40 days of
snowcover was reported, stabilizing subnivean temperatures. Also, the curled leaves on
TAM 107 might insulate aphids (Armstrong 1994). However, aphids on both resistant
and susceptible wheats were affected similarly by the number of hours below zero.
However, the limited number of snow events and mild temperatures during the study
period may have limited wheat genotype effects on Russian wheat aphid survival. Also.
host genotype effects on Russian wheat aphid overwintering might be reduced by
holocycly, since the eggs is the most cold tolerant stage.

Regression model for 1997-1998 and 1998-1999 season. Spring phase.

Natural enemy activity was the most important independent variable in several
exclusion-genotype combinations (Table 2.21). Natural enemies affected Russian wheat
aphid more on TAM 107 and partial exclusion than on other treatment combinations R*=

0.97, CP =1.21, P =0.0001, (Table 2.21). This consistent with the observations reported
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in Chapter 1. Thus, unrolled leaf structure had no effect on the performance of Russian
wheat aphids parasitoids. Although Kauffman and La Roche (1994), concluded that leaf
rolling hindered the performance of coccinellids under lab condition, Brewer et al.
(1998) and this study showed leaf rolling had no effect on natural enemies activities
based on the higher P-value and R? (Table 2.21).

Average daily rainfall (ADRF) affected Russian wheat aphid density only on the
resistant wheats (Table 2.21). Rain displacement of the aphid on uncurled leaves is
evidenced by the negative correlation of D. noxia and rainfall between March - Jun in
both years, similar to Liang et al. (1998) observations in China. Rainfall is thus more
important Russian wheat aphid mortality factor on wheats resistant to leaf rolling. This
might answer the concems of Legg and Brewer (1995) regarding the impact of rainfall
on Russian wheat aphid abundance in dryland winter wheat production areas.

The accumulated degree hours above 20°C affected Russian wheat aphid
abundance negatively (Table 2.21). Michels and Behle (1989) observed that Russian
wheat aphids populations declined in the lab under 19-25 °C temperature regime. More
temperature accumlation might occur in the curled ieaf due to the restricted air

movement.
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Table 2.20. Best-fit lincar regression models for Russian wheat aphid densities on resistant and susceptible wheats in different
exclusion cages versus accumulated degree hours < 0 °C (AH0) December-March 1997 -1998 and November 1998 - April
1999. Agricultural Research, Development and Education Center, Fort Collins CO.

Wheat genotype Cage Independent Intercept | Slope | R? crp F |
Treatment variables
CO 940626,C0940252 No cage AHO -0.11 0.85 ] 062 | 078 { 993 | 0.0198
TAM 107 No cage AHO -0.04 049 | 063 | 2.62 | 1052 | 0.0176

* All possible models presented in appendix B.
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Table 2.21. Best-fit linear regression models (a) for Russian wheat aphid densities on resistant and susceptible wheats in

different exclusion cages versus natural enemies (parasitoids and predators) (NE), average daily rain fall (ADRF) and
accumulative degree hours < 20 °C (ADH?20). March-June 1997-1998 season and April June 1998-1999. Agricultural

Rescarch, Development and Education Center, Fort Collins CO.

Wheat genotypes Cage Independent Intercept | Slope | R? cr F P
Treatment variables

CO 940626, Partially caged NE 9.19 021 1039 | 267 449 |0.0718
C0940252

TAM 107 Partially caged NE -2.06 0.68 | 0.97 1.21 257.24 | 0.0001
CO 9406206, No cage NE 524 0.17 | 091 | 11.41 80.03 | 0.0001
C0940252

CO 940626, No cage ADRF 5.24 995 | 095 | 7.05 3.80 | 0.0993
C0940252

TAM 107 No cage NE 8.56 041 | 097 12.59 305.44 | 0.0001
TAM 107 No cage ADH20 8.56 -0.05 | 0.98 6.43 5.19 0.0629

* All possible models presented in appendix B.




Conclusions

Russian wheat aphid population densities were affected by wheat genotype.
Exclusion cages prevented snowfall but did not result in differences in temperature or
rainfall. Malathion did not affect parasitoid and predator activity under partial exclusion.
This might have been due to unexpected tolerance of these natural enemies to malathion
or insufficient exposure. Natural enemies were not affected by wheat genotypes.
Accumulated freeze hours affected the Russian wheat aphid negatively on both resistant
susceptible wheats. Russian wheat aphids are more abundant in low rainfall and rainfall
affected Russian wheat aphid more on resistant wheats. High temperatures affected
Russian wheat aphid more on wheat with rolled leaves. These negative effects of rainfall
and cold temperatures may explain partially the relatively low abundance of Russian

wheat aphid on resistant plants commonly observed under field conditions.
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Chapter 3

Characterization of resistance to Russian wheat aphid,

Diuraphis noxia (Mordvilko), in two resistant wheat

genotypes
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Introduction

Russian wheat aphid, Diuraphis noxia (Mordvilko), is a major insect pest of
small grains in western United States and Canada. Russian wheat aphid spread rapidly
across the western United States since its discovery, causing major economic losses.
Direct losses have ranged from $129.3 million in 1988 to $6.4 million in 1991. From
1987 to 1993, estimated direct losses were $432.5 millions (Morrison and Peairs 1998).

Insect control strategies are based on benefit analyses for specific crop production
svstem and the pest being regulated. Quisenberry and Schotzko (1994a) concluded that
insect resistant cultivars are an environmentally and economically acceptable strategy that
integrates well with other integrated pest management strategies.

Host plant resistance to insects has been defined by Painter (1951) As ™ the
relative amount of heritable qualities possessed by a plant which influence the ultimate
degree of damage done by the insect in the field”. Painter classified this resistance into
three categories: antibiosis. nonpreference and tolerance. Kogan and Ortman (1978)
recommended that nonpreference be termed antixenosis. Antibiosis is the properties of a
plant that directly or indirectly affect pest biology (survival. growth. development or
fecundity). Antibiosis includes adverse effects of chemical or morphological defense
mechanisms of the plant. and may range in severity from minimal impact to death of an
insect (Smith 1989). Antixenosis is the host properties affecting the insect as it seeks
food, shelter or oviposition sites. resulting in a plant that is avoided or less colonized
(Quisenberry and Schotzko 1994a). Sometimes antibiosis and antixenosis effects cannot

be separated (Panda and Khush 1993). Tolerance is the ability of the plant to withstand.
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reproduce or recover from an insect population that otherwise would damage a
susceptible plant (Panda and Khush 1995). These three categories often interact or
compensate for each other. Therefore. different cultivars may exhibit the same overall
level of resistance through expression of different combinations of these categories. An
understanding of the resistance categories expressed by a cultivar is needed to determine
its utility in insect pest management (Panda and Khush 1995; Smith 1989).

Russian wheat aphid resistance in wheat was first reported in South Africa (Butts
and Pakendorf 1984). Additional resistance to D. noxia was identified in 7riticum
aestivum lines from the former Soviet Union (PI 262660)(du Toit 1987). Iran (PI
137739) and Bulgaria (PI 294994) (du Toit 1988). Resistance in PI 137739 and PI
262660 was attributed to antixenosis and a low level of antibiosis (du Toit 1987;
Quisenberry and Schotzko 1994b; Smith et al. 1992). Ni and Quisenberry (1997)
confirmed that resistance in PI 137739 (Dnl) was attributed to antixenosis based on aphid
probing behavior and leaf surface structure. Resistance in Pl 262660 (Dn2) was
expressed as tolerance and antibiosis (du Toit 1989; Smith etal. 1992). Low levels of
tolerance and antibiosis were found in PI 294994 (Dn2) (Smith et al. 1992). Unger and
Quisenberry (1997) found that PI 47545, PI 94355, PI 94365. PI 151918, PI 225245, PI
225262 were antibiotic to D. noxia.

Many procedures and experiments have been designed to categorize resistance
(Panda and Khush 1995: Smith 1989). Antixenosis can be measured in free choice tests.
Insects are released in an arena containing test plants and observed as to where they

establish (Hawley 1997: Panda and Khush 1995).
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Antibiosis is tested under no choice conditions. Plants are planted. infested and
caged individually. Fecundity. adult longevity. egg hatchability, population increase and
metabolic utilization of ingested food have been used to evaluate cereal antibiosis to
insects (Smith et al. 1994). Webster et al. (1987) counted and removed nymphs
produced by individual apterous adult Russian wheat aphids. Fecundity, nymph
production, nymphipoitional period, and adult Russian wheat aphid longevity were used
by Smith et al. (1992) to identify antibiosis. Lamb and Mackay (1995) proposed aphid
biomass production as a more effective measure of antibiosis than fecundity. Smith et al.
(1992) and Quisenberry and Schotzko (1994b) stressed that aphids should be
preconditioned for at least three generations on the wheats on which they were to be
evaluated for antibiosis to avoid any maternal effects.

Tolerance is usually identified by comparing plant damage. stand. plant biomass
production or yield of infested and uninfested plants (Smith et al. 1994). Itis very
difficult to quantify tolerance separately from antibiosis and antixenosis because they
often occur in combination (Reese et al. 1994). Tolerance indices. based on height and
weight of infested and unintested plants were used to measure D. noxia tolerance in
barley (Robinson et al. 1991). Biomass conversion (i.e. biomass reduction in plant
tissue per unit of biomass gained by the aphid) also has been used to estimate tolerance
(Lamb and Mackay 1995). This ratio provided a method for quantifying and separating
tolerance and antibiosis to aphids in cereals.

Categorization of antibiosis and tolerance is time consuming, e.g. Unger and

Quisenberry (1997) took 84 days to measure antibiosis by counting nymphs daily until
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the aphid adult died. However. Lamb and Mackay (1993) stated that both antibiosis and
tolerance could be quantified only within 6 days after infestation of test plants.

My objective in this study was to categorize the resistance CO 940626 and CO
940252 wheats to the Russian wheat aphid using the regular procedure for antixenosis
(Panda and Khush 1995) and the Lamb and Mackay (1995) procedure for antibiosis and

tolerance, extending the test period to nine days as recommended by Budak (1998).
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Materials and Methods

Plant materials.
Three wheat lines were used in this experiment: (1) CO 940626 (CO 850034/T-57//5*
TAM 107) containing the Dn4 resistance gene; (2) CO 940252 (TAM
107//P1243781/C0O850260) containing the Dné6 resistance gene; and (3) the susceptible
wheat ‘TAM 107" (J. S. Quick, Department of Soil and Crop Sciences, Colorado State
University, personal communication).
Aphid colony.
The D. noxia colony used to infest the antixenosis experiment was started from aphids
collected from eastern Colorado in August 1997 and was reared on a mixture of
susceptible wheat and barley. The antibiosis and tolerance experiments were infested
from a colony started with aphids collected from Agricultural Research, Development and
Education Center (ARDEC) in August 1998 (J. Rudolph. Department of Bioagricultural
Science and Pest Management, Colorado State University, personal communication).
Colonies were maintained on a mixture of susceptible wheat and barley under greenhouse
conditions. Aphids used in antibiosis and tolerance experiments were preconditioned for
at least 6 generations on the wheat to be tested (Quisenberry and Schotzko 1994b:
Schotzko and Smith 1991; Smith et al. 1992).
General procedures for test plants.

Seeds were germinated in petri dishes and then vernalized at a cold room at 1°C
for eight weeks. Vernalized plants were grown in a three part soil. two part perlite and

one part peat moss potting soil mixture. Vernalized seeds were planted individuall:- into
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*SC-10 Super Cell’ single cell “cone-tainers” (3.81 cm diameter by 21 cm depth)(Stuewe
& Sons, Inc. Corvallis, Oregon). “Cone-tainers” were held in 7 x 14 “Cone-tainer” trays
with open slots between each consecutive “Cone-tainer” to provide light. All
experiments were conducted in a growth chamber (Sherer Control Environment Lab,
Sherer-Gillett CO., Marshall. Michigan) set for 22+0.2°C 16:8 (L:D) photo period and >
50% RH.

Antixenosis: Procedures.

The experimental arena was a petri dish 100 x 25mm (Falcon, Becton Dickinson
and Company, NJ) bottom with nine notches around the top. Two thick rubber bands
were placed around the petri dish so that only a small slit appeared at each notch. A
portion of the rubber band covered the notches to prevent aphid escapes. In the center of
the arena was a smaller petri dish. 60 x 15mm (Falcon. Becton. Dickinson and Company.
NJ) filled with floral clay in which test leaves were placed. A petri dish lid with the rim
removed was placed over the floral clay to hold test leaves in place.

At seedling growth stage 13 (Zadoks et al. 1974), the most recently emerged leaf
(still attached to plant) of each plant was threaded through one of the slits in the side of
the arena (3 leaves per wheat). Leaf tips were placed in the floral clay. Ninety adult
Russian wheat aphids were released (10 per leaf) in the center arena. Russian wheat
aphids present on each leaf were counted 48 h after infestation.

Antixenosis: Experimental design.
The design was a randomized complete block with 9 replicates. repeated twice

(Steel and Torrie 1980) (Table 3.1).
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Antixenosis: Data analysis.

Trials were combined together after testing for trial effect (F= 0.97, df=1.
P=0.3277). Data were analyzed for the effect of different wheat genotypes with PROC
GLM (SAS 1996) and means were separated by using Fisher’s protected LSD test
(0e=0.05) (Little and Hills 1987).

Table 3.1: Analysis of variance for randomized complete block experiment design.

Source of Degree of Sum of Mean F
Variation Freedom Squares Square

Total 53 SS Total

Block 8 SS Block MSR Freps
Wheat line 2 SSWheat MSWheat Fciine
Trial 1 SSTrial MSTrial F
BlockxwheatxTrial 40 SSE MSE

The following model was applied :

Y, =M+ pP. ~ A+ BB, + T, (ABPT),, + LE,,, (Steel and Torrie 1980).

it

i = Wheat variety. , j = Russian wheat aphids. k = block effect 1....... 6.. T = Tral.
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Antibiosis and tolerance: Procedures.

At the beginning of each trial, the height and above-ground dry weights of 20
seedlings of each wheat were measured. Dry weight was determined by cutting the plant
at the soil surface, placing it in a paper bag, drying it at 75°C for 48 h. and then weighing
the plant. Three groups of 50 preconditioned adult aphids for each wheat were dried at
75°C for 24 h and weighed to be used as a constant for adult dry weight.

Zadoks 13 growth stage plants were grouped in threes according to height and one
member of each group was infested with 2 preconditioned adult aphids and a second with
4 preconditioned aphids, using a camel hair brush. The third plant was left uninfested
but was touched with the brush. Each plant was covered with a transparent tube cage (3.9
cm diameter by 30 cm height) constructed from clear overhead projection film( C Line
Production. Inc, N. J). Six groups of plants per wheat were used per trial. The trial was
repeated twice. After 9 d aphids were removed. counted and placed in pre- weighed glass
vials (14.5 x 45 mm) containing 95% ethanol. Aphids were then dried in the vials at
75°C for 24 h. and weighed. Aphid weight was determined by subtracting the vial pre-
weight from vial plus dry aphid weight. Plant heights and dry weights were determined
as described above. Tolerance was estimated using the indices below (Lamb and Mackay
1995; Robinson et al. 1991 ), and antibiosis was determined by final aphid number. aphid

fecundity and aphid biomass (Lamb and Mackay 1995). The following formulas were

used:
Antibiosis
Aphid fecundity = Final numb% gg the ggsgggr; Iggxszlﬂ tyirzfe(s’tration density
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Aphid biomass = Final aphid biomass - Calculated adult dry weight (aphid weight at the
beginning of each trial)

Plant biomass = Plant dry weight (Control) - Plant dry weight (Infested)
Tolerance
Index A (Biomass conversion ratio) = Plant biomass +~ Aphid biomass (Lamb and
Mackay 1995)
Index B= Plant biomass ~Aphid dry weight x plant dry weight (Control) x 100 (Robinson
etal. 1991)
Index C= Plant height (Control)-Plant height (infested)+~ Aphid dry weight x plant height
(Control)
(Robinson et al. 1991)
Antibiosis and tolerance: Experimental design.
Experimental design was a randomized complete block with factorial analysis
with three wheats (TAM 107. CO 940626. CO 940252) and three aphid densities (0.2.4)

with six replicates (Steel and Torrie 1980) (Table 3.2).
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Table 3.2: Analysis of variance for a two - factor treatment design in randomized
complete block experiment design.

Source of Degree of Sum of Mean F

Variation Freedom Squares Square

Total 14 SS Total

Block 5 SS Block MSR Faeps

Trial 1 SS Trial MSR Froais

Aphid level 2 SSaphids MSAphids |

Wheat line 2 SSWheat MSWheat F oheat tine

Aphid level

x wheat line 4 SS(Aphids* MS(Aphids* F iohidsxwheat line
Wheat) Wheat)

The following model was applied :

Y, =M+pP, + A +PBB, + T+ (ABP), + LE ;. (Steel and Torrie 1980)

ijt
i = Wheat variety. , j = Russian wheat aphid level of infestations (0. 2 and 4).. k =block
effect 1....... 6.

Antibiosis and tolerance: Data analysis.

Trial effect was tested before combining the two trials. Aphid fecundity (F=29.38. df=1.
P<0.0001) and aphid biomass (F=79.68. df=1, P<0.0001) were treated separately with
each trial. Other variables were combined. The PROC GLM procedure (SAS 1996) was
used for analysis of aphid fecundity, aphid biomass, plant biomass, Index A, plant dry

weight and plant heights. Means were compared by protected Fisher’s LSD method if

P>F was <0.05 and by Bonferroni’s method if P>F >0.05. The PROC MIXED and
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LSmeans procedure (SAS 1996) were used to analyze Index B and Index C (P.

Chapman, Department of Statistics, Colorado State University Personal communication).
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Results and Discussion
Antixenosis.

Antixenosis, was detected in both CO 940626 and CO 940252 at seedling growth
stage 13 Zadoks (Table 3.3). Aphid counts were not similar among wheats (F=17.61. df
=2, P<0.0001). CO 940626 had fewer aphids than CO 940252 indicating that Dn4
expressed more antixenosis than Dn6. Detection of antixenosis in both wheat genotypes
raises the possibility of morphological or chemical plant factors that adversely alter insect
behavior which result in selection of an alternate host plant. Hawley (1997) observed
antixenosis in ‘Halt’, a Dn4 line, at Zadoks 30 but not Zadoks 13.

Russian wheat aphid might be subjected to selection pressure from this particular
wheat genotype. There are limited reports of antixenosis in lines containing Dn6.
However, both wheat genotypes could be an important factor in encouraging the

development of Russian wheat aphid biotype because of the selection pressure.
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Tabie 3.3. Mean (=SEM) adult D. noxia on 3 wheats differing in resistance to Russian
wheat aphid after 48 h of free choice test. averaged over 2 trials.

Wheat genotypes Aphids Per leaf*
CO 940626 7.6 £0.6¢
CO 940252 11.0 £ 0.6b
TAM 107 140+ 1.1a
LSDy 45 2.0119
F- value 17.61
P>F 0.0001

*Mean within the column followed by the same letter (s) are statistically similar
according to Fisher protected LSD (=0.05). .
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Antibiosis.

Aphid final density was affected by plant genotype (F = 5.14 , df=2, P=0.0076)
(Table 3.4 ) and by initial aphid density (F = 28.48 , df=2. P<0.0001) (Table 3.5). There
was no interaction between wheat genotype and initial aphid density (F = 1.25 . df=4, P=
0.2948). The lowest aphid final densities were observed on the two resistan: wheats
compared with the susceptible.

Aphid fecundity was affected by wheat genotype (F = 3.32, df=2, P=0.0463)
(Table 3.6) and by initial infestation density ( £ = 12.95 df=2, P<0.0001) (Table 3.7 ) in
first trial. There was no interaction between initial aphid density and wheat genotype
observed after 9 days ( F=0.92, df=4, P=0.4619). In the second trial wheat genotype did
not affect fecundity ( F = 0.36 df=2, P=0.6968) (Table 3.8), but differences due to
infestations level were detected ( F = 7.76 df=2, P=0.0014) (Table 3.9). No statistical
interaction between aphid level and wheat genotype was detected ( F = 60.83 df=4.
P=0.5153). The possible explanation for the difference in fecundity between the two
trials, might be due to population densities. Final density in the first trial was 8 times
more than in the szcond miall perhaps dus to scme unkacwi temperature fluctuations.

The aphid cohort dry weight measured prior to the experiment varied by genotype:
CO 940626 0.3 mg per 60 aphids (n = 3); CO 940252 0.3mg per 60 aphids (n = 3) and
TAM 107 1.3 mg per 60 aphids (n = 3). This approximately 77% reduction in weight for
preconditioned aphids between resistant and susceptible wheats indicates antibiosis for
both Dn4 and Dn6. Aphid biomass was affected by wheat in first trial ( F = 2.79. df=2.

P=0.0731) (Table 3.10) and second trial (F = 2.48, df=2. P=0.0964) (Table 3.11). In the
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second trial Russian wheat aphids gained more mass on TAM 107 than on the two
resistant wheats. Total aphid biomass was higher when initial density was 4 aphids per
plant (1.98 mg) than 2 aphids per plant (0.68 mg). which is consistent with Budak (1998).
No statistical interaction between wheat genotypes and initial aphid density was observed
in the first trial ( F = 0.99 df=4, P=0.4256) but there was interaction in the second trial

( F=12.19 df=4, P=0.0879).

Reduction in final aphid number, final aphid fecundity and biomass of aphid
produced were good indicators of antibiosis (Budak 1998 ; Lamb and Mackay 1995).
Therefore, the resistance mechanism in both CO 940626 and CO 940252 was expressed
as antibiosis against D. noxia at 13 growth stage after nine days of infestation.
Antibiosis effects can be due to either chemical or morphological plant defenses.

Hawley (1997) did not observe antibiosis for Dn4 in “Halt’ but that might be due to the
different experimental methods or genetic material. The antibiosis resistance category in
useful integrated pest management but. since it increase the possibility of developing
aphid biotypes it should be used in combination with other strategies. Further more.
chemical analysis and electronic microscopy investigation for plant leaves should be

conducted to elucidate the underling causes for this antibiosis.
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Table 3.4. Mean (=SEM) Russian wheat aphids per plant on 3 wheats differing in
resistance to aphids, averaged over 2 initial aphid densities.

Wheat genotypes Aphids per plant*
CO 940626 12.0 £2.3b
CO 940252 9.6 = 1.6b
TAM 107 19.7 £ 4.1a
LSDy s 6.5381
F- value 5.14
P>F 0.0076

*Means followed by the same letter (s) are statistically similar according to Fisher

protected LSD (¢¢t=0.05).

Table 3.5. Mean (=SEM) of Russian wheat aphids per plant at 2 levels of initial

infestation, averaged over 3 wheat genotypes.

Infestation levels (aphids per plant)

Aphids per plant*

0 0.5+ 0.3¢c
2 15.6 =2.2b
4 25.2+3.6a
LSDy s 6.5381
F- value 28.48
P>F 0.0001

*Means followed by the same letter (s) are statistically similar according to Fisher

protected LSD (a=0.05).
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Table 3.6. Mean (SEM) of Russian wheat aphids adult fecundity on 3 wheats differing
in resistance to Russian wheat aphids, averaged over 2 initial densities. first trial.

Wheat genotypes Final aphid fecundity per female*
CO 940626 4.6 = 1.4ab
CO 940252 3.3=0.9b
TAM 107 6.2+22a
LSDyg g5 3.7885
F- value 3.32
P>F 0.0463

*Means followed by the same letter (s) are statistically similar according to Fisher

protected LSD (0¢=0.05).

Table 3.7. Mean (+SEM) Russian wheat aphid adult fecundity at two levels of initial
infestation, averaged over 3 wheat genotypes, first trial.

Infestation levels (aphids per plant)

Final aphid fecundity per female*

0 0.0=0.0b
2 7.0=1.8a
4 9.1 £1.6a
LSDy s 5.7885
F- value 12.95
P>F 0.0001

*Means followed by the same letter (s) are statistically similar according to Fisher

protected LSD (a=0.05).
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Table 3.8. Mean (=SEM) Russian wheat aphid aduit fecundity on 3 wheats differing in
resistance to Russian wheat aphid. averaged over 2 initial densities, second trial.

Wheat genotypes Final aphid fecundity per female*
CO 940626 0.7+=0.1a
CO 940252 1.1+£0.6a
TAM 107 0.9=0.2a
Dunn, 4 1.2202
F- value 0.36
P>F 0.6968

*Means followed by the same letter (s) are statistically similar according to

Bonferroni (Dunn) (0¢=0.05).

Table 3.9. Mean (=SEM) Russian wheat aphid adult fecundity at 2 levels of initial
infestation, averaged over 3 wheat genotypes. second trial.

Infestation levels (aphids per plant)

Final aphid fecundity per female*

0 0.0+ 0.0c
2 1.0+0.1a
4 1.9=0.5a
LSDy s 0.9869
F- value 7.76
P>F 0.0014

*Means followed by the same letter (s) are statistically similar according to Fisher

protected LSD (0¢=0.05).
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Table 3.10. Mean (=SEM) Russian wheat aphid biomass gain (mg) on wheats differing

in resistance to Russian wheat aphids. averaged over 2 initial densities. first trial.

Wheat genotypes Aphid biomass gain (mg)*
CO 940626 0.8+0.5a
CO 940252 0.2+0.1a
TAM 107 -0.1+0.3a
Dunn, 1.1275
F- value 2.79
P>F 0.0731

*Means followed by the same letter (s) are statistically similar according to

Bonferroni (Dunn) (¢=0.05).

Table 3.11. Mean (+SEM) Russian wheat aphid biomass gain (mg) on 3 wheats differing

in resistance to Russian wheat aphids, averaged over 2 initial densities. second trial.

Wheat genotypes Aphid biomass gain (mg)*
CO 940626 89+22a
CO 940252 7.1+ 1.5a
TAM 107 122+3.1a
Dunn, 4.6175
F- value 248
P>F 0.0964

*Means followed by the same letter (s) are statistically similar according to

Bonferroni (Dunn) (¢¢=0.05).
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Tolerance.

Plant growth was aftected by Russian wheat aphid feeding. Initial plant heights
and weights varied among wheats (Table 3.12). Final plant height differences were
observed among wheats (F = 5.70, df=2, P= 0.0046) and among different i;litial
infestations (F = 21.42, df=2, P< 0.0001) (Tables 3.13 and 3.14). Both CO 940626 and
CO 940252 were taller (either infested or uninfested) than TAM 107. That can be an
indication of tolerance since both resistant wheats withstood Russian wheat aphid
feeding. There was no statistical interaction for plant height between initial infestation
density and wheat genotype (¥ = 0.72, df=4, P= 0.5830).

Plant dry weight was affected by wheat genotype (F = 10.49, df=2. P<0.0001)
(Table 3.15). Initial infestation level did affect plant weight (¥ = 7.30, df=2, P=0.0011)
(Table 3.16). Only CO 940626 withstood Russian wheat aphid feeding and the other
wheat genotypes were affected by aphid feeding. No statistical interaction for plant
weight between wheat genotype and infestation was observed (£ = 0.48. df=4. P=
0.7481). Plant biomass was affected by wheat genotype (F = 3.67.df=2. P=0.0312)
(Table 3.17). but not by initial infestation level (F = 1.57, df=2. P=0.2156).

Robinson et al. (1991), Lamb and Mackay (1995) and (Budak 1998) used indices
to estimate tolerance. However, in this study none of the 3 indices was affected by wheat
genotype ( Index A. F=1.33.df=2, P=0.2723) ( Index B, F = 1.56, df=2, P=0.2185)
and ( Index C, F = 0.42. df=2. P=0.6556) (Table 3.18), even though plant height and
plant dry weight reductions both were affected by wheat genotype. Finally. there was

more indication of tolerance expression in CO 940626 than with CO 940252 based on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



plant drv weight and plant biomass reductions which was consistent with the expression

of tolerance by Dn4 in *Halt’ wheat observed by Hawley (1997).
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Table 3.12. Plant heights and dry weights of three wheats prior to infestation with
Russian wheat aphids.

Wheat genotypes Plant ht. (cm) Plant dry wt. (mg)
CO 940626 14.0 29.1
CO 940252 11.3 15.7
TAM 107 13.3 43.9

Table 3.13. Mean (=SEM) Russian wheat aphid reduction on plant heights (cm) of 3
wheats differing in levels of resistance, averaged over 2 initial infestation levels.

Wheat genotypes Plant heights (cm)*
CO 940626 25.1+0.5a
CO 940252 25.1 £ 0.6a
TAM 107 23.0=0.7b
LSDy s 1.4118
F- value 5.70
P>F 0.0046

*Mean within a column followed by the same letter (s) are statistically similar
according to Fisher protected LSD (¢¢=0.05).
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Table 3.14. Mean (zSEM) Russian wheat aphid reduction (cm) on plant heights of 2
initial infestation. averaged over 3 wheat genotypes.

Infestation levels Plant height (cm)*
0 27.0+0.5a
2 23.3+0.5b
4 22.8 £ 0.6b
LSDy s 1.4118
F- value 21.42
P>F 0.0001

*Mean within a column followed by the same letter (s) are statistically similar
according to Fisher protected LSD (¢=0.05).

Table 3.15. Mean (=SEM) reduction in plant dry weight (g) by Russian wheat aphid on 3
wheats differing in aphid resistance. averaged over 2 initial infestation levels.

Wheat genotypes Plant dry weight (mg)*
CO 940626 739+ 6.0a
CO 940252 52.8+3.0b
TAM 107 51.0%3.8b
LSDy s 11.027
F- value 10.49
P>F 0.0001

*Mean within a column followed by the same letter (s) are statistically similar
according to Fisher protected LSD (¢t=0.05).
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Table 3.16. Mean (=SEM) reduction in Plant dry weight (g) by Russian wheat aphid in 2
initial infestation, averaged over 3 wheats differing in aphid resistance.

Infestation level Plant dry weight (mg)*
0 70.9 + 4.9a
2 56.4+4.2b
4 50.3 + 4.5b
LSD, 11.027
F- value 7.30
P>F 0.0011

*Mean within a column followed by the same letter (s) are statistically similar

according to Fisher protected LSD (=0.05).

Table 3.17. Mean (=SEM) reduction in plant biomass by Russian wheat aphid on 3
wheats differing in aphid resistance, averaged over 2 initial infestation levels.

Wheat genotypes Plant biomass (mg)*
CO 940626 17.8 =4.1a
CO 940252 7.7+ 1.7b
TAM 107 9.5%£29b
LSD 4 11.994
F- value 3.67
P>F 0.0312

*Mean within a column followed by the same letter (s) are statistically similar
according to Fisher protected LSD (t=0.05).
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Table 3.18. Mean (xSEM) Tolerance indices for 3 wheats differing in resistance to

Russian wheat aphid. averaged over 2 initial infestation levels.

Wheat genotypes Index A* Index B* Index C**
CO 940626 -27.6+274 229=12.1 59+33
CO 940252 6.6+54 50+3.8 11.9+47
TAM 107 30£22 6.7+4.38 85+356
F - value 1.33 1.56 0.42
P-value 0.2723 0.2185 0.6556

* (Robinson et al. 1991 ).
**(Lamb and Mackay 1995)
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Conclusions

Antixenosis was detected in both resistant genotypes at Zadoks growth stage 13.
Antibiosis as measured by final aphid density. aphid fecundity and aphid biomass were
expressed in both CO 940626 and CO 940252. This supports the observations of low
field densities reported in Chapter 1. Initial plant heights and weights among different
wheat genotypes were too variable to allow effective use of the tolerance indices. Some
tolerance expression was observed in the Dn4 line in the form of less plant dry weight
and biomass reduction.

Similar studies should be conducted over longer time extensions and greater aphid
infestation levels. Both resistant genotypes need further studies of morphological and

chemical characteristics because of the evidence for both antixenosis and antibiosis.
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Overall Summary

Resistant wheats had low aphid densities ccmpared to the susceptible wheats.
Both CO 940626 and CO 940252 appeared antibiotic during the three years field study.
In support of the field study both antixenosis and antibiosis were clearly detected in both
wheat genotypes in the laboratory. The antibiosis resistance category was expressed by
an increased proportion of Russian wheat aphids first instar compared to the susceptible
cultivar TAM 107. Also delays were observed in expressing wheat genotypes effects this
age class structure perhaps due to maternal effects. The antixenosis resistance category
also was clearly indicated in the lab experiment. Little evidence for tolerance was
obtained from the lab experiment, but the presence of this resistance category could not
be completely excluded.

Parasitoid mummies were observed more on TAM 107 that on the two resistant
wheats indicating that curling leaves does not prevent parasitization. Both resistant
wheats had flat leaves which allow for more effective natural enemy searching. Predator
and parasitoid activity was not affected by malathion.

Accumuiaied freeze hours affected Russian wheat aphid abundance negatively on
both resistant and susceptible wheats. On the other hand, high temperature affected
Russian wheat aphids more on rolled leaves susceptible wheat than resistant wheats.

As one of the most important finding was the effects of rainfall on Russian wheat
aphid on leaf rolling resistant wheats. This might explain partially the lower abundance
of Russian wheat aphid higher rainfall regains.

Quality of seeds in CO 940626 and TAM 107 were affected by high infestation
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level. Grain protein increases observed with TAM 107 might be due to aphid stress or

lowered test weight to aphid damage.
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Glossary

Anholocyclic. Life cycle strategy, vivaparae are produced throughout the year. and there
is no sexual reproduction.

Holocyclic. Life cycle strategy were reproduction is accomplished sexually during the
fall and parthenogenetically (Viviparity) from the spring to the next fall.

Antibiosis. The properties of a plant that directly or indirectly affect pest biology
(survival, growth, development or fecundity).

Antixenosis (nonpreference). The host plant properties affecting the insect as it seeks
food, shelter or oviposition sites, resulting in a plant that is avoided or less colonized.

Tolerance. The ability of a host to withstand injury by pests; involves a plant response
only.

RWA. Russian wheat aphid, Diuraphis noxia (Mordvilko).

CP. Mallow’s test of independent predictors in regression analysis.

ADHO0. Accumulated degree hours < 0°C, used in Chapter 2 regression analysis.
ADH20. Accumulated degree hours > 20°C, used in Chapter 2 regression analysis.

AHO. Accumulated hours with an average temperature < 0°C. used in Chapter 2
regression analysis.

AH20. Accumulated hours with an average temperature > 20°C. used in Chapter 2
regression analysis.

NE. Natural enemies including parasitoids and predators . used in Chapter 2 regression
analysis.

ADSC. Average daily snow cover (cm), used in Chapter 2 regression analysis.

ADRF. Average daily rain &ll (mb). used ‘n Chapter 2 regression analysis.
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Appendix A

SAS programs for Chapter 1 data.
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Tizle "RWA-1996-98-99 data analys:is with transformed data ":
dm'legsclearsoutputsclear;'; *( To clean the long and out gut sceen):
cpticns ls=30 ps=40; *(Cutput size adjustments):

- -
data zwa@fé&;

tnfile'c:\myfiles\hassan\S4 exgeriment-98\rwads-m.wuz’;
inpgut menth 1-Z cate 4-3 year T-2 plct STt varzety 3 first  Indtnazd fousth adult moims;
£ plot >= 801 an lot <= 303 then klk=l:
1f plot >= 701 and plot <= 702 then blk=1l;
1£ plot >= 601 and plot <= 603 then bik=i:
i£ plot >= 501 and plot <= 303 then blk=1l;
1€ plot >= 401 and plot <= 403 then blk=1l;
1€ plot >= 301 and plct <= 303 then tlk=1;
1£ plot >= 201 and plot <= 203 then bik=l;
1£ plot >= 101 and plot <= 102 then blk=1l:
if plot >= 804 and plot <= 806 then blk=2:;
1f plot >= 704 and plot <= 706 then blk=2;
1£ plot >= 604 and plot <= 606 then tlk=I:
*f plot >= S04 and plot <= 506 then blk=2:;
i€ plot >= 404 and plot <= 406 then blk=2;
i€ plot >= 304 and plot <= 306 then blk=Z:
2£ plot >= 204 and plot <= 206 then blk=2;
if plot >= 104 and plot <= 106 then bilk=2;
1f plot >= 807 and plot <= §09 then blk=3/
1f plot >= 707 and plot <= 709 then blk=3;
i€ plot >= 607 and plot <= 609 then blk=3:;
i€ plet >= 507 and plot <= 509 then blk=3:
if plot >= 407 and plot <= 409 then blk=3;
if plot >= 307 and plot <= 309 then blk=3;
iZ plot >= 207 and plot <= 209 then blk=3:
1€ plot >= 107 and plot <= 109 then blk=3;
i€ plot >= 810 and plot <= 812 then blk=4;
if plot >= 710 and plot <= 712 then blk=4;
if plot >= 610 and plot <= 612 then blk=4;
£ plot >= S10 and plot <= 512 then blk=4:
if plot >= 410 and plot <= 412 then blk=4;
1€ plot >= 310 and plet <= 312 then blk=4;
1£ plot >= 210 and plot <= 212 then blk=4;
if glot >= 110 and plot <= 112 then blk=4;
1£ plot >= 813 and plot <= 815 then olk=5;
1$ pglot >= 713 and plct <= 715 then ik=3;
i€ plot >= 613 and plot <= §15 then bik=5;
if plot >= 513 and plot <= 315 then bik=S:
1€ plot >= 4132 and plot <= 41S then blk=5;
1f plot >= 313 and plot <= 313 then olk=S;
1£ plot >= 2132 and plot <= 215 then blk=3;
12 glew >= 113 and glot <= 115 then bilx=%;
+f plot >= 8l¢ and plot <= 818 then blk=6;
1£ plot >= 716 and plct <= 718 then blk=6;
1% plot >= &148 and glon <= 512 chen blk=6;
=< glot >= £146 and plct <= S1iS then pik=3;
1€ plot >= 416 and plot <= 418 then blk=6;
1€ plot >= 316 and plot <= 318 then blk=s;
+2 plot >= 216 and pietT <= 118 then blik=5;
1< plot >= 116 and plet <= 113 then tlk=&;
*(Tc read the 1-2 clcum as menth and so on. $ tc distinguish non numerical data sc it
—cmes after the variable (variety);

and the rest are numerical so no need for $§ signe):
firstl= £izrst/(36);

snatnrdl= sndthzoz, (23,0

fourzhl = fourth/(28);

adulzl = adul</(3€);
mimil = mami/ (36}7

RWA = firstl+sndthrdl+ficurchl+adulsl-mimil;

g(f1zstl=0.373 ;" (Transfcrmaticn by log of the cdependent varrables and tecause
we have a 0;
1g_sthrd=lcg(sndthrdl + 0.37S); * we have to add a positive number so thati the log
function will be defined!:

lg_foth=log(fourthl + 0.3795);
ig_adult=log(adultl + 0.375);
lg_mimi=log(mimil~J.373);
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grcc means mean stder:ss
ciass wvariety month date
var firstl sndthrdl fcurthl adultl;
*{mccdel statment is dependent = independent variables and all other interacIicns):
run;
/'
proc glm;
class variety trt;*(To deal with the data as sepreat classes):;
mcdel lg_rwa = blk variecy trt varietyTtzz;

means variety / snk

duncan;
contrast 'Dn4 vs Dné' variety 1 -1
contrast 'Dn4 and Dn6 vs TAM'

*proc print data=rwac6:
L 4 PP ITTTTIITRERNRNTRY all

variabels!;

/*prec gl

*by date;

class blk variety date Trt:*

*{To print
dependent

({To

;*(tc test the diffrence

variahles*v*wv *r*~;

deal

among the different wvariety using lsd turxey

'}

variety 1 1 -2;

the original data):;

* (Runni

4]
Q
[Ve]
b
]
I
[
be
4
re
[ad
o
1
]
3
o

with the data as sepreat classes):

medel lg_f£irzst 1g_sthrd 1g_foth lg_adult lg_mimi = blk variety date trtT wvaziety'trt;
*(mcdel statment is dependent = independent variables and all other interactions);
means variety / snk;*(to test the diffrence among the different variety using lsd tuxey
duncan)

contrast ‘ODnd4 vs Dné' variety 1 -1 G/

contrast 'Dnd and Dné vs TAM' variety 1 1 -2;

- I E AR AR R RE X R R 2R R 2R 20 A A4 fi
/*prec glm:

*ky trts

*by date;

*by wariety:;

class date <wvariety trz;
model lg_first = wvariety trt t
output r=resc;

ocut=stat2 p=p:ed2
means wvariety / snx;

rst as dependent TvYTTTTTYYY;

=vrariety/:

=-:T rank da: =stazl ncrmals=blom; *.IZor ncormal procakil:ity ziots cfthe residualas;
rar resd2
ranks nres

croc gplot:

symboll V=star I=ncne;

symeoll V=none I=join;

slct resdlvnresdl=l;

plot resdlrpredl=2; v!{ credicted values ws residuals};

.

/{ Tevrevrrvvvrrvevrevevvver gsndthizd as dependent TTTTTTTTCTYS

rgroc glm;

*class blk month wariezTy TIns

*medel lg_sthrd = blk menth variecy
voutput ocut=stat3 p=prec3 r=resd3;
rmeans wvariety / lsd tuxey duncan;
*precc rank data=statl ncrmal=blom;

*wvar resd3;

*ranks nresd3;

Tgroc plet;

*plot resd3*aresd3='"*';

v vevevsvvevesvervvvvvssvevr fourth
roroc glm;
rclass blk month wvariely TIrt;

*medel lg_foth = blk month wvariety tr
voutput ouI=szacd g=gredi c=cesdi;
*means vari2ty / lsd tukey duncan:
*croc rank data=statd acrkal=blom;

vwvar resds;
*ranks nresdd;
*groc plot;

*plot resdsvaresds

=Y et .
;

e

Trveverwrer.
’

as derendent

T TrTeTwvariety

c*month month*variety:
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v veveveseervesrrrrrevrrerre adylr ag dependenc ceccvecres.
*proc gim:
*class blk month wvariety =It;

*model lg_adult = blxk mcnth variety Tt trtTvariety triTmonth month*rariety;
rcutput out=stats p=predS r=resdS:
*means variety / lsd tukey duncan;

roroc rank data=stat5 normal=blom;

*wvar resdS:

*ranks nresdS;

*proc plot:

*clot zesdSTnresdS='""';

- (R EE R AR AR R R R 2R AR Al S A A0l mm as deDEndent ".""v";
*proc glm;
*class blk month variety t=zt:
*mcdel lg_mimi = blk month variety Irt trT*wvariecy It mon
*cutput out=staté p=pred6 r=resdé;
*means variety / lsd tukey duncan;
*oroc rank data=staté ncrmal=blcm:
*var resd6;
*ranks nresdé:
*sroc plot:
*plot resdé6*nresdé='""';

[s)

h month*vrarcieTy:
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Proprtion analysis.

dm'logsclear;outputsclears: s
cpticns 1s=100 ps=40;
Data ProprR%6 (drop=year;:

infile'd:\myfiles\hassan\S4 experiment-26\rwad6-m

*{ To clean the leong and cut gut screen)
* (Cutput s:ize adjustments)

.TXT'S
input month l1-2 date 4-% year 7-8 plot trt vty $ £irst sndthrd fourch aduls mam::
1€ plot >= 801 and plot <= 802 then blk=l:
i€ plot >= 701 and plot <= 7Q2 then blk=1l:
1f plgt >= 501 and zlot <= 503 then blx=i:
if£ plot >= 501 and plot <= 503 then blk=1l:
if plot >= 401 and plot <= 403 then blx=1;
1£ plot >= 301 and plot <= 303 then blk=l;
if plot >= 201 and plot <= 203 then blk=1;
if plot >= 101 and plot <= 103 then blk=1i:
i€ plot >= 804 and plot <= 806 then blk=Z;
if plot >= 704 and plot <= 706 then blk=2;
if plot >= 804 and plot <= 606 then blk=2;
i€ plot >= 504 and plot <= 506 then blk=2:
if plot >= 404 and plot <= 406 then blk=2;
1£ plot >= 304 and plot <= 306 then
i£ plct >= 204 and plot <= 206 then
if plot >= 104 and plot <= 106 then
if plot >= 807 and plot <= 8Q9 then
if plot >= 707 and plot <= 7092 then
if plot >= 607 and plot <= 609 then
if plot >= 507 and plot <= 509 then
if plot >= 407 and plot <= 409 then
if plot >= 207 and plot <= 309 then
1f plot >= 207 and plot <= 209 then
if plot >= 107 and plot <= 109 then
if plot >= 810 and plect <= 812 then
if plot >= 710 and plot <= 712 then
if plot >= 610 and plot <= 612 then
1% plot >= S10 and plot <= 512 then
i€ plot >= 410 and plot <= 412 then
2% plot >= 310 and pilot <= 312 then
1€ plot >= 210 and plot <= 212 then
22 plot >= 110 and plot <= 112 then
=f£ plot >= 213 and plot <= 813 then
=% plot »>= 713 anc t <= 715 then

2 glot >= 813 and ot <= 515 then
£ plet >= 313 ancg ot <= 515 then
£ plet >= 413 anc ot <= 415 then
£ plot >»>= 213 and gilct <= 315 then bl
plot >= 213 and ot <= 21% then
slot >= 113 and 2t <= 1135 then
clet >= El6 anc ct <= Bl8 then t
plot >= 716 anc ziot <= 718 then
plet >= 616 and plot <= &18 then
plect >= 5ié and piot <= 518 then
plot >= 316 and glcot <= 418 then i
pleot >= 316 and glot <= 318 then
plot >= 21€ and plot <= 218 then
plot >= 116 and glot <= 118 then
To read the 1-2 cloum as month and so cn. $§ to distinguish non
ccmes after the variable (vty)s
*and the rest are numerical so no need for $§ signe!:
*lg_prol=lcgiprcl-0.37%): " !Transformation by lecg cf the dezendent wvariable
_3 +# 0.375}; * we have o add a pos.IiTe numder so that

*lg_Broa=L0G:.pIriatn

- 0.37%);
*lg_prodt=log(preadult + 0.37S);
*lg_promi=log(promimi+0.3735);

first+sndthrd+foucsth+adult;
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and Zacte=lZ then dor time=i,; =2nd
then do; time=3+date; end;

then d¢:; zTime=40-daze; end:

then do; time=70+date; end:
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1£ tot=0 then do;
prol=g0;
pro2_3=0;
pro4th=0;
proadulc=0;
*oromimi=0;

end;

else do;

crol= first/tot;

cro2_3= sndthrd/tot;
srodth=fourth/tot;
croadult=adult/tot;
*promimi=mimi/tot;

sumpro= prol+pro2_3+prodth+proadult;
end;

proc means mean stdrre;

var prol pro2_3 prodth proadult;

class vty Tzt

*by vty trt;

*output out=mtrt sum=sl s2_3 s4 sad stot;
ran;

quit;

/'
data mtrt; set mtrt;
prol=sl/stot;
pro2_3=s2_3/stect;
prod=s4/stot;
croad=sad/stot;

*promi=smi/stot;
spro=prol+pro2_3+prod+proad;

croc print data=mk T

zitzle 'Cverall prcporticns by TREATMENT':

'D 'V

roc sort data=proprr96:; by wvty;
roC means noprint;
rar f£irst sndthrd fourth adult tots

oy vty:

cutput out=mvty sum=si s2_3 s4 sad STOT;

mvtv; set mvty;
l/stot.
s2_32/stot;
4/5 ot
=sad/stot;
=smi/szTot;
=prol+pro2 3+prod+prcad;
print data=mvty:
‘Cverall propcrticns by VARIETY':

da D)

?.H'w

<000

[EENA N o IO RS INE RN AN T}
0 00

nonuoooon
14

('
0

‘nu

OU g nn
<

sort data=preoprrf6; by trt viy;
means noprint;
first sndthrd fourth adult tot:;

T vTy:

ut cut=mtwo sum=sl sZ_3 s4 sad stot:

o o0
N

.

[
(34
¢}
©on

£a MtWo; Set mtwo;

cl=sl/stot:

2_3=s2_3/stot;

c4=s4/stot:

oad=sad/stot:

romi=smi/sStot;

:o—prol+pr02’3+pro4¢p:oad;

c print datas=mtwo;

'Overall proporticns by TREATMENT § VARIETY':

4’0 ' V0 L
(8]

(IS o e BN A NN IS WS B

[a o]

1o o»
-
1]

c sort data=proprr26; by blk trt vty
c means noprint;

var first sndthrd fourth adult tot:

by bBlx trt vty;

N e
00Dv

Do
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cutput out=cne sum=sl s2_3 s4 sad stot;

data new: set one;

pcrci=sl/stot;

pro2_3=s2_3/stct:

prod4=s4/stot;

precad=sad/stct;

promi=smi/scot.
sgro=prcl+proZ_3+prod+proad+promz;

I3

aprcl=arsin({sgrt(prol):
apre2_3=arsin(sqrt(pro_:I,;:
aprod4=arsin(sqrt(prod) ),
aproad=arsin(sqrt(proad)
apromi=arsin(sqgrt(promi)
proc print;

)
)

.
‘

proc glm data=new:
class blk trt vty:
model prol = blk trt|vty;
random blk/test;
means trt vty/lsd:
output out=zpred r=_re
title ‘Analysis For 1

proc plct:
plot _resid_*_pred_:
plot _resid_<trt;
plot _resid_<vty:
plot _resid_<*blk;

proc univariate normal plot:
var _resid_;

T

means Tt v 1sd:

output cuts=pred r=_resid_ p= pred ;
tztle 'Analysis © '

crxcc plots
Tlct _resid_ v _gpred_;
Slet _zesid Tzt
slot _resid_“vvtys
tiot _resid_vblks

‘0
n
‘0
0
[Te)
™
o3
Qo
)
ot
"o
<
E
l\‘ -

e

A=
Y]
3 Q
Qo
O +
E]
(o]
o RN TN o B s T B
o
oda

SN

Mneans
cutput

title

v/lsd;
red r=_res:d_ p=_pred_:
sis For 4th’

t

2T
a

GOt W
1]
u o
-
.~

fo BN >IN S I o

~
|
{

groc plots
plot _reszd_<_|
plot _resid_<t
plot _resid_-v
plot _resid_-*b

ed

Seove s

r
<
Y
'

et 1170

proc univariate normal plot:
var _resid_;

proc glm data=new;
class blk tzt vty;
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mcdel proad = blx trtivey:s
randcm blk/test:
means trt vty/lsd:

0

NVVO N

== b O

2]

0000

ettt

0

9N

[e]

univariate normal plot;
_resid_;

O
(3

croc glm data=new:

class blk trt vty:

medel promi = blk tztiweys

rancom blk/test;

means trt vty/lsd;

lsmeans trtTvty/pdiff;

ocutput out=pred r=_resid_ = pred ;
title 'Analysis For Mimi';

proc plots

plot _resid_*_pred_;
plot _resid_rvztrxe:s
clot _resid_rvty:
clot _resid_vblk:

groc univariate normal plct:
var _resid_;

.

.
[ SR N

-

oz
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Appendix B

SAS programs for all possible models described in Chapter 2
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Biotic and abiot.c factorz on resistant under Cl %7-9
t:;clear:'s

8G;

infile'd:'myf:les\hassan‘cage exper.ment 3

data cages%¢; )
safile'd:\myfiles\hassanicages -98\Cl res-spring.czt’';
input Rwa ADHO AHO ADSC ACPT NE

TIcc reg;

mccdel RWA= ADHO AEQO ADRT NE / selection=rsqguare mse Cg’
run;

cIoc reg;

model RWA= ADHC AHO ADRE NE / selecticn=maxc;

rsn;

proc reg; _

mcdel RWA= ADHO AHC ADRF ME / selection= sterwise;
ran;
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winter 58

January 28, 2000

o= 4 Regressicn Models f£cr Tependent Yarzacle: RWA
liumzer o m-sguaza zig Ms=z variaples i1n Mccdel
Model

1 0.304Z22152 1.27002 6.0G2424¢8 ADHO
1 0.11012861 1.3685S G.003114s¢c

Effaect ¢f Biotic and akblotic factors c¢n res under C2-3 97-92-9% winter
59

January Z3, 20CC

Maximum R-square Improvement f£or Dependent Variable 2Wa

Step 1 Varrakle ADHO Entered A-square = 0.30429%1i61 C(p, = 1.07CCl8l0
DF Sum of Squares Mean Sguare g 2rop>F
Regression b 0.002132004 0.00212004 .37 0.4484
Error 2 0.00486996 0.002434¢8
Total 3 0.C0700000
Paramezer Standard Tyce IZ
varilablie Estimate Exrrcor Sum of Squares T Ehdel-Fa
INTERCEZ? 0.01876%8¢9¢ 0.06996131 0.000.73527 S.C7 3.3128
ADEO -5.00068382 0.00074183 3.0C223004 .37 J.4484
2-unds ¢n conditicn number: o s
The above mcdel Is the best l-variacle model Zound.
Step 2 Yarzable AHO Entared S-sgquare = $.34981204 Zig. = .J30CCCOCC
oF Sum o Sguares Mean Sguare T el oa
Regression 2 0.00244871 0.00122436 .27 2.3082
Error 1 0.0045512¢9 0.00438c:12¢
Total 3 0.007060000
Parameter Standard Tvee I
Zstimate Error sSum cZ Squares B SreeF
3.2307280¢97 0.10504.87 g.gcocz1g” .20 2.
-2.J0108103 0.9%01780sz2 0.30Ls7781 C.37 3
-3J.Q00000s27 3.0c001est G.0C0031367 2.07 J.
Bounds cn condition number: 3.082107, 12.32843
The above model is the kest 2-variable model €£ound.
o further improvemenct R-square 1s possible.
o wsariakle met the 0.1 significance level £or entry into the model.
Effect o2 c and abictic factors on resistant under CI-3 237-9§-39 winter

a1
January 28, 2000

N = 3 Regressicn Models for Dependent Variablie: RWA
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Maximum R-sqguare Improvement £or legendent Variacle PWA
Ztep 1 ‘Jariable AHQO Entarad S-square = 0.237422752 Cig, = 1.G6S751%2%

DF Sum of Squares Mean Square 13 Sr=o>F
Regressicn pe 3.00115%07 0.001158G7 7%.%50 3.2.3C
Errer 2 ¢.000C02093 0.00CQ1s4¢
Total 3 0.00120000

Parameter Standarxd Type II
Variable Zstimate Error Sum of Squares v

INTERCEP 0.0281413¢ o.
AHO 0.00001404 Q.

825 0.0cc70824 45.30
181 0.00116207 75
S2ounds on ceondition numcexr: 1 1

The above mcdel is the test 1-variable medel found.

Szer 2 7ariable ADHO Entered P-square = 0.37582230 Cfp) = 2.00GCCACO
oF Sum oZ Sgquares Mean Sguare s Ebaetobd )
Regression o G.00117C87 0.0C0s8szE 2c.tz2 D.l3El
Zrrxor i 3.040C02824 .0GCczZezs
Total E 0.3012%5000
Paramezer Standarzd Tyee I2
'arlaple Zstimacte Zrrcro Zum cf Sguares s
INTERCE 0.02713888 0.00708¢911 0.00Cs2¢s2 t4.23
ACEO -2.02005%4 0.0C023101 2.30CCCL38 0.2%
AHO g.d0cgor2zs 3.0C00078%5 J.3CGCCT372 2.42

The arcove model is the zest I-wvariarle model Zound.

e

Stepwise Prccedure for Dependent Variacle RWA

cssible.
Cc factors cn resistant under CI-3 37-35-3% winzTar

Step 1 varzable AHQO Zatered R-square = (.274227S2 Ccip) = 1.0575188¢
oF Sum of Squares Mean Sguare T Sroo>T
Regression 1 0.00116907 0.001:c%07 78,20 2,230
Error 2 0.00003093 0.00001548
Total 3 0.00120000
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Parameter Szandar-d Tyre II
7ariable Zstimacte Zrrorc sum of 3qguares 3 Zrop>F
INTERCE? 2.7281412% 0.00415823 0.00Q070C824 45.30 3.3211
AHOQ 5.0G30143C4 0.0CC0GC1s61 C.00115297 TS.80 2.32220
2cunds c¢n ccndition numbers: i, 1
A1l wvarzables left in the xmcdel are s:ognificant at the 0.1300 level.
Yo other wvariable met the 0.1200 signzficance level for entry intc the model.
Summary of Stepwise Procedure for Cependent Variable RPWA
Jariable Number Partial Model
Step Entered Removed In R**2 R**2 cip) 13 Przo>F
1 AHO 1 0.9742 0.9742 1.0s87¢ £.5022 J.0130
Effect of Biotic and abiotic factors on resistant under Cl 97-98-99 winter

=4 Regressicn Mcdels for Dependent Variable: RWA
Number in R-square C(p) MSE Variakles in Mccel
Model

1 0.14720021 1.02598 0.0%078988 ADHO
1 b 0.0831742¢

0.12460¢70 4 ARQ
2 0.188794%3 3.00000 0.17824284 ADHEO AEC

Maximum R-sguare Impgroverent for Zependent JVariable FWA
Step 1 Jariable ADHO Encered S-sgquare = 0.1472C0ZL1 Cipr = 1.02527244
oF Sum cf Scguares Mean S3uare B SrzzeT
Regress.on - 0.03133%24 2.03233824% 2.38
Zrrnr I 0..81.58397¢6 0.08C7z988
Total 3 0.2128720C
Parameter Standard Twvee IZ
varrable Zstimacte Error Sum of Sguares 3 Srop>F
INTERCE? J.28836081L .2735135¢ 2.C087z85294 0.26 2.43C0
ACHGC -3.0C011s3¢: 2.0019%6380 C.0313354 2.38 J.2123
Zcounds on conditicn aumber: i, z
The above model -s the btest l-variacle model found.
Step 2 Variable AHO Entered f-sguare = 0.16873463 Cip) = 2.02¢C2CC0
oF Sum of Squares Mean Sguare g Fropo¥
Regression 2 0.03593216 0.017%8c08 J.10 2.31L7
Srror i 0.17534284 0.17634284
Total 3 0.21267500
Parameter Standard Type II
Variakle Estimate Error Sum of Sguares T Srob>F
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IUTERCE? §.325157742 G.64214297 5.0530438" c.Z20 LL.EZLL
ADHO -5.3C37083% 0.01s08432 0.0094cs87 0.3% .23837
AHC -5.30C017528 g.cqgiceeqs 0.004s253L 2.32 PR

Zounds on ccocndition number: 354.41271, 137.453C8

ne above model :is the best Z-variable modeil found.

< furcher :imprcwvement in R-sguare 1s possible
f e -

;
£ffect of B: and abiotic factors en

January 23, 2000
Stepwise Procedure for Dependent Variapbls RWA

Mo wariable m £or entry in

the 0. I -
£ actors on susceptib

1500 significance leve
Biotic and abiotic £
87

January 28, 2000

N = 4 Regression Mcdels for Dependent Variable: RWA

Number in R-square Cip} MSE Variables in Model

be 0.13772684 1.35738 0.01504657 AHOQ
i 0.0839662¢ 1.431a80 0.0159847¢ ADHQ

Step 1 ‘Jartable AHO Entered R-sguare = C.13772884% Cip) = 1.34737864
oF Sum of Sguarsas H“ean Sguarz2 T oIy
fegressicn p 0.0048C687 0.004€Q627 Q.32 I.2IEs
Zrror z 0.030Ce333 0.0.5C4c067
Tctal 3 0.03243C0CC
Parameter Stancard
variakle Zstimate Zrror ) ERdetelay
IUTERCE? g.12702083 .12570%584 0.036383¢2 2.48 2.25T¢e
AHO -3.000027¢ 0.30004837 0.0048C6c6” 2.3Z J.22gs
Scunds cn conditicn number: i, b4
The above mcdel is the best 1-variable model fcund.
Step 2 variakle ADHQ Zntered R-sguare = Q.380132C% 2.2 o= 2.35000006C
oF Sum oI Squares Mean Sguare B Frcorf
Regression 2 C.0125€¢861 0.00628431 2.28 J.TeeR
Error 1 Q.0223312¢ 3.0223313¢
Tctal 3 0.03490000

Parameter tancdard Type II
variakble Estimate Error Sum of Squares B Frop>F
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INTZ2C=Z? 0.2738%9%¢

ADHG -35.0033024:1

2E0 -3.70024377
Zcunds ¢n conditicn aumoer: 38.3534

The akcove model

further

lie

M
W

January 28,

is the best 2-wvariac
imprcovement in 2-sguare LS
Effect of 3iotic and abisct

2000

42

cdel

0.206742131
0.00ScQ148
n.30027T 108

3.04054042
0.007721%4
2.20294825802

Stepwise Prcocedure for Dependent Variable RWA

No wvariaple met the 0.150C significance lewvel fcr entry into the model.

Effect of

£ Siotic and abioti
Spring':;dm'log;clear;outpu 70

factors on susceptible under

cl 97-38-99

QO
ERR Rt
L An )

Jancary 28, 2000
M =5 Regressicn Mcdels for Dependcdent Variable: RWA
Number in R-square C:p) MSE Jariables :in Mcdel
Mcdel
1 0.296290431 . AHD
i 0.5324932¢8 . NE
1 0.58577178% . Al
b 0.1018717¢ . ADR.
2 0.98435760C . G.0877463 ACHO Aa=HC
2 §.97s322¢: . J.1068753 AHQ NE
2 0.37427327 . 0.112420¢ AHQ ALEF
2 0.64838:52¢S . 1.8228183 ADEQ NE
2 0.53545142 . 1.5788380 ADREF UZ
2 J.360780%z2 . 1.80232%0 ADHO AZRT
2 J.32973250: . 21703
3 9.334734€C . 22270
2 C.38048142 . 224l AHED ATZET NE
3 d.e4838¢13 . S21ill ADHO
4 1.3000000C . . ADHEO AHQ ADRF U=
Tffect of Biotic and ab:ictic factors on suscerptibie under CL GT-3§-32¢
Spring';dm'logi;clearsoutpu i
J1:3C Fzidavw,
Zanuary 28, 2000
Maximum fR-square Improvement fcr Tapendent Variable RWA
Step 1 Variacle AHO Znterec R-square = 0.269904Z:1 Ci{g) = .
oF Sum o Squares Mean Sguare T Frao>T
Pegressicn i 8.30119477 3.40119847°7 22,68 2.2¢z2
Error 3 0.260€8523 0.08889508
Total 3 8.5618800C
Parameter Standard Type II
variable Estimate Error Sum of Sguares g Prcp>F
INTERCZ? 0.5018€303 0.2484034¢ .2274260¢0 2.3a2 2.28L2
AHO 0.C3171a83 3.00017457 3.40123477 3¢.488 J.2ez2
3cunds on conditicn number: i, i
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The abowve mcdel is the

Step 2 Jariable ADHO R
T Frzoof
Pegression 62,23 J3.5.38
Error
Total
Jarzable g Frog>T
INTERCEP 0.50384¢829 0.2318073¢ 0.320057G3 4.72 J..318
ADHO 0.0058943801 0.00427548 0.12519240 1.85 3.2070
AHO 0.00152874 0.00020639 3.69353502862 34.5% 3.9178
Bounds on condition numper: 1.8031%4, 7.212814
The above medel is the best 2-variacle mocdel found.
Step 3 variable ADRF Entered R-squazre = 0.99722SC:3 ci{p) = .
DT Sum cf Squares Mean Sqguare 3 Srob>y
Regression 3 8.632870973 2.87956291 124.28 C.CEs8
Zrror L 0.02317027 0.02317027
Total 4 6.66188000
Parameter Standarg Type I
Variable Estimate Error Sum ¢£ Squares g Sro>T
IUTZRCEP 9.259743¢20 0.17g8Q037&:z 1,97 2.23242
ACHO 0.007%8¢832 Q.30272172 G 8.82 2.2790
AHQC C.001535261 Q.000121s3 3.78147380 152,20 J.24¢87
ACRE 0.189¢4772 0.0862713% 0.11232238 +.8%S .27

The akbcve mcdel is the kest I-variarcle model Zcund.

Tep 4 Jarrakle NE Entered R-square = 1.00Q0CCOCO Cipgy = .

oF Sum of Sguares Mean Sguare v frie>T
Regression + 3.86138CC) 2.163472C¢C .
Zrrer 8] 2.34JCcccCe
Total - 3.ad12330C0
farametear 3tandarz Type I
Jarzable Estimate Zrror Sum cf Sguares Ly Frio>r
2CE? 0.25472546 . 0.05%08¢cEL .
0.0110313¢ . 0.16%82450¢9¢ .
0.00182c8e3 . 2.04561208
Q.212883¢E3 c.1322Z7¢Cs
Tic factors on suscertikzle under CI 87-23-3¢

c and ac:to
3

;clear;outpu 70

NE -0.03648628% - 0.02317GC27

.33:1813,

The above model is the zest J-wvariable model found.
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Ve further LxmgprewvemantT Lo 2 szzisikle.
Sffact cf Biotic and abiotic factcrs on suscegtible under ClL 27-33-99
Sgring';dm'liogsclear;outpu 3

32D L Jar:rable AHQO Entered f-squazre = 0.96990421 e 0= .
DF Sum of Squares Mean Sguare T Prep>F
Pegressicn h4 8.40119477 8.40119477 $5.58 2.3¢022
Error 3 0.26068523 0.08€89:s08
Total 4 8.66188000
Parameter Standard Type II
Tariable Estimate Erzcr Sum of Sguares = Frob>F
INTERCEP 0.401386303 0.2484034¢ 0.227425808 2.52 3.2041
AHT 0.00171653 0.00017457 8.30122477 @g.88 .082
2ounds on condition number: 1, 1
ALl wsariables left in the model are significant at the 0.1500 level.
lc cther <vvariable met the 0.1500 significance level £for entry into the model.
Surmary of Stepwise Procedure for Perendent Variable RWA
Jariable Number Partial Mcdel
3cer Enzered Remcved Iin mev2 A ged C{p) T Zrzbho>F
i AHD i 0.9699 0.%82¢ . ¢s.353821 s.zo22
zffect of RBiotic and akiotic factors on resistant undexr ClL 27-28-8¢
*Sgring';dm' logsclear;cusput 74
Ql:3C T-odav,
January 22, 2coe
W= 3 fegressicn Mocels Z£or Dependent Variable: RdWA
Humser in R-sguare Clp) HMSE Jariables Lnn Mecal
Mcdel
i Q0.2991067¢ . osl.288&l ACHO
i 0.270431Z23 . 5€8.53824 AHQ
b3 0.:83807¢: . T47.81123 ADRF
i 0.02735%60 . g91.27228 N
2 0.44458619¢ . 753.457¢4 ADEQ ADRT
2 0.38491557 . 845.442C51 AHQO ACRF
2 0.377330%5 . €53.8676¢ ADHOQ NE
2 0.38022244 . 878.2873¢ AHEQ NE
2 C.32579662 . az3.70z227 ADEQ AHC
2 Q.190363E7 . Lriz.s7¢eco ADRF uE
3 0.84598985¢ . 423.43411 ADHQ AEQO ACRE
3 0.48471924 i4:e.22180 ADHQ AZERI UE
3 0.43375428 . 15%6.62570 AHQ ADRF NE
3 0.38270807 . 1696.96172 ADHO AHO uE

sotic and abiotic factors on resistant under Cl 87-33-99
dm'lcgsclearsoutput 75

-

January 2

(¢

, 2000
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Max.mum B-square Imprcvemen

4]
"
Q
"
(¢}
14
‘0
1]
]
Q
0
o]
ot

f-square =

orF Sum of Squares Mean 3guare . Frog.T
fegression 1 822.25327248 822.2532724¢8 1.28 3.230%
Zrror 3 1326.775847S2 £42.25861584
Total 4 2742.02212000

Parameter Standard Type II
Jariable Estimate Erroz Sum of Squares g Frs>T
INTERCE? 45.73%20488 21.50815178 2904.56416778

[ 5
.
w
5O
.o
'
[
(
o

.
Nw

ADHO -0.30150444 0.26646850 822.25327243

2cunds on condition numberx:

The above model is the best l-variable model found.
Step 2 Jariaple ADREF Entered R-square = 0.44456199 C(p) =
CcF Sum of Squares Mean Square T o>t
Regression 2 1222.113847732 511.05692386 0.80 3.3334
Zrror 2 1526.91527227 763.45763614
Total 4 2749.02912000
Parameter Standard Type II
‘Jariable Estimate Errcr Sum of Sguares s Froe>T
$2.0481402:Z 25.01784177 3304.42342683 4.33 2.173¢0
-0.28264205 0.2%158L5% 716.82050308 2.24 c.334%
-2.01828¢80¢ 2.7888268¢S 3%9.8605752¢S 3.52 L2545

2cunds c¢n condition number:

4.0321¢:2

1.008eC48,

2-variatle mcdel

found.

oF Sum o0f Sguares Hean Sqguare T FrooT
Regression - 2325.5%501113 775.19833704 133 l.4%62
Errcr 1 423.432410887 423.43410887
Total 4 273%.02¢1200¢0
Parameter Standaczd Tvrpe I
Jarracle Estinate Ezror Sum of Sguares . Ehatobg
2€915190 33.574S477¢ 4.3297378% 37
7503770 2.297359218 7.45091321 EE]
0927818 0.067€2302 3.48116340 Ll
1342084 3.0002c2z2 9.37042677 38

The apcwe mcdel

1S the pest

3-vartlable model fcund.

Step 4 Var.able NE Entered R-square = 1.0000CCGO Ci(p) =
DF Sum of Sguares Mean Sguare g Ebal RN
Regression 4 2749.02912000 687.25728000 -
Error 0 0.00000000 .
Total 4 2749.0291200C0
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Parameter Stancacz Type II

Jariabie Estimate Errcr Sum oI Squares T E24et-22

IUTERCEP . 128432267 . I227.53%42575L . .

ADHO -5.3872633€ - 1335.525¢%34%5 . .

AHO 0.18282737 . I512.32130451 .

ADRFE -3.35802232¢% . 1395.28173284 . .
Zffect of Birotic and abiotic factors on resistant under CI 27-3%8-3¢
'Spring':dm'lcgrclearsoutput 78

Ci:30 Frzzav,

January 28, 2000

NE 2.40169732 . 423.43410887 . .
2cunds cn conditien number: 282.3845, 1885. 149

The abcve model is the best 4-variable mcdel found.
tic furcher improvement 1n R-square 1s possible.

of Bictic and abiotic facters cn resistant undex TI 87-238-349
;dm'logsclearsoutput 77

January 28, 2000

"

ocedure fo

"

Stepwise P Dependent 7ariakle RWA
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Appendix C
SAS programs for Chapter 3 data.
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Antlzenosis Analys:is.
Ticle "Catcgorization exgeriment Antixencsis”;
dm'logrclearscutputscleazs ;s *! To clean the leng and cut gut screen
cpzions 13=100 ps=9%0; *(Cutout sicze adjustments);

ata 3ep99i;

nfille'c:\myfiles\hassan‘\Catogor>taticn exgeriment\Grcwth zccm
zgaer-mentlantixenosism. tit';

cut plect variety $ RWA

rzal=1l:

aza Sep%9z;

nfile'c:\myfiles\hassan\Catogcorizaticn experiment\Growth rocm
;;e:;ment\an:;xenoszs.“?":

nput plot variety § RWA

rial=2;

ata Sep9%9; set Sep99l;

roc append base=Sep99 data=Sep9%92;

ata Sep99; set Sep9%9:
£ plot>= 101 and plot <= 109 then blk=1; " (to ccmpine the blocks!):
£ plot>= 201 and plot <= 299 blk=2;
£ plot>= 301 and plot <= 309 blk=3;
£ plot>= 401 and plot <= 409 blx=4;
$ plot>= S01 and plect <= 208 blk=3:
£ plot>= 601 and plot <= 802 blk=6:
£ plot>= 701 and pleot <= 709 b 7
Z plot>= 801 and plot <= 80¢ a;
£ plot>= 201 and plot <= 20¢ 9;
c or

groc print data=Sepd9; *(Tc pri
Trun;
pProc means mean stdrre;

class variety :

7ar IwWa;

)
[Ye]
]
4]
v
=
.
)
rt
fu

(8
'

croc glms

class blk wrariety trial;

mcdel RWA=blk variety crial blrvVariezy~trial;
means wvariety / lsd pens

lsmeans wvariety/pdifs ci;
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