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The Window of Risk for Emigration of Wheat streak mosaic virus Varies  
with Host Eradication Method 
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Seasonal or local eradication of the host 
is sometimes an option for management of 
a disease or disease vector. For wheat stem 
rust, the complete eradication of an alter-
nate host has been attempted (23). For 
citrus canker, estimates of critical areas 
around infection sources have been used to 
guide local eradication of all host species 
to prevent disease spread (9,10). For an-
nual crop species, seasonal eradication of a 
host species is a possibility in limited areas 
adjacent to future crop plantings. This 
option may be particularly relevant to win-
ter annual crops that do not grow during 
the summer when many vectors may be 
most active. In winter wheat (Triticum 
aestivum), the “green bridge” provided by 
volunteer wheat growing in summer is 
important to maintaining the life cycle of 
several pathogens and insect pests, includ-
ing the take-all pathogen, leaf and stem 
rust fungi, Barley yellow dwarf virus, Hes-
sian fly, and the Russian wheat aphid (1). 
If volunteer wheat can be eradicated from 

a large enough area around new wheat 
plantings, the risk of disease and pest 
transmission to the new wheat may be 
substantially reduced, particularly if other 
host species are also uncommon. 

Volunteer wheat is also important for 
maintaining populations of Wheat streak 
mosaic virus (WSMV), an important 
pathogen of winter wheat in the United 
States and Canada that is vectored by the 
wheat curl mite (WCM), Aceria tosichella 
Keifer (26). Volunteer wheat emerging 
before or immediately after harvest is a 
primary source of inoculum for wheat 
planted in the fall (29,30). Since the WCM 
can only survive 4 to 6 days without a 
green host (26), destroying volunteer 
wheat 2 weeks before planting is recom-
mended to reduce the probability of WSM 
infection (1,33). Volunteer wheat may be 
destroyed by tillage or the application of 
herbicides. Glyphosate (Roundup) (6) or 
paraquat (Gramoxone or Cyclone) (16) are 
often used for destroying volunteer wheat 
in the summer. There is no evidence or 
reason to believe that the herbicides have a 
direct effect on the WCM, but destroying 
volunteer wheat forces the WCM to find 
another host. 

Important questions remain about the ef-
fect of volunteer wheat management on 
WSMV and WCM populations, particu-
larly about the effect of the timing of 

treatments on WCM survival and potential 
movement to newly planted wheat. The 
primary objective of these experiments 
was to determine the effect of glyphosate, 
paraquat, stem cutting, and withholding 
water on WCM survival, position on wheat 
plants, and WCM readiness to leave plants 
(as measured by their posture) over time. 
WCM are capable of holding their bodies 
perpendicular to the leaf surface (18), a 
behavior that could enhance their wind 
dispersal. Two secondary objectives were 
to determine how the effect of herbicide 
differed for diseased and nondiseased 
plants and to determine the relationship 
between green leaf area and WCM popula-
tion size. This new information can be 
used to improve decisions concerning the 
timing of management of volunteer wheat 
and WSM. 

MATERIALS AND METHODS 
WCM and WSMV maintenance and 

transfer methods. A viruliferous strain of 
the WCM previously studied by Harvey et 
al. (15) was used in all experiments. The 
WCM colony was maintained on the 
WSM-susceptible wheat cultivar Toma-
hawk, selected because of its clear symp-
tom expression in response to WSMV 
infection. When the WCM colony was 
introduced to healthy ‘Tomahawk’ plants, 
the plants developed typical symptoms of 
WSMV, and an indirect enzyme-linked 
immunosorbent assay was performed to 
confirm the presence of WSMV in the 
diseased plants, as described by Christian 
and Willis (3). The absorbance values ob-
served for the infested plants were at least 
two times those of the equivalent unin-
fested control. 

As plants used to maintain the colony 
declined, heavily infested leaves were cut 
off and hairclips were temporarily used to 
attach them to two- or three-leaf stage 
healthy plants to transfer viruliferous 
WCM. After 3 to 4 weeks, the newly in-
fested plants were used as a source to in-
fest the new two- or three-leaf stage 
healthy plants for the experiments (11). 
Infested leaf clippings about 1 cm long 
were used to infest the experimental wheat 
plants. To introduce roughly the same 
number of WCM (generally 20 to 40) to 
each plant, a leaf clipping was placed in 
the whorl of one plant (near the growing 
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point) at the two-leaf stage in each pot of 
four plants. During maintenance of the 
WCM colony and during the experiments, 
the temperature in the greenhouse was 
maintained at approximately 26°C in the 
daytime and 22°C at night with a 16-h day 
length. Experimental treatments were ap-
plied to plants approximately 3 weeks after 
WCM infestation. 

Experimental treatments. Two “till-
age-drought experiments” were performed, 
each with a randomized complete block 
design with three blocks. In the first ex-
periment, WCM responses were observed 
over 7 days, and in the second over 15 
days. Sampling for WCM analysis was 
destructive, so different pots were sampled 
at each sampling date in all experiments. 
The tillage-drought experiments included 
two treatments at the extremes of the level 
of water stress plants might experience due 
to tillage or drought, in comparison with 
control plants that received no treatments. 
The “no water” treatment represented a 
chronic water stress with plants receiving 
no water after the experiment was initiated. 
Stem cutting represented an extreme water 
deprivation treatment, with the upper plant 
parts cut off near the soil with scissors and 

held in place with tape. The stress experi-
enced by volunteer wheat after tillage 
would probably fall somewhere between 
these two treatments. After the treatments 
were applied in these and the herbicide 
experiment, the plants were watered every 
other day, with the exception of the no 
water treatment. 

The “herbicide experiment” included 10 
blocks, with five blocks run at one time 
and the other five run approximately 1 
month later. For all blocks, the population 
of WCM and the response of plants were 
observed over 15 days. The two herbicide 
treatments were compared with an un-
treated control. One herbicide treatment 
consisted of a single application of gly-
phosate (Roundup Ultra Max + ammonium 
sulfate) and the other of a single applica-
tion of paraquat (Gramoxone Max + non-
ionic surfactant), each applied at the rate of 
0.56 lb a.i./acre (627.7 g a.i./ha). 

Sampling methods. Total WCM counts 
were collected for distinct pots at each 
sampling date. Each WCM was also desig-
nated as living or not based on whether it 
could be observed to move and whether it 
had typical healthy coloration. Motionless 
mites that appeared otherwise healthy were 

prodded and monitored for movement. For 
each plant sampled, counts were made for 
adaxial and abaxial leaf surfaces and for 
the upper and lower halves of leaves for 
each of the youngest three leaves. Because 
of the leaf curling caused by WCM feed-
ing, it was clear which was the “inside” 
part of a leaf. Each sampling day, plants 
were moved from the greenhouse to the lab 
and leaves were detached from plants just 
prior to counting mites. Leaves were gen-
tly unrolled so that the WCM outside the 
leaves could be observed and counted and 
then leaves were attached to sticky tape 
inside a 10-cm-diameter petri dish to fa-
cilitate counting. The WCM were counted 
using a dissecting microscope at ×20 mag-
nification and a fiber optic system to pro-
vide cold light in order to reduce handling 
effects on WCM. The posture of the 
WCM, in the sense of whether they were 
in a position parallel to the leaf or perpen-
dicular (upright), was also noted. In the 
herbicide experiment, total green leaf area 
(TGLA) for the three youngest leaves was 
estimated by multiplying leaf width by leaf 
length and by a visual estimate of the pro-
portion of green leaf area. 

Statistical analysis. In our analysis of 
WCM populations, we evaluated the 
treatment effects in terms of when treated 
populations were smaller than control 
populations. We also determined the num-
ber of days after treatment application 
required for the estimated WCM popula-
tion to go below a mean of one WCM per 
plant. To test for significant differences 
between treatments over time, we applied a 
mixed model with high and low variance 
classes (7,17) using SAS Proc Mixed (SAS 
Institute, Cary, NC). In addition, popula-
tions were log-transformed and percent-
ages were arcsine square root transformed 
to more closely match the assumptions of 
an analysis of variance (36). The correla-
tion between TGLA and the number of 
living WCM was estimated by considering 
all sampling dates and treatments in the 
herbicide experiment. 

RESULTS 
Results are presented in terms of the 

populations of WCM that were designated 
as living unless otherwise indicated. 

Number of living WCM per plant. 
Populations of WCM on control plants in 
all three experiments increased from the 
beginning of the sampling interval, with a 
trend toward reduced population sizes by 
the fifteenth day after treatments were 
applied (Table 1, Fig. 1). Stem cutting 
resulted in WCM populations significantly 
lower than the control by the fifth day in 
the first experiment and by the third day in 
the second experiment (Table 1). For stem 
cutting, the estimate of WCM population 
size per plant was less than one by the 
seventh day in the first experiment and by 
the fifteenth day in the second experiment 
(Table 1). Withholding water resulted in 

 

Fig. 1. Number of wheat curl mites (WCM) over time in response to herbicide treatments. Signifi-
cantly different (P < 0.05) population sizes within a date are indicated by different letters. 

Table 1. Mean number of living wheat curl mites per plant over time in two tillage-drought experi-
mentsz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment    
Stem cutting 115.33a 129.67a 67.67ab 2.33bc

y 0.00c
y 

No water 85.67 155.33 126.67 119.33x 147.67x 
Control 59.67b 158.33ab 89.67ab 222.67a

x 265.33a
x 

 1 3 6 10 15 

Second tillage-drought experiment    
Stem cutting 159.00a 5.00b

y 2.67bc
y 2.00bc

y 0.00c
y 

No water 174.67a 131.00b
x 93.33c

x 3.00d
y 0.33d

y 
Control 170.67b 190.00b

x 172.67b
x 406.00a

x 242.00b
x 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment,
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 
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WCM populations significantly lower than 
the control by the tenth day in the second 
experiment (Table 1), with the estimate of 
WCM population size per plant less than 
one by the fifteenth day in the second ex-
periment (Table 1). In the herbicide ex-
periment, WCM populations were signifi-
cantly lower than on control plants by the 
third day for the paraquat treatment and by 
the tenth day for the glyphosate treatment 
(Fig. 1). The estimate of WCM population 
size per plant was less than one by the 
tenth day for the paraquat treatment and by 
the fifteenth day for the glyphosate treat-
ment (Fig. 1). 

Percentage of WCM that were desig-
nated living. For control plants, the per-
centage of WCM that were living changed 
significantly over time only in the second 
tillage-drought experiment, and then only a 
small change was observed in the middle 
of the sampling period (Table 2). Stem 
cutting resulted in a significantly lower 
percent WCM living than for the control 
plants by the fifth day after treatment in 
the first experiment and by the sixth day 
after treatment in the second experiment 
(Table 2). For stem cutting, the estimated 
percent WCM that were living went below 
5% by the fifth day after treatment in the 
first experiment and by the tenth day after 
treatment in the second experiment (Table 
2). Withholding water resulted in a signifi-
cantly lower percent WCM living than for 
the control plants by tenth day in the sec-
ond experiment (Table 2). For the no water 
treatment, the estimated percent WCM that 
were living went below 5% by the tenth day 
in the second experiment (Table 2). In the 
herbicide experiment, the percent WCM 
living was lower than for control plants by 
the third day after treatment with paraquat 
and by the tenth day after treatment with 
glyphosate (Table 2). The estimated percent-
age of WCM that were living went below 5% 
for paraquat by the sixth day and for gly-
phosate by the fifteenth day (Table 2). 

Percentage of WCM on the third leaf. 
The percentage of living WCM on the 
third leaf, as opposed to the second or first 
leaf, changed significantly on control 
plants only during the middle of the sam-
pling period in the second experiment 
(Table 3). For stem cutting, the estimated 
percentage on the third leaf was signifi-
cantly different from the control plants 
only in the second experiment at 6 and 10 
days after treatment. The estimated per-
centage on stem-cut plants on these dates 
was based on a small number of mites 
(Table 1) and changed from 0% after 6 
days to 100% after 10 days (Table 3). For 
the no water treatment, the percent WCM 
on the third leaf was significantly lower 
than on control plants on the tenth and 
fifteenth sampling dates (Table 3). In the 
herbicide experiment, the percent WCM 
on the third leaf was significantly higher 
on paraquat-treated plants than on control 
plants throughout the sampling period 

(Table 3). The percentage was higher for 
glyphosate-treated plants only on the tenth 
day after treatment (Table 3). 

Percentage of WCM in an upright 
posture. On control plants, the percentage 
of living WCM in an upright posture did 
not exhibit clear trends, although it did 
vary significantly over time in the second 
experiment (Table 4). Stem cutting re-
sulted in a significantly higher percent 
WCM in an upright position over most of 
the sampling periods (Table 4). Withhold-
ing water produced a higher percentage in 
an upright position on the tenth day after 
treatment in the second experiment (Table 
4). In the herbicide experiment, there was a 
nonsignificant trend toward a higher per-
centage in an upright position for the gly-

phosate treatment in the later days of sam-
pling (Table 4). 

Percentage of WCM on upper half of 
leaves. The percentage of living WCM on 
control plants that were on the upper half 
of leaves (i.e., toward the leaf tip) never 
varied significantly over the sampling 
periods of the three experiments (Table 5). 
Stem cutting resulted in a significantly 
reduced percent WCM on the upper half of 
the leaf compared with control plants be-
ginning 2 days after treatment in the first 
experiment, but in the second experiment 
the small WCM populations (Table 1) 
showed a rapid change from 100 to 0% 
(Table 5). Withholding water sometimes 
resulted in a significantly increased per-
centage on the upper half of the leaf com-

Table 2. Mean percentage of wheat curl mites alive over time in two tillage-drought experiments and 
one herbicide experimentz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment     
Stem cutting 31.01a 30.32a 

36.22a
x 4.48b

y 0.00b
y 

No water 20.37b 31.94a 15.89b
y 28.99a

x 29.86a
x 

Control 18.29
 

25.63 24.81xy 28.10x 26.40x 

 1 3 6 10 15 

Second tillage-drought experiment     
Stem cutting 34.44a 17.49b 8.60bc

y 4.08bc
y 0.00c

y 

No water 29.66a 23.81a 24.97a
x 1.05b

y 0.79b
y 

Control 27.69ab 33.42ab 23.24b
x 34.46a

x 27.40ab
x 

 1 3 6 10 15 

Herbicide experiment     
Paraquat 40.55a 18.01a

y 3.66b
y 0.00b

y 0.00b
y 

Glyphosate 34.66a 38.36a
x 32.63a

x 14.24b
y 3.34b

y 

Control 41.75 37.27x 34.62x 30.79x 32.92x 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment, 
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment 
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 

Table 3. Mean percentage of living wheat curl mites on the third leaf, as opposed to the first and sec-
ond leaves, over time in two tillage-drought experiments and one herbicide experimentz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment     
Stem cutting 38.89 46.78 35.05 33.33 – 
No water 40.48 38.73 32.15 49.01 55.00 
Control 43.33 29.50 46.32 27.63 26.70 

 1 3 6 10 15 

Second tillage-drought experiment    
Stem cutting 43.36b 25.76b 0.00c

y 100.00a
x – 

No water 35.32b 16.25b 56.45a
x 22.22b

z 0.00c
y 

Control 49.79ab 32.09b 60.29a
x 58.21a

y 41.35ab
x 

 1 3 6 10 15 

Herbicide experiment     
Paraquat 76.71x 89.47x 100.00x – – 
Glyphosate 50.35y 30.72y 53.85y 66.67x 50.00 
Control 40.77y 35.08y 26.59y 35.78y 34.87 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment, 
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 
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pared with the control, but this effect was 
not consistent (Table 5). In the herbicide 
experiment, the percentage of WCM on the 
upper half of the leaf was consistently 
lower for the paraquat treatment compared 
with the control (Table 5). Glyphosate did 
not have an effect on the estimated per-
centage until the fifteenth day, when there 
were too few mites to yield a good esti-
mate (Table 5). 

Percentage of WCM on outside of 
leaves. The percentage of living WCM on 
the outside of leaves rarely underwent 
significant changes in the three experi-
ments, only showing a slight increase to-
ward the middle of the sampling period in 
the second experiment (Table 6). Stem 
cutting and withholding water sometimes 

affected the percentage on the outside in 
the second experiment, but estimated per-
centages changed rapidly during the sam-
ple dates, especially toward the end of the 
experiment when there were few WCM 
present from which to estimate the per-
centage (Table 6). In the herbicide experi-
ment, treatment with paraquat increased 
the percentage on the outside compared 
with the control only on the first day after 
treatment, and glyphosate did not have a 
significant effect (Table 6). 

Total green leaf area in response to 
herbicide treatments. The total green leaf 
area (TGLA) of the three youngest leaves 
on plants without WCM and WSMV was 
higher from the beginning of the sampling 
period (Fig. 2). The glyphosate treatment 

significantly reduced TGLA compared 
with the control by the sixth day after 
treatment, while the TGLA of infected 
plants was significantly reduced by the 
tenth day (Fig. 2). The effect of paraquat 
on TGLA was more rapid than for gly-
phosate and showed a similar pattern for 
both infected and WCM-free plants (Fig. 
2). Both the TGLA and the WCM popula-
tion started to decrease on day 6 for the 
glyphosate treatment (Figs. 1 and 2). In 
most cases, those plants with a higher 
TGLA had higher numbers of living WCM 
(P < 0.0001, r = 0.90). 

DISCUSSION 
WCM survival after treatment applica-

tions varied substantially for the different 
treatments evaluated. Paraquat application 
and stem cutting both acted to rapidly 
reduce mite populations, with effects ap-
parent within a few days of application. 
Glyphosate application and withholding 
water had slower effects. These results are 
consistent with the recent finding of Tho-
mas et al. (32) that tillage was more effec-
tive than glyphosate treatment for reducing 
spread of WSMV from volunteer wheat in 
the field. Although glyphosate prolongs 
WCM retention compared with paraquat 
and tillage, glyphosate may still be the best 
choice for management of volunteer wheat 
because of its broad spectrum weed con-
trol, cost effectiveness, and probable lower 
toxicity to the applicator and other animal 
and plant species (20). But when gly-
phosate is used for volunteer wheat con-
trol, greater caution must be taken to en-
sure that it is applied long enough before 
newly planted wheat emerges and may 
become infested with WCM. The window 
of risk may also vary due to environmental 
conditions. Herbicide activity is more 
rapid when plants are actively growing, so 
drought conditions may delay herbicide 
effects (20). The effect of undercutting in 
the field might be somewhere between the 
effects of withholding water and stem 
cutting in these experiments. Undercutting 
would tend to leave some amount of root 
tissue, which would allow the plants to 
survive longer than would stem cutting, 
but for a shorter period of time than would 
the beginning of a drought. WCM may 
survive briefly after leaving plants, and 
their survival time will also be a function 
of environmental conditions. 

Mites were designated as “living” in our 
study based on their movement and color. 
Some mites still on plants did not appear 
to be alive, often exhibiting extreme states 
of desiccation. Designation based on 
movement and color may underestimate 
the total living population. WCM show 
little or no movement when they feed or 
molt. Feeding WCM may move if prodded, 
but molting WCM cannot move (30). 
However, comparisons between treatments 
should still be accurate. WCM may be 
negatively phototactic (5,18), even under 

Table 5. Mean percentage of living wheat curl mites on the upper half of the leaves (toward the leaf
tip) over time in two tillage-drought experiments and one herbicide experimentz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment     
Stem cutting 22.56y 28.15y 20.64y 29.17y – 
No water 64.00a

x 42.48bc
x 32.31c

y 48.26b
x 31.86c 

Control 32.89y 51.48x 51.33x 33.41xy 49.97 

 1 3 6 10 15 

Second tillage-drought experiment     
Stem cutting 31.22b 12.12bc 

100.00a
x 0.00c

z – 
No water 40.80ab 22.55bc 17.16c

y 55.56a
x 100.00a 

Control 32.57
 

30.69 20.66y 32.71y 44.85 

 1 3 6 10 15 

Herbicide experiment     
Paraquat 23.16y 25.65y 20.00y – – 
Glyphosate 44.00a

x 46.62a
xy 29.20ab

xy 38.46ab 0.00b
y 

Control 52.97x 50.96x 40.43x 34.73 39.46x 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment,
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 

Table 4. Mean percentage of living wheat curl mites in an upright posture over time in two tillage-
drought experiments and one herbicide experimentz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment    
Stem cutting 21.21b

x 17.03c
x 10.81c 75.00a

x – 
No water 15.02a

xy 14.94ab
xy 5.14b 3.57b

y 5.53b 

Control 10.39y 7.26y 10.62 8.85y 6.53 

 1 3 6 10 15 

Second tillage-drought experiment   
Stem cutting 13.37b 42.42b

x 100.00a
x 100.00a

x – 
No water 9.64b 

5.00b
y 8.72b

z 77.78a
y 0.00c 

Control 10.79b 
7.98c

y 15.57a
y 11.14b

z 19.01a 

 1 3 6 10 15 

Herbicide experiment   
Paraquat 2.91 3.71 10.00 – – 
Glyphosate 1.93 2.12 5.33 40.66 50.00 
Control 9.48 4.70 3.35 3.62 5.39 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment,
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 
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favorable conditions, and did tend to try to 
move out of the light when leaves were 
being examined under the dissecting mi-
croscope. The percent WCM that were 
living may have resulted from at least two 
different processes. First, living WCM 
may leave plants when the quality of food 
provided by the plant diminishes; second, 
dead WCM may fall from plants. In any 
case, mites that are no longer associated 
with plants will not survive long (26). 

We were also interested in whether 
WCM responding to stress moved to a 
position ready to be carried away by wind, 
such as positioning in an upright posture, 
on the outer part of leaves, on the upper 
half of leaves, or on the uppermost leaf. 
Some previous studies have reported such 
movement in response to stress or over-
crowding of mites (8,18). However, Tho-
mas and Hein (31) reported that mite 
population size was a more important fac-
tor in determining mite movement from 
plants than plant condition; in fact, they 
concluded that stressed plants were less 
important sources of WCM simply because 
their WCM populations were lower. When 
WCM populations were declining in re-
sponse to treatments in our experiments, 
WCM were sometimes more likely to as-
sume an upright posture, but the presence 
of WCM with an upright posture did not 
appear to serve as an early warning for 
potential WCM emigration. Effects ap-
peared somewhat erratic, probably at least 
in part because when stress was greatest, 
only a small number of WCM were present 
to provide estimates. The position of mites 
on different plant parts could be more a 
function of which plant parts survive as a 
food source longest in addition to potential 
movement of WCM. The tendency for 
living WCM on plants treated with 
paraquat to be more common on the third 
leaf might have resulted because green 
tissue was limited to the youngest leaf 
rather than because of movement to that 
leaf; small islands of green tissue were 
sometimes observed on paraquat-treated 
plants. The upper half of leaves was not 
necessarily a better potential launching 
position because of leaf-trapping that bent 
the leaves downward. An upright posture 
may be more indicative of intended emi-
gration. Handling of the leaves may have 
affected WCM posture, but relative com-
parisons between treatments are probably 
still valid, particularly when there were 
enough WCM present for good estimates 
of percentages. Stem cutting seemed to 
result in increases in WCM in upright pos-
tures, as did glyphosate treatment in the 
later days of the experiment. It should also 
be noted that plants in these experiments 
were almost always in a wind-still envi-
ronment, while Nault and Styer (18) have 
observed that the air movement over the 
leaf surface may have stimulated perpen-
dicular standing and chain formation in 
WCM. High wind speeds common in 

wheat growing areas such as the Great 
Plains might have elicited different reac-
tions from the WCM. 

While the effect of paraquat on TGLA 
was similar for both infected and WCM-
free plants, it appeared that glyphosate had 
a more rapid effect on TGLA for WCM-
free plants (Fig. 2). If this effect is consis-
tent in the field, then information about 
infection of volunteer wheat may be useful 
for determining risks of volunteer man-
agement strategies. The window of risk 
following glyphosate treatment might be 
shorter for plants newly infested by WCM 
and infected by WSMV than for plants 
with established viruliferous WCM popu-
lations. Nonviruliferous WCM populations 

also can produce important effects on plant 
growth through longitudinal leaf rolling, 
stunting, necrosis, and even plant death 
(12), which may influence plant responses 
to glyphosate treatment. However, our 
study did not partition WCM effects from 
those of WSMV. 

The strong relationship between TGLA 
and the number of mites suggests that the 
amount of green tissue present in volunteer 
wheat may be a good indicator of the po-
tential for emigration of the WCM and 
WSMV. If this relationship is consistent in 
field populations of volunteer wheat, it 
could be used to predict whether fields 
with managed volunteer wheat still present 
a risk of emigration. 

Table 6. Mean percentage of living wheat curl mites on the outside of leaves, as opposed to inside the
curled leaves, in three experimentsz 

 Days after treatment 

Treatment 1 2 3 5 7 

First tillage-drought experiment     
Stem cutting 4.07 7.94 9.96 12.50 – 
No water 5.00 11.85 9.26 7.82 9.79 
Control 4.87 8.13 12.39 13.06 11.20 

 1 3 6 10 15 

Second tillage-drought experiment     
Stem cutting 5.88c 6.06b

y 0.00c
y 100.0a

x – 
No water 11.15b 

8.27b
xy 7.08b

x 77.78a
y 0.00c

y 

Control 9.05b 
8.83b

x 12.83ab
x 18.82a

z 6.73b
x 

 1 3 6 10 15 

Herbicide experiment     
Paraquat 27.53a

x 3.43b 10.00ab – – 
Glyphosate 5.80y 9.45 14.48 61.54 0.00 
Control 7.51y 13.52 15.73 13.47 6.88 

z Within each experiment, superscripts a, b, or c indicate means in a row (time course within a treat-
ment) that group separately (P < 0.05) following an analysis of variance; within each experiment, 
subscripts x, y, and z indicate means that group separately in a column (comparison of treatment 
effects at a time point). If there were no significant differences in a row or column, the super- or 
subscripts are not shown. 

 

Fig. 2. Total green leaf area (cm2) of the three youngest leaves over time in response to wheat curl mite 
infestation/wheat streak mosaic virus infection (indicated by +) and herbicide treatments. New leaves
were generally not produced by infected plants. 
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While timely removal of volunteer 
wheat can reduce the risk of WSMV 
movement to wheat planted in fall, the 
practice may have a cost. Summer tillage 
can increase erosion and soil moisture loss, 
and also may result in smaller populations 
of wildlife such as pheasant that support 
hunting as an alternative rural income 
source (21,22). Summer herbicide applica-
tion generally results in less soil erosion 
and moisture loss, but still may impact 
wildlife populations by decreasing food 
sources. 

The development of complete risk as-
sessments for field scenarios is compli-
cated by the great importance of weather 
variables for the development of WSMV 
and WCM populations. Weather conditions 
will determine whether one WCM per 
volunteer wheat plant, evaluated as a low-
risk population size in our experiments, is 
a sufficient number to initiate an epidemic 
in neighboring newly sown wheat fields. 
Pady (19) reported trapping WCM at a 
height of 152 feet (46.3 m) and 1.5 to 2 
miles (2.4 to 3.2 km) from the nearest 
wheat field, so there is also the potential 
for long-distance movement. Highly con-
ducive conditions for WCM survival in 
transit and for reproduction of WCM when 
deposited on new wheat plants could allow 
an important epidemic to begin from very 
small numbers of viruliferous mites. Non-
conducive conditions when wheat emerges 
in fall could result in low risk of infection 
even with higher WCM populations on 
volunteer wheat. 

Another factor complicating risk analy-
sis is the broad host range of the WCM and 
WSMV. The WCM host range includes 
corn, barley, rye, oats, sorghum, pearl mil-
let, and many annual and perennial wild 
grasses (2–4,13,14,18,24–30). Severe epi-
demics of WSM have occurred when little 
volunteer wheat is present (35). Minor 
hosts of WCM and WSMV could function 
as another green bridge between earlier 
availability of summer volunteer wheat 
and newly sown wheat in fall. 

The WCM represents an example of a 
disease vector that can survive for only a 
short time in the absence of a living plant 
host. Wheat management strategies will 
have a somewhat different effect on the 
window of risk for transmission of other 
wheat pathogens and pests. For example, 
the wheat take-all pathogen can survive for 
limited periods of time in dead wheat 
crowns in no-till systems (34), but the 
presence of volunteer wheat may help 
support larger and more robust pathogen 
populations. For evaluation of risk, it 
would also be useful to know whether 
other pathogens or insect pests modify 
volunteer wheat physiology such that the 

rate of herbicide action on plants, and thus 
WCM, is affected. 
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