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ABSTRACT This study looked at regulated deÞcit irrigation (RDI) on leafhoppers in the genus 
Erythroneura (Erythroneura elegantula Osborn, or western grape leafhopper, and Erythroneura varia­
bilis Beamer) (Hemiptera: Cicadellidae), which are serious pests of cultivated grape (Vitis vinifera 
L.) in California. RDI is an irrigation strategy that reduces irrigation during a critical point in the 
phenology of a cultivated perennial crop, to improve vegetative balance and crop quality. Erythroneura 
spp. are known to respond negatively to vine water stress, and the second generation of leafhoppers 
begins during a potential RDI initiation period, between berry set and veraison (beginning of fruit 
maturation). In experiments at commercial wine grape vineyards, I imposed deÞcits of between 25 
and 50% of crop full evapotranspiration (ETc) between berry set and veraison, with control treatments 
based on the growersÕ standard irrigations (typically between 0.8 and 1.0 ETc), and then we counted 
leafhopper nymphs weekly, and leafhopper eggs after the second generation. Results show a consistent 
reduction of second generation nymphal density with this type of RDI, with average density �50% 
lower under deÞcit treatments in all three studies. DeÞcit irrigation reduced second generation egg 
density by 54% at one site and by 29.9% at another. These results conÞrm previous studies regarding 
the sensitivity of Erythroneura spp. to grapevine water stress, and, in addition, they show that a 
season-wide irrigation deÞcit is not necessary for reduction in leafhopper density. Results suggest that 
lower oviposition at least partly explains the lower nymphal density in the deÞcit treatments. 
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Leafhoppers in the genus Erythroneura (Erythroneura 
elegantula Osborn and Erythroneura variabilis Beamer) 
(Hemiptera: Cicadellidae: Typhlocybinae) are a major 
pest concern for California grape producers. Leafhop­
pers are the stateÕs number one insect pest with respect 
to chemical treatment efforts: based on the use of the 
mostcommoninsecticidesatthe timeofthisstudy, �40% 
of the stateÕs grape acreage is treated for these insects 
(California Department of Pesticide Regulation 2000). 
These leafhoppers puncture cells in the leaf mesophyll, 
extracting the contents. The loss of chlorophyll produces 
a white stippled appearance of the leaf, and high popu­
lation density can reduce a vineÕs photosynthetic rate. 

Some other Hemiptera that exploit their host plants 
in the same way are known to respond negatively to 
plant water stress. Connor (1988) found a preference 
by Corythucha arcuata (Say) (Hemiptera: Tingidae), 
a mesophyll feeder, on Quercus alba L. leaves at �0.1 
and �0.4 megapascals (MPa) compared with �0.8 and 
�1.5 MPa, and Flint et al. (1996) noted lower densities 
of Lygus hesperus Knight (Hemiptera: Miridae) on 
cotton (Gossypium hirsutum L.) watered biweekly 
versus weekly. There is also some evidence that ph­
loem-feeding leafhoppers respond in a similar manner. 

1 Corresponding author, e-mail: mcostell@calpoly.edu. 

Hoffman et al. (1990) and Hoffman and Hogg (1992) 
found that Empoasca fabae (Harris) had longer de­
velopmental periods, higher egg mortality, and lower 
densities on water-stressed alfalfa, Medicago sativa L. 

Previous studies on Erythroneura spp. have indi­
cated nymphal densities are lower with reduced irri­
gation typically indicated as a proportion of crop 
evapotranspiration (ETc), the estimated amount of 
water needed to replace the water transpired through 
the plant and evaporated from the soil surface. 
Trichilo et al. (1990) found that on vines (ÔThompson 
SeedlessÕ [aka ÔSultanaÕ]) irrigated season-wide at 0.8 

or 0.4 ET compared with 1.2 ET , density of E. 
elegantula and E. variabilis was signiÞcantly lower at 
one site in the San Joaquin Valley (Westside Field 
Station) but not another (Kearney Agricultural Cen­
ter [KAC] on the east side of the valley). However, 
Daane and Williams (2003), also working in a Thomp­
son Seedless vineyard at KAC, found a dramatic and 
positive correlation with ETc (on a scale from 0 ETc 

to 1.6 ETc) and E. variabilis nymphal density and dry 
weight, as well as number of marked and recaptured 
adults. 

Regulated deÞcit irrigation (RDI) (Chalmers et al. 
1986) has seen a lot of interest in viticulture in Cali­
fornia, Australia, and other semiarid viticultural re-
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gions. The concept of RDI is to reduce irrigation dur­
ing critical points in the phenology of a cultivated 
woody plant, as opposed to a water deÞcit that is 
applied constantly throughout the growing season. 
The objectives of RDI include achieving a better bal­
ance between vegetative growth and production, and 
improvements in quality (Chaves et al. 2007). On wine 
grapes, RDI can be applied at different phenological 
stages, with varied effects on grape vigor, yield, and 
wine quality. Pre-berry set deÞcit is almost unheard of 
because of concerns about severe crop decline. Post-
berry set (early to mid-June) but preveraison (early to 
late July) deÞcit has resulted in a smaller canopy, 
smaller berry size, and higher concentration of an­
thocyanins and phenolics (Matthews and Anderson 
1988) but in addition reduces yield (Coombe and 
McCarthy 2000). Post-veraison deÞcit tends to delay 
berry sugar accumulation, also may reduce berry 
weight, and can negatively affect accumulation of 
berry ßavor compounds (Coombe and McCarthy 
2000). Typically, RDI imposition does not begin until 
after berry set, and sometimes the initiation is based on 
a degree of vine water status (Prichard et al. 2004). 

RDI also can be applied to leafhopper management. 
In California, Erythroneura spp. have two to three 
generations per year, depending on the region and 
weather: three and sometimes a partial fourth in the 
San Joaquin Valley, two and sometimes a partial third 
in coastal areas. The phenology of the grapevine and 
that of the leafhopper coincide such that maturation 
of the Þrst generation tends to correspond to the late 
bloom period, and mating and oviposition of second 
generation eggs coincide with berry set. My hypoth­
esis was that a mid-season water deÞcit, initiated at 
berry set and applied until veraison, should have a 
negative impact on the second generation of leafhop­
pers. With this in mind, I undertook a series of exper­
iments to test the timing of RDI on population density 
of leafhoppers. The effects of these treatments on crop 
yield and quality are presented in another article. 

Materials and Methods 

I conducted one of the year 2000 experiments at the 
Aliso vineyard �10 km east of Firebaugh, Madera 
County, in the San Joaquin Valley, and the other ex­
periments at the Frankel vineyard, �12 km east of 
Paso Robles, San Luis Obispo County, on the Central 
Coast. The Aliso vineyard was a 5-yr-old block of 
Cabernet Sauvignon, trained to a bilateral cordon with 
a single catch wire and spur pruned, with vine spacing 
2.1 m within the row and 3.3 m between rows. The 
Frankel vineyards were 10-yr-old blocks of Cabernet 
Sauvignon, trained to a bilateral cordon vertical shoot 
positioned, and spur pruned, with vine spacing 1.5 m 
within the row and 3.0 m between rows. The Frankel 
(2000) vineyard was a small, isolated block of �1 ha, 
whereas the site at Frankel (2002) was part of a larger 
block of �10 ha. Soil type at Aliso consisted of Calhi 
loamy sand to El Peco Dinuba Þne sandy loam. Soil 
type at Frankel (2000) was a San Ysidro loam with 
underlying clay subsoil, and at Frankel (2002) the soil 

type was classiÞed as Arbuckle-Positas complex 
(coarse to Þne sandy loam with underlying clay sub­
soil). 

At each site, pesticides applied consisted of elemen­
tal sulfur and demethylation inhibitor fungicides for 
powdery mildew (Erysiphe necator Schwein); and at 
Aliso, cryolite (sodium hexaßuoroaluminate) for om­
nivorous leafroller (Platynota stultana Walsingham). 
At Frankel (2000), imidacloprid was applied for leaf­
hoppers on 18 August, which effectively ended the 
study for that season. 

Each experiment was designed as a randomized 
complete block, with treatments replicated four times. 
Plots at the Aliso site were four rows wide by 190 vines 
long (plot size �0.5 ha). At Frankel (2000) plots were 
four rows wide by 18 vines long (356 m2), and at 
Frankel (2002) plots were four rows wide by eight 
vines long (158 m2). Adult leafhoppers are highly mo­
bile, and it can be assumed that they were freely mi­
grating among the plots in each study, i.e., they were able 
to choose which treatments to feed and oviposit in. 

Treatments at each site consisted of one mid-season 
deÞcit irrigation compared with a control. The control 
was based on the grower standard, i.e., each growerÕs 
normal irrigation practices, assuming the grower 
would irrigate between 0.8Ð1.0 ETc throughout the 
season, where ETc is the estimated amount of water 
evaporated from the Þeld surface and transpired by 
the grape crop. Williams (2000) has shown that grape 
yield is maximized at 0.8 ETc. In this study, the stan­
dard irrigation practice of each grower was the con­
trol, and I did not attempt to manipulate this practice; 
again, I assumed that each grower would irrigate be­
tween 0.8 and 1.0 ETc. The Þnal estimated ETc (i.e., 
where each control ended up on the 0.8Ð1.0 ETc 

continuum) is presented in the Results. For the deÞcit 
treatment, I attempted to reduce the amount of water 
applied to �50% of the grower standard irrigation 
between berry set and veraison; the treatments here­
after are known as deÞcit irrigation and standard ir­
rigation or control. At Aliso, the deÞcit was under­
taken between 1 June and 20 July (Table 1). At 
Frankel (2000), a 50% of control deÞcit was initiated 
on 23 June, but because after 3 wk this deÞcit did not 
produce a difference in leaf water potential, the deÞcit 
was intensiÞed to 25% of control for three more weeks, 
until 4 August. For the Frankel (2002) study, I com­
pared a moderate deÞcit (reduction of the grower 
standard irrigation to about half of the control) to a 
severe deÞcit (reduction of the grower standard irri­
gation to about one quarter of the control) for the 
period 20 JuneÐ1 August, and treatments hereafter are 
known as moderate and severe deÞcits. 

At each site, I regulated the deÞcit irrigations using 
in-line programmed controllers (Gilmour, Somerset, 
PA), and the amount of water applied was estimated 
by attaching a drip emitter to a collection container, 
which was monitored weekly. Again, I did not attempt 
to regulate the control; that was left up to each grower, 
assuming that each would irrigate between 80 and 
100% of ETo. To estimate the amount of water applied 
by each grower for the control treatment, and hence, 
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Table 1. Estimated reference evapotranspiration (ETo) and grape crop evapotranspiration (ETc), and estimated water applied to the 
study plots in millimeters for the period of deficit, for control (“grower standard”) and midseason deficits at the Firebaugh (Aliso 2000) 
and Paso Robles sites (Frankel 2000 and 2002) 

Site, yr, and deÞcit period 
ETo 

(mm) 
ETc 

(mm) 
Control (mm) 

Moderate deÞcit 
(mm) 

Severe deÞcit 
(mm) 

Aliso, Firebaugh (2000) 
1 JuneÐ20 July 
Frankel, Paso Robles (2000) 
23 JuneÐ4 Aug. 
Frankel, Paso Robles (2002) 
19 JuneÐ1 Aug. 

351.0 

231.2 

572.88 

307.3 

94.8 

236.6 

274.4 
(0.89 ETc) 

93.3 
(0.98 ETc) 

219.1 
(0.92 ETc) 

116.1 
(0.38 ETc) 

29.9 
(0.32 ETc) 

111.8 
(0.47 ETc) 

61.5 
(0.26 ETc) 

Estimated fraction of ETc is in parentheses below for each treatment at each study site and year. 

the degree of deÞcit irrigation of the treatments, I 
estimated ETc by the formula ETc � kc � ETo, where 
kc is the crop coefÞcient and ETo is the reference 
evapotranspiration estimate, based on the water use of 
a managed grass crop. For the Aliso site, I used the kc 

values published by Williams et al. (2003) and ETo 

values from the CIMIS weather station in Firebaugh, 
and for the Frankel sites I used the kc values from 
Williams (2001), and the ETo values from the Paso 
Robles Vintners and Growers Association weather sta­
tion in Paso Robles. The estimated amount of water 
applied at each Þeld site, treatment, and year, plus 
estimated ETc for period of deÞcit, are summarized in 
Table 1. Before the imposition of the deÞcit irrigation 
treatments, all vines in the study area were watered 
according to each growerÕs irrigation schedule. After 
the deÞcit, irrigation was set to 80% of the grower 
standard at Aliso, and to 100% of the grower standard 
at Frankel (2000 and 2002). 

At each site and in each study year, we took weekly 
counts of leafhopper nymphal density (nymphs per 
leaf) on 20 leaves per plot, beginning 2 to 3 wk before 
initiation of the deÞcit. In 2000, we took leaf water 
potential readings using a pressure bomb (PMS In­
struments, Corvallis, OR), taking Þve readings per plot 
between the hours of 1100 and 1400 hours. Leaves 
selected for measurement were mature and in full sun. 
For each leaf, the petiole was cut with a razor blade, 
the entire leaf was placed into a plastic bag, and placed 
into the chamber within 30 s. Williams and Araujo 
(2002) found that bagging after cutting the petiole 
resulted in lower readings than if the leaf were bagged 
before cutting (�8% lower under deÞcit irrigation and 
�12% lower with full irrigation). In 2002, we measured 
net photosynthesis with an LI-6200 CO2 porometer 
(LI-COR, Lincoln, NE). Leaves selected for measure­
ment were mature and in full sun. We sampled leaf­
hopper eggs after the second generation of leafhop­
pers was completed, on 4 August at Aliso, and on 18 
August at Frankel (2000), and counted on 20 half-
leaves per plot. Eggs were scored as hatched, parasit­
ized (by Anagrus spp. [Hymenoptera: Mymaridae]), 
or live. 

Leafhopper density, leaf water potential and net 
photosynthesis were analyzed by repeated measures 
analysis of variance (ANOVA) (PROC GLM, SAS 
Institute 2001), with deÞcit intensity as the between-
subjects effects, and means separation by single de­

gree of freedom orthogonal contrasts (SAS Institute 
2001). Differences were considered statistically sig­
niÞcant at P � 0.05. 

Results 

Applied Water. At Aliso, the grower standard 
amounted to �0.89 ETc, and the deÞcit �42% of the 
grower standard between 1 June and 20 July (Table 1). 
The Þnal estimate, then, of the Aliso deÞcit treatment 
was 0.38 ETc during the deÞcit period. At Frankel 
(2000), the grower standard amounted to �0.98 ETc 

and the deÞcit �31.5% of the grower standard from 23 
June to 4 August (Table 1). Therefore, the estimated 
deÞcit at Frankel (2000) was 0.32 ETc during the 
deÞcit period. At Frankel (2002), the grower standard 
amounted to �0.92 ETc, and between 19 June and 1 
August the deÞcit from the grower standard was 51.0% 
for the moderate deÞcit treatment, and 28% for the 
severe deÞcit (Table 1). Therefore, the Þnal estimated 
deÞcit was 0.47 ETc for the moderate treatment and 
0.26 ETc for the severe treatment during the deÞcit 
period. 
Vine Water Stress. As noted in Materials and Meth­

ods, leaves were bagged after cutting, so the readings 
presented in Figs. 1 and 2 can assumed to be 8Ð12% 
lower (more negative) than if bagged and then cut 
(Williams and Araujo 2002). At Aliso, a difference 
between treatments was seen almost immediately af­
ter water stress was initiated. In the deÞcit treatment, 
leaf water potential was lower by 9.7% for the 13-wk 
period between the initiation of the deÞcit and the end 
of the study (F � 115.53; df � 1, 44; P � 0.0001) (Fig. 
1). Remember that at Aliso, after the intense deÞcit 
period, the deÞcit continued at 0.8 of standard irriga­
tion. At Frankel (2000), water stress did not differ 
between treatments for the Þrst 6 wk after initiation of 
the deÞcit, but leaf water potential was lower by 3.7% 
in the deÞcit compared with control from 28 July to 25 
August (F � 5.62; df � 1, 27; P � 0.0251) (Fig. 2). 

At Frankel (2002), a reduction in net photosynthe­
sis was seen almost immediately after initiation of the 
deÞcits; for the period of 20 June to 15 August the 
reduction was 18.8% in the deÞcit treatments com­
pared with control (F � 24.21; df � 1, 42; P � 0.0001) 
(Fig. 3). In addition, the severe deÞcit treatment was 
13.1% lower than the moderate deÞcit during this 
period (F � 17.50; df � 1, 42; P � 0.0001) (Fig. 3). 
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Fig. 1. Leaf water potential (megapascals), Aliso vineyard, 2000. Water stress in the deÞcit treatment increased by 9.7% 
overall (F � 115.53; df � 1, 44; P � 0.0001) between the period of deÞcit initiation and the end of the study. 

Stomatal conductance was equivalent among all treat­
ments beginning 2 wk after cessation of the deÞcit 
irrigation. 
Leafhopper Nymphal Density. The Aliso Þeld site 

was dominated by E. elegantula, with E. variabilis, 
comprising 28.3, 2.2, and 2.1% of the nymphal popu­
lation in generations one, two and three, respectively. 
At Frankel (2000 and 2002), all nymphal counts were 
E. elegantula. 

Results from all three studies show a clear and 
negative effect of mid-season deÞcit on nymphal den­
sity. At Aliso, the deÞcit was induced �3 wk before 
second generation leafhopper eclosion. Density in the 
second generation (14 JuneÐ28 July) peaked at 5.8 � 

0.6 nymphs per leaf under standard irrigation and at 
2.3 � 0.3 nymphs per leaf under the deÞcit treatment 
(a 60% difference), and at 12.5 � 1.5 nymphs per leaf 
in the standard irrigation and 3.5 � 0.7 nymphs per leaf 
in the deÞcit in the third generation (a 72% decline) 
(28 JulyÐ31 August) (Fig. 4). Compared with the stan­
dard, deÞcit irrigation reduced second generation 
nymphal density by 52.0% (F � 16.90; df � 1, 602; P � 
0.0001) and third generation by 61.7% (F � 33.31; df � 
1, 603; P � 0.0001) (Fig. 4). At Frankel (2000), the 
deÞcit was initiated �5 wk before second generation 
eclosion. Second generation (21 JulyÐ18 August) den­
sity peaked at 11.1 � 1.2 nymphs per leaf under stan­
dard irrigation and at 4.5 � 1.0 under the deÞcit (a 

Fig. 2. Leaf water potential (megapascals), Frankel vineyard, Paso Robles, 2000. Water stress did not differ between 
treatments for the Þrst 6 wk after initiation of the deÞcit; however, water potential in the deÞcit treatment was 4% lower than 
the control from 28 JulyÐ25 August (F � 5.62; df � 1, 27; P � 0.0251). 
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Fig. 3. Net photosynthesis (micromoles per meter squared per second) among deÞcit and control treatments, Frankel 
vineyard, Paso Robles, 2002. Photosynthesis was 18.8% lower in deÞcit compared with control from 20 June to 15 August (F � 
24.21; df � 1, 42; P � 0.0001), and it was 13.1% lower under the severe deÞcit compared with the moderate deÞcit (F � 17.50; 
df � 1, 42; P � 0.0001). 

59.4% difference) (Fig. 5). Second generation density 
was lower by 51.3% under the deÞcit compared with 
the standard irrigation (F � 105.81; df � 1, 155; P � 
0.0001) (Fig. 5). At Frankel (2002), second generation 
(18 JulyÐ12 September) peak density in the standard 
irrigation was 3.2 � 0.5 nymphs per leaf; for the mod­
erate deÞcit, it was 1.6 � 0.2 (a 50% decline); and for 
the severe deÞcit, it was 1.0 � 0.2. The deÞcit treat­
ments had a signiÞcant impact on second generation 
leafhoppers (contrast: F � 86.94; df � 1, 234; P � 
0.0001), lowering density by 39.8% compared with the 

standard irrigation. In addition, second generation 
leafhopper density in the severe deÞcit was lower by 
4.5% compared with the moderate deÞcit (contrast: 
F � 16.58; df � 1, 234; P � 0.0001) (Fig. 6). 
Leafhopper Egg Density. At Aliso, total second gen­

eration egg density was reduced by 54% under deÞcit 
(F � 9.70; df � 1, 135; P � 0.002) and hatched eggs by 
�44% (F � 6.64; df � 1, 135; P � 0.011) (Table 2). The 
rate of parasitism was �36% under control and 40% 
under deÞcit, not a statistically signiÞcant difference 
(Table 2). At Frankel (2000), second generation total 

Fig. 4. Seasonal mean leafhopper density (nymphs per leaf � SE), Aliso vineyard, Firebaugh, 2000. DeÞcit irrigation 
reduced second generation density by 52% (F � 16.90; df � 1, 602; P � 0.0001) and third generation by 61.7% (F � 33.31; 
df � 1, 603; P � 0.0001) compared with control. 
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Fig. 5. Seasonal mean leafhopper density (nymphs per leaf � SE), Frankel vineyard, Paso Robles, 2000. DeÞcit irrigation 
lowered second generation density by 51.3% (F � 105.81; df � 1, 155; P � 0.0001) compared with control. 

egg density was 29.9% lower under deÞcit (F � 25.86; 
df � 1, 155; P � 0.0001), and hatched eggs were 29.7% 
lower (F � 6.86; df � 1, 155; P � 0.01) (Table 2). 
Parasitism was signiÞcantly lower under deÞcit 
(10.7%) compared with control (19.6%) (F � 5.62; 
df � 1, 132; P � 0.019) (Table 2). 

Discussion 

This study conÞrms previous Þndings (Trichilo et al. 
1990; Daane and Williams 2003) that Erythroneura spp. 
density is lower on water stressed vines. Moreover, the 
current study shows that season-wide irrigation deÞcit 
is not necessary for a reduction in leafhopper density. 
The results from Frankel (2002) also support the re­

lationship between intensity of deÞcit and degree of 
leafhopper density reduction found in the studies of 
Trichilo et al. (1990) and Daane and Williams (2003). 
Also, at one site, Aliso, the difference in nymphal 
density between standard and mid-season deÞcit 
treatments carried over into the third generation, well 
beyond the initial six-week deÞcit period. Most likely 
this is because there the irrigation rate was maintained 
at 0.80 of standard irrigation after the initial intense 
deÞcit period. 

Variability among Þeld sites in leafhopper density 
with irrigation manipulation is bound to depend on 
soil type, which was something also noted by Trichilo 
et al. (1990). In the current studies, although both the 
Aliso (coarser soil texture) and Frankel (Þner soil 

Fig. 6. Seasonal mean leafhopper density (nymphs per leaf � SE), Frankel vineyard, Paso Robles, 2002. second generation 
density was reduced by 39.8% in the deÞcit treatments compared with control (F � 86.94; df � 1, 234; P � 0.0001) by 4.5% 
when moderate deÞcit was compared with severe deÞcit (F � 16.58; df � 1, 234; P � 0.05). 
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Table 2. Second generation leafhopper egg density and percentage of parasitism by Anagrus spp., Aliso and Frankel vineyards, 2000 

Vineyard Mean total eggs/leaf Mean hatched eggs/leaf Mean % parasitism 

Aliso, Firebaugh 
Control 6.45 � 0.78 2.98 � 0.39 0.36 � 0.05 
DeÞcit 2.93 � 0.39 1.67 � 0.32 0.40 � 0.08 

F � 9.70; df � 1, 135; P � 0.002 F � 6.64; df � 1, 135; P � 0.011 F � 0.54; df � 1, 91; P � 0.462 
Frankel, Paso Robles 

Control 16.15 � 1.38 9.83 � 0.87 0.20 � 0.03 
DeÞcit 11.33 � 1.68 6.90 � 0.85 0.11 � 0.02 

F � 25.86; df � 1, 155; P � 0.0001 F � 6.86; df � 1, 155; P � 0.01 F � 5.62; df � 1, 132; P � 0.019 

texture) sites had lower leafhopper densities with 
mid-season irrigation deÞcits, the Frankel site was 
more buffered with respect to soil water. This can be 
seen in the greater lag time at Frankel versus Aliso 
between water deÞcit initiation and the time at which 
pressure bomb readings or leafhopper nymphal counts 
began to differ among treatments. 

Several hypotheses have been put forth to explain 
the mechanism for the lowered density of leafhopper 
nymphs on water stressed plants, including altered 
microclimate, oviposition, egg mortality, and nymphal 
mortality. Trichilo et al. (1990) discussed the possi­
bility that fully watered vines have a cooler microcli­
mate, which could lead to a preference by leafhoppers; 
however, this hypothesis has not been tested previ­
ously nor was it in the current study. Working with E. 
fabae, Hoffman and Hogg (1992) found a lower rate of 
oviposition on water stressed alfalfa, which they at­
tributed to a higher rate of adult leafhopper emigra­
tion. Daane and Williams (2003), in a Þeld cage study, 
found oviposition of E. variabilis 50% lower on vines 
irrigated season-wide at 1.2 ETc compared with 0.6 
ETc. However, they found that female nymphs that 
fed on water-stressed versus well-watered vines did 
not differ in fecundity as adults. Therefore, they sug­
gested that lower oviposition, not lower fecundity, is 
a leafhopper response to vine water stress. This, cou­
pled with the knowledge that adult leafhoppers are 
highly mobile and freely able to move among plots, 
indicates that at Aliso and Frankel (2000), leafhopper 
oviposition was reduced because of an aversion on the 
part of adult female leafhoppers to the water stressed 
vines. 

Daane and Williams (2003) discuss the possible 
mechanisms involved in lowered leafhopper numbers 
on grapevines receiving less water, including poor 
food quality for adults, and an aversion to oviposition 
due to a change in leaf structure. In addition, there 
may be a degree of leaf water potential below which 
female Erythroneura spp. will not oviposit. Egg mor­
tality differed between 12Ð15 percentage points be­
tween well-watered and water-stressed alfalfa in a 
study on E. fabae (Hoffman et al. 1990). However, in 
the current study, the evidence that a difference in egg 
mortality between well-watered and deÞcit vines 
played a role is mixed, based on a comparison between 
treatments in the density of hatched and total eggs. At 
Aliso, in the standard irrigation, the density of hatched 
eggs was 54% lower than total eggs, and in the deÞcit 
the difference was 43%, suggesting that abiotic egg 

mortality (due to water stress) at least partially ac­
counted for the 11 percentage point difference. How­
ever, at Frankel (2000), there was exactly the same 
reduction in hatched eggs compared with total eggs 
(39%) in both standard irrigation and deÞcit treat­
ments, indicating that abiotic mortality due to drought 
stress was not a factor. Therefore, egg mortality may 
be a contributing factor to lower leafhopper density 
water-stressed grapevines, but it cannot be a general 
explanation. 

Another possible mechanism is that leafhopper 
nymphal mortality is higher on water stressed vines. 
To my knowledge, no published study exists which 
has analyzed this. In the present studies, the percent 
difference between treatments in peak nymphal 
density at Aliso (60%) and Frankel (2000) (59%) 
(Figs. 1 and 2) is greater than the percentage of 
difference in hatched eggs (Aliso, 44%; Frankel 
[2000], 29%) (Tables 1 and 2). Because parasitism 
did not differ between treatments, this suggests that 
the unexplained mortality is due to higher nymphal 
mortality in the deÞcit treatments. It is possible that 
nymphal mortality is greater on the deÞcit vines 
because leaf cuticle is thicker, making nymphal 
stylet penetration more difÞcult. It is well known 
that leaf cuticle thickness can increase in response 
to water deÞcit (Levitt 1972); however, this tends to 
be a consequence of long-term stress. Still, no one 
has analyzed the time frame in which grape leaf 
cuticle thickens in response to water stress, nor the 
degree to which this might occur. Another possi­
bility is that low water potential (low free energy of 
water) makes it more difÞcult for leafhoppers to 
extract the contents of mesophyll cells, something 
suggested by Connor (1988), working with adult 
tingids. Again, no one has looked at this experimen­
tally involving leafhoppers on grape. 
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