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ABSTRACT The developmental thresholds for Marmara gulosa Guillén & Davis (Lepidoptera: 
Gracillariidae) were investigated in the laboratory by using 17, 21, 25, 29, and 33°C. The lowest 
mortality occurred in cohorts exposed to 25 and 29°C. Other temperatures caused >10% mortality 
primarily in egg and Þrst and second instar sap-feeding larvae. Linear regression analysis approximated 
the lower developmental threshold at 12.2°C. High mortality and slow developmental rate at 33°C 
indicate the upper developmental threshold is near this temperature. The degree-day (DD) model 
indicated that a generation requires an accumulation of 322 DD for development from egg to adult 
emergence. Average daily temperatures in the San Joaquin Valley could produce up to seven 
generations of M. gulosa per year. Field studies documented two, Þve, and three overlapping gen­
erations of M. gulosa in walnuts (Juglans regia L.; Juglandaceae), pummelos (Citrus maxima (Burm.) 
Merr.; Rutaceae), and oranges (Citrus sinensis (L.) Osbeck; Rutaceae), for a total of seven observed 
peelminer generations. Degree-day units between generations averaged 375 DD for larvae infesting 
walnut twigs; however, availability of green wood probably affected timing of infestations. Degree-day 
units between larval generations averaged 322 for pummelos and 309 for oranges, conÞrming the 
laboratory estimation. First infestation of citrus occurred in June in pummelo fruit and August in 
orange fruit when fruit neared 60 mm in diameter. Fruit size and degree-day units could be used as 
management tools to more precisely time insecticide treatments to target the egg stage and prevent 
rind damage to citrus. Degree-day units also could be used to more precisely time natural enemy 
releases to target larval instars that are preferred for oviposition. 
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Marmara gulosa Guillén & Davis (Lepidoptera: Gracil­
lariidae) larvae feed as subsurface miners in fruit and 
stems of plants such as bean, cotton (Gossypium hir­
sutum L.), cucurbits (Cucurbita spp.), grape (Vitis 
spp.), nut, oleander (Nerium oleander L.), willow (Sa­
lix spp.) and various other crops, and it is periodically 
an economic pest of citrus (Citrus spp.) fruit in the 
southwestern United States (Atkins 1961, 1971; Reeves 
1995; Gibson et al. 1997; Guillé n et al. 2001, 2003; 
Godfrey et al. 2003; Grafton-Cardwell et al. 2003). 
Larvae create serpentine mines in the rind of citrus 
fruit, rendering it unacceptable for fresh market sale 
(Atkins 1961, Reeves 1995). In the San Joaquin Valley 
of California, certain varieties of citrus such as grape­
fruit (Citrus paradisi Macfad.; Rutaceae), pummelo 
(Citrus maxima Merr.; Rutaceae), and ÔFukumotoÕ, 
ÔAtwoodÕ, ÔThompson ImprovedÕ and ÔBarnÞeldÕ navels 
[Citrus sinensis (L.) Osbeck; Rutaceae] are especially 
susceptible to mining by M. gulosa. Mining damage is 
difÞcult to control with insecticide sprays because the 
moths prefer to oviposit on fruit hanging low and 
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inside the tree during periods when the fruit is rapidly 
outgrowing the treatment. In addition, treatments 
must be applied before the initiation of egg hatch to 
prevent mining damage and determining moth ßights 
that precede oviposition is difÞcult due to the weak 
attractiveness of the synthetic pheromone (McElfresh 
et al. 2009). 

An investigation by Guillén and Heraty (2004) of 
the growth and developmental of M. gulosa indicated 
that larvae complete four to seven feeding instars 
depending on environment conditions. Guillé n and 
Heraty (2004) also determined that temperature in­
ßuenced mortality of M. gulosa; however, the devel­
opmental thresholds and degree-days (DD) required 
to complete a generation were not investigated. A 
model of the effect of temperature on growth and 
development of M. gulosa stages could aid manage­
ment of this pest because control tactics vary by life 
stage; for example, predicting moth ßights would im­
prove timing for treatments that affect the egg stage. 
In addition, native gracillariid parasitoids preferen­
tially use fourth and Þfth instar larvae as hosts (Guillén 
et al. 2007), and the success of establishing biological 
control agents could be improved through precise 
timing of Þeld releases. The objectives of these labo­
ratory studies were to determine the relationship be­
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tween temperature and the developmental rate of M. 
gulosa and to use these data to develop a degree-day 
model that could be veriÞed in the Þeld and used to 
better manage the pest. 

Materials and Methods 

The laboratory colony of M. gulosa was initiated 
with specimens collected from Þeld-infested zucchini 
squash, Cucurbita pepo (L.), ÔAmbassadorÕ (Cucurbi­
taceae) (Seminis, Oxnard, CA) in 2004 and main­
tained on Ambassador squash at the Kearney Agricul­
tural Center, Parlier, CA. 
M. gulosa moths were reared in Bug Dorm 2 (Bio­

quip, Rancho Dominguez, CA) collapsible 300-cm3 

plastic cages with cloth openings for ventilation held 
at 26 : 2°C, 40 : 5% RH, and a photoperiod of 12:12 
(L:D) h. Each cage contained =500 moths that were 
provided a 10% sucrose solution in a vial with a cotton 
wick and honey applied to wax paper strips. Squash 
were exposed to the moths for 24Ð48 h, and then the 
squash were held in trays on moist vermiculite until 
leafminer larvae began to pupate. Squash were then 
moved to paper towels that provided an irregular sur­
face necessary for pupation. Pupae were Þnally placed 
into the plastic cages for moth emergence. 

For the study, 168 uninfested Ambassador zucchini 
squash were obtained from a Þeld planting at the 
Kearney Agricultural Center during 2005. Squash 
were gently rinsed with deionized water and allowed 
to air dry. Twenty-four squash were placed in each of 
seven growth cabinets (Percival ScientiÞc, Perry, IA) 
and left exposed to 500 mated moths for 12 h. Cabinets 
were held at 26 : 2°C with 30Ð40% RH and a pho­
toperiod of 12:12 (L:D) h using Sylvania Gro-lux 40­
Watt ßorescent lights. 

Squash were placed in 43.8- by 29.5- by 16.5-cm 
plastic trays covered with 5 cm of moistened coarse 
vermiculite (Orchard Supply Hardware, Fresno, CA). 
Oviposition was veriÞed by observation of eggs on 
squash using a stereo dissecting microscope. Each 
squash was numbered with a permanent marker; four 
squash were placed in each of six trays per tempera­
ture cabinet. Temperature cabinets were held at 17, 
21, 25, 29, and 33 : 0.5°C. Squash remained on the 
vermiculite and were misted daily with distilled water 
until egg hatch. After egg hatch, squash were trans­
ferred to 43.8- by 29.5- by 16.5-cm plastic trays covered 
with paper towels. Infested squash were maintained 
under ßuorescent light on a photoperiod of 14:10 
(L:D) h. Each growth chamber contained a 2,000-ml 
beaker of saturated table salt solution at a rate of 368.5 
g salt/liter water to maintain relative humidity at 90 : 
5% (Winston and Bates 1960). Temperature and rel­
ative humidity were veriÞed by a digital temperature 
and humidity monitor (Thermo Fisher ScientiÞc, 
Waltham, MA) in each temperature cabinet. 

Development of M. gulosa cohorts were tracked by 
labeling individuals on each squash with a pen, for a 
total of 120 larvae per treatment; observations were 
recorded daily. Larval head capsule width to 0.1 mm 
was evaluated on each sap-feeding larva by using an 

ocular micrometer Þtted in the eyepiece of a dissect­
ing microscope. Completion of sap-feeding larval in-
stars was determined by a period of larval quiescence 
before molting followed by an increase in head cap­
sule width of =0.1 mm, in addition to the presence of 
a cast exuvium. IdentiÞcation of the nonfeeding spin­
ning larval instar was through changes in morphology 
and color of the larva (Guillén et al. 2001). The time 
period that larvae-infested squash were brought out­
side of temperature cabinets for measurement and 
assessment of survival was limited to an average of 1.5 
min to minimize the effect of temperature ßuctuations 
on larval development. Dates of egg hatch, sap-feeding 
and spinning larval instars, pupation, adult moth emer­
gence, and mortality of each individual were re­
corded. Mature larvae emerged from the squash and 
pupated in the crevices of the paper toweling. Pupae 
were separated by cutting the paper towel and placing 
the pupae individually in 20-dram glass vials plugged 
with cotton and returned to the temperature cabinet. 
Adult gender was determined by microscopic exam­
ination of the genitalia (Guillén et al. 2001). The mean 
percentage of males was calculated and the propor­
tions compared for the Þve temperature regimes using 
analysis of variance (ANOVA) and Fishers least sig­
niÞcant difference (LSD) test (P = 0.05) (Statgraph­
ics Centurion software, Statpoint Technologies, War­
renton, VA). 

The mean percentage mortality (:SEM) of each M. 
gulosa cohort for each temperature regime (17, 22, 25, 
29, and 33°C) was calculated daily. Mean number of 
days for 50% of the population to complete each 
growth stage from oviposition through adult for each 
temperature was calculated, log(x + 1) transformed 
and compared using ANOVA and FisherÕs LSD test 
(P = 0.05). 

The developmental times of individuals in the 17, 21, 
23, and 29°C regimes were used to calculate a linear 
regression equation, r 2 value, lower developmental 
threshold, and degree-day accumulation for periods 
from oviposition to each growth stage through adult. 
Data for individuals exposed to 33°C were excluded 
from the analysis because of the high rate of mortality 
and slower developmental time for these individuals 
compared with 29°C, indicating that these data were 
not in the linear portion of the response. The stage 
duration intervals were calculated using the reciprocal 
of the number of days to complete a stage (1/d) 
multiplied by 100 to give a value >1 (Amarasekare et 
al. 2008). The linear regression equation of tempera­
ture (x) versus/stage duration in days (y) was derived 
and the lower developmental thresholds for each stage 
were approximated by extrapolation of the regression 
to the x-axis. 

The degree-day accumulation for each stage was 
calculated as 1/slope for the 50th percentile to com­
plete the stage. The degree-day accumulation for ovi­
position through pupation was used to estimate a gen­
eration time for M. gulosa. Mean daily maximum and 
minimum temperatures were calculated for temper­
ature data obtained from the Lindcove CIMIS station 
(http://www.cimis.water.ca.gov/cimis/) for 1976Ð 
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2006. Degree-days were calculated using the method 
of Gilmore and Rogers (1958): degree-days = [(daily 
maximum temperature oC - daily minimum temper­
ature oC)/2] Ð lower developmental threshold 
(LDT). The number of generations of M. gulosa for the 
San Joaquin Valley region was estimated by taking the 
cumulative number of degree-day units for 1 January 
through 31 December and dividing by the degree-day 
accumulation for M. gulosa needed to complete one 
generation. 

During 2006, pheromone trapping and examination of 
twigs and fruit for M. gulosa larvae were conducted in 
nine sites: three walnut, Juglans regia L. (Juglandaceae), 
sites; three pummelo sites; and three navel orange, sites. 
Walnut site 1 (Farmersville, CA) was 28.33 ha planted in 
1990, walnut site 2 (Exeter, CA) was 2.83 ha planted in 
1998, and walnut site 3 (Woodlake, CA) was 20.23 ha 
planted in 1975. Site 4 (Ivanhoe, CA) was ÔChandlerÕ 
pummelo, with the west half consisting of 1.21 ha planted 
in 1990 and the east half consisting of 1.21 ha planted in 
1995. Site 5 (Visalia, CA) was Chandler pummelo, with 
the north half consisting of 8.9 ha planted in 1995 and the 
south half consisting of 8.1 ha planted in 1993. Site 6 
(Exeter, CA) was 1.62 ha of Chandler pummelo in the 
south half planted in 1988 and the north half consisted of 
1.21 ha ÔMelogoldÕ pummelo planted in 1988 and re-
grafted to Chandler scion in 2000. Site 7 (Farmersville, 
CA) consisted of 7.69 ha of ÔFukumotoÕ planted in 1998. 
Site 8 (Lindsay, CA) used Fukumoto scion on trifoliate 
rootstock, with the north half consisting of 2.02 ha 
planted in 1994 and the south half consisting of 2.02 ha 
planted in 1995. Site 9 (Strathmore, CA) consisted of 2.02 
ha of ÔLane LateÕ interplanted with ÔPowellÕ planted in 
1995. 

Sites were divided into four quadrants along cardi­
nal axes. A delta pheromone trap (Trécé , Adair, OK) 
was placed at a height of 1.5 m in the center of each 
quadrant on 26 March 2006, for a total of four traps per 
site and 12 traps per host plant type. Each trap con­
tained a rubber septum impregnated with the artiÞcial 
sex pheromone for M. gulosa obtained from J. G. Millar 
(University of California, Riverside, CA) (McElfresh 
et al. 2009). Traps were checked weekly through 14 
September for walnuts and through 2 November for 
citrus. The total number of male moths in each trap 
was counted in the Þeld. Pheromone septa and traps 
were changed once every 4 wk. Moths per trap were 
averaged for each host plant type. 

Measurement of the length (centimeters) of new 
green growth at the distal end of walnut twigs, and 
larval sampling was conducted on 100 randomly cho­
sen twigs per quadrant in each walnut site weekly from 
20 April through 3 August, after which twigs became 
unsuitable as a resource for M. gulosa larvae. The 
numbers of live, dead and emerged larvae were re­
corded. Larval instar was determined using a 15X 
hand lens (Bioquip, Rancho Dominguez, CA) and was 
based on the number of changes in mine width (Finch 
2003). Data for twig length was averaged and data for 
Þrst, late stage (thirdÐÞfth instar larvae), and emerged 
larval stages were combined for the three walnut sites. 

One hundred fruit per quadrant in each pummelo 
and navel orange site were sampled for M. gulosa 
larvae 15 June through 2 November 2006. The number 
of live, dead, and emerged larvae and the instars of live 
larvae were recorded using the same methods as the 
walnut samples. The diameter (millimeters) of 10 ran­
domly selected fruit per quadrant in each site was 
measured once weekly 15 June through 7 September 
for pummelos and 2 November for oranges using a 
fruit caliper (Fruit Growers Supply, Woodlake, CA). 
The fruit size was averaged for the three pummelo and 
for the three navel orange sites. The total number of 
Þrst, late stage (thirdÐÞfth instar), and emerged larvae 
were totaled for the three pummelo and three orange 
sites and plotted by sample date. 

Degree-day intervals between generations were 
calculated using a lower developmental threshold of 
12.2°C and the degree-days calculated as described 
above for temperature data obtained from the Lind­
cove CIMIS station (http://www.cimis.water.ca.gov/ 
cimis/) for 2006. 

Results 

Egg hatch of M. gulosa occurred at all temperatures 
tested, ranging from 111 to 120 individuals per treat­
ment (Table 1). The incubation time before egg hatch, 
ranging from 3.0 to 10.7 d, was signiÞcantly affected by 
temperature (F = 3,117; df = 4, 576; P < 0.0001). 
Incubation time decreased from 17 to 29°C and then 
increased again slightly at 33°C. Eggs required 2.7 
times longer for hatching when exposed to 17°C com­
pared with 29°C. 

Development of M. gulosa larvae through Þve sap-
feeding instars was observed with differences in larval 
head capsule widths of 0.1, 0.2, 0.3, 0.4, and 0.5 mm. 
Development from oviposition through each sap-
feeding larval instar was signiÞcantly affected by tem­
perature for the Þrst instar (F = 3,546; df = 4, 527; P < 
0.0001), second instar (F = 1,832; df = 4, 480; P < 
0.0001), third instar (F = 1,558; df 4, 425; P < 0.0001), 
fourth instar (F = 1,316; df = 4, 397; P < 0.0001), and 
Þfth instar (F = 1,011; df = 4, 376; P < 0.0001) stages 
(Table 1). Similar to the egg stage, M. gulosa larvae 
exhibited decreasing developmental time from 17 to 
29°C, and then developmental time increased for the 
cohort exposed to 33°C. Larval instars 1Ð5 required 
3.5Ð4.5 times longer to complete development at 17°C 
compared with 29°C. Development from egg through 
the spinning larval instar also was signiÞcantly affected 
by temperature (F = 1,171; df = 4, 341; P < 0.0001). 

Mean days from oviposition through adult emer­
gence ranged from 19.6 to 66.2 d (Table 1) and were 
signiÞcantly affected by temperature (F = 2,662; df = 
4, 324; P < 0.0001). Pupation represented 33Ð40% of 
the total preimaginal developmental time for the tem­
peratures studied. There were no signiÞcant differ­
ences (F = 0.95; df = 4, 158; P = 0.44) in the per­
centage of males that emerged (47Ð62%) for the Þve 
temperature regimes investigated (Table 2). 

Figure 1 shows that M. gulosa exposed to 33°C, 
exhibited the most rapid rate of cumulative percent­

http:http://www.cimis.water.ca.gov
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Table 2. Percentage of emerged male M. gulosa moths at five 
constant temperatures after exposure of individuals from egg 
through pupation 
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age mortality, reaching 60% by day 13. Temperature 
regimes of 25 and 29°C resulted in the lowest cumu­
lative mortality (40 and 20%, respectively). Temper­
atures of 17 and 21°C resulted in nearly 70% mortality 
of M. gulosa but required 27 and 49 d, respectively, to 
reach that level of mortality. 

Figure 2 shows that the cohorts of M. gulosa exposed 
to 17°C or 33°C exhibited >10% mortality during the 
egg, Þrst larval instars, and second larval instars. Co­
horts exposed to 21°C experienced >10% mortality in 
the egg and second larval instar. Cohorts exposed to 25 
and 29°C experienced <10% mortality for all stages. 
Only larvae held at 21°C experienced mortality in the 
spinning larval stage. Pupal mortality was <5% for M. 
gulosa exposed to all temperatures regimes. 

A linear regression model was applied to each M. 
gulosa growth stage by plotting development rate 
(stage duration) against temperature (Table 3) by 
using individuals exposed to the 17Ð29°C regimes. The 
lower developmental threshold for oviposition 
through Þrst, second, third, fourth, and Þfth instar 
sap-feeding larvae and pupae ranged from 12.21 to 
13.68°C (Table 3). The developmental rates from ovi­
position to pupal eclosion for M. gulosa individuals 
held at 17, 21, 25, or 29°C produced a highly signiÞcant 
(r 2 = 0.96, P < 0.0001) regression equation of y = 0.31x 
Ð 3.79 with a lower developmental threshold of 12.2°C 
(Fig. 3). The degree-day accumulation for oviposition 
through third instar larva was 99 DD and through 
pupation was 322 DD by using the lower develop­
mental threshold of 12.2°C. Using 322 DD as the ac­
cumulation for each generation of M. gulosa and the 

Fig. 1. Mean cumulative percentage of mortality of M. 
gulosa exposed to 17, 21, 25, 29, or 33°C temperature regimes 
from egg to adult. 
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Fig. 2. Percentage of mortality by developmental stage of 
M. gulosa exposed to Þve temperatures from egg to adult. 

Fig. 3. Linear regression of developmental rate (1/d) 
from egg through pupation of M. gulosa against temperature. 

30-yr daily average temperatures, M. gulosa can po­
tentially complete seven generations in the San 
Joaquin Valley. 

The maximum number of moths per trap caught in 
any of the walnut sites averaged <2.5 moths per trap 
per week (Fig. 4). Citrus sites attracted at most two 
moths per trap in the spring, very few moths during 
summer and at most 8.3 moths per trap in the fall (Fig. 
5). Thus, the pheromone was demonstrated to be too 
weak to indicate the peaks in ßights during the Þeld 
season. However pheromone trapping did indicate the 
initial spring ßight of moths in both walnuts and citrus. 

Figure 6 shows that on 18 May and 29 June Þrst 
instar larvae were found in green wood of walnut 
twigs, indicating there are two generations of M. gulosa 
attacking walnut twigs during the spring. Green twig 
length showed two periods of rapid growth, and larvae 
emerged during those periods. Later stage larvae were 
found on 25 May and 29 June, and evidence of 
emerged larvae peaked on 8 June and 6 July, also 
providing conÞrmation of two generations. Table 4 
shows that there were 260 DD units between the 
initial male ßight and Þrst larval emergence and 490 
DD units between the Þrst and second larval emer­
gences. The average of these intervals is 375 DD, 
which is greater than the 322 DD units accumulated by 
M. gulosa infesting zucchini under laboratory condi­
tions. 

Figure 7 shows that larvae were Þrst found on pum­
melos when fruit reached an average size of 67.1 cm 
in diameter on 22 June. Peaks in numbers of Þrst instar 
larvae occurred on 22 June, 6 July, 27 July, 17 August, 
and 14 September after which there was evidence of 

larval activity, but populations declined and peaks 
could not be discerned. These data indicate that there 
were Þve to six generations of M. gulosa attacking 
pummelo fruit during June through October. Later 
stage larvae and emerged larvae somewhat conÞrmed 
generations; however, on pummelo, seasonal occur­
rence of these stages were not as clearly deÞned as on 
walnut twigs. DD were accumulating rapidly during 
the summer and signiÞcant larval development on 
citrus was occurring in less than the 7-d sampling 
interval. Table 4 shows that there were 611 DD units 
between the initial male ßight and Þrst larval emer­
gence on pummelo fruit, indicating one to two gen­
erations were completed on other hosts before pum­
melo fruit were used as a host. Degree-day units 
between generations on pummelo fruit ranged from 
239 to 375 and averaged 322 DD, which is the same 
degree-day unit accumulation observed for genera­
tions of larvae infesting zucchini in the laboratory. 

Figure 8 shows that larvae were Þrst found on or­
anges when fruit reached an average size of 61.8 cm in 
diameter on 17 August. Peaks in Þrst instar larvae 
occurred on 17 August, 14 September, and 19 October 
after populations declined. These data indicate that 
there were three generations of M. gulosa attacking 
orange fruit during August through October. Later 
instar larvae and emerged larvae somewhat conÞrmed 
generations; however, densities of these stages were 
very low, especially during the latter part of the sea­
son. Table 4 shows that there were 1477 DD units 
between the initial male ßight and Þrst larval appear­
ance on citrus, indicating Þve generations were com­
pleted on other hosts before orange fruit were used as 
a host. Degree-day units between generations on or-

Table 3. Linear regression equations, lower developmental thresholds, and degree-day accumulations for each life stage or instar of 
M. gulosa based upon developmental data from four constant temperature regimes 

Growth stage from 
oviposition 

No. tested Regression r 2 LDT 
Decree-day (oC) accumulation 

(1/slope) for the 50th percentile 
to complete stage 

To eclosion 470 y = -25.24 + 2.00x 0.97 12.58 49.84 
Through Þrst instar 434 y = -20.56 + 1.58x 0.98 13.01 63.27 
Through second instar 407 y = -17.71 + 1.29x 0.95 13.68 77.26 
Through third instar 366 y = -13.74 + 1.01x 0.95 13.59 98.90 
Through fourth instar 340 y = -9.60 + 0.75x 0.95 12.82 133.52 
Through Þfth instar 320 y = -7.30 + 0.58x 0.93 12.44 171.34 
Through spinning larva 292 y = -6.59 + 0.53x 0.94 12.43 188.69 
Through pupation 278 y = -3.79 + 0.31x 0.96 12.21 321.84 
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Fig. 4. Average number of M. gulosa moths per trap 
caught in pheromone traps in three walnut orchards during 
2006. 

Fig. 6. Total number of Þrst instar, thirdÐÞfth instar, and 
emerged larvae relative to average green wood twig length 
(centimeters) for three walnut orchards. Arrows indicate 
generational peaks in Þrst instar larval occurrence. 

anges ranged from 242 to 375 and averaged 309 DD, 
very close to the 322 DD units between generations 
observed on larvae infesting zucchini in the labora­
tory. 

Discussion 

Mortality was greatest for cohorts held at 17, 21, and 
33°C, suggesting that these temperatures are not op­
timal for growth of M. gulosa (Fig. 1). The high rate of 
mortality combined with decreased growth rate at 
33°C suggests that the upper limit of growth for M. 
gulosa lies near this temperature. Excluding this tem­
perature, extrapolation of the linear regression equa­
tion to the x-axis generated a lower developmental 
threshold of 12.2°C. Eggs and young larval instars 
showed the highest mortality when exposed to the 
highest and lowest temperatures. The lowest levels of 
mortality were observed in spinning larvae and pupae, 
suggesting that these stages are best equipped to with­
stand environmental extremes. Cocoon-spinning lar­
vae differ greatly from sap-feeding larvae, having non­
functional feeding structures, cylindrical body 
structure, legs, and spinneret (Wagner et al. 2000, 
Guillén et al. 2001). 

Temperature did not affect the percentage of male 
moths reaching adulthood at any speciÞc temperature 
regime (Table 2). Therefore, populations that expe­
rience extremes of summer and winter temperatures 
in the Þeld should not exhibit a biased sex ratio. 

In the current laboratory study, surviving M. gulosa 
individuals completed at most Þve sap-feeding larval 
instars. Only one larva out of 42 completed a sixth 

Fig. 5. Average number of M. gulosa moths per trap 
caught in pheromone traps in three pummelo and three 
orange sites during 2006. 

sap-feeding instar in the laboratory study of Guillén 
and Heraty (2004). Atkins (1961) found that larvae 
held at a constant temperature of 26.7°C completed 
Þve sap-feeding instars in addition to the spinning 
larval instar (Atkins 1961). Wagner et al. (2000) found 
seven sap-feeding instars in M. arbutiella increasing in 
head capsule size by =0.1 mm per instar similar to M. 
gulosa. 

Average daily temperatures below 12.2°C are com­
monly recorded in the San Joaquin Valley during No­
vember through February (Fig. 9). We would not 
expect development of M. gulosa individuals during 
this time and would expect high mortality of eggs and 
young larval instars. Periods of sustained high tem­
peratures in the Þeld typically occurring in July and 
August in the San Joaquin Valley would lead to in­
creased mortality, especially for eggs and young in-
stars. The eulophid parasitoids that attack M. gulosa, 
such as Cirrospilus coachellae Gates (Hymenoptera: 
Eulophidae) (Guillén et al. 2007), attack speciÞc 
stages of gracillariids. Thus, high mortality of eggs and 
larvae due to temperature extremes may result in 
periods of unavailability of preferred host stages and 
limit successful parasitism. 

Using the 322 DD interval predicted for completion 
of each generation, the climatic conditions in the San 
Joaquin Valley provide sufÞcient heat units for M. 
gulosa to complete approximately seven generations 
during a 365-d time period based on a calendar bioÞx 
of 1 January. Field studies demonstrated that there are 
two generations attacking walnut twigs in the spring, 
Þve to six generations attacking pummelo fruit from 
summer through fall, and three generations attacking 
orange fruit in late summer and fall. These three hosts 
provided overlapping resources for M. gulosa, allowing 
it to maintain populations from April through Novem­
ber. Walnut green wood was only available during the 
spring and acted as a suitable as host only when the 
twigs were rapidly expanding. Thus, plant growth 
seems to inßuence the timing of generations. Two 
periods of walnut twig growth supported two gener­
ations of M. gulosa. Citrus fruit was not suitable as a 
host until it approached 60 mm in diameter and then 
remained a suitable host throughout the season. This 
Þnding supports the observation that the growth phase 
of the host plant tissue inßuences oviposition. The 
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Fig. 7. Total number of Þrst instar, thirdÐÞfth instar, and 
emerged larvae relative to average fruit diameter (millime­
ter) for three pummelo orchards. Arrows indicate genera­
tional peaks in Þrst instar larval occurrence. 

total number of generations observed on these three 
hosts was seven, although there were sufÞcient de­
gree-day units in the early spring to support an addi­
tional generation on another host. Willows have been 
observed (unpublished data) to host M. gulosa 
throughout the year and to act as one of those early 
bridging host plant species. 

Multiple classes of insecticides, including organo­
phosphate, carbamate, pyrethroid, neonicotinoid, in­
sect growth regulator, fermentation products, and sul­
fur, have been shown to reduce populations of M. 
gulosa in laboratory tests (Grafton-Cardwell et al. 
2008). In these studies, dißubenzuron and pyriproxy­
fen, cyßuthrin and fenpropathrin, imidacloprid and 
acetamiprid, and spinosad were shown to signiÞcantly 
reduce the percentage of egg hatch, which is essential 
for preventing rind damage. The efÞcacy of these 
materials in the Þeld is limited due to the larvae being 
protected by the mine and the difÞculty in obtaining 
thorough coverage as a result of rapid fruit growth and 
dense canopy (Grafton-Cardwell et al. 2003, 2008; 
Grafton-Cardwell and Reagan 2004). Degree-day 
units could be used to better time treatments and so 
maximize the effectiveness of these insecticides. We 
propose that the synthetic pheromone (McElfresh et 
al. 2009) be used to determine the bioÞx of the Þrst 
male ßight, and by using a lower developmental 
threshold of 12.2°C, calculate 322 DD intervals for 
subsequent male ßights and time treatments to cause 
mortality of eggs and early larvae to minimize mining. 

Fig. 8. Total number of Þrst instar, thirdÐÞfth instar, and 
emerged larvae relative to average fruit diameter (millime­
ters) for three orange orchards. Arrows indicate generational 
peaks in Þrst instar larval occurrence. 
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Fig. 9. Average monthly high and low temperatures 
(Celsius) for 1976Ð2006 recorded at the CIMIS weather sta­
tion, Lindcove Research and Extension Center, Exeter, CA. 
The upper solid line indicates the suspected upper develop­
mental threshold (UDT) of 33°C and the lower line the 
estimated LDT of 12.9°C for M. gulosa. 

Our Þeld studies suggest that citrus is attacked when 
the fruit diameter nears 60 cm, 600Ð650 DD after the 
Þrst male ßight for pummelos and 1450Ð1500 DD after 
the Þrst male ßight for oranges. Treatments could be 
applied just before these events and followed up at 322 
DD intervals for subsequent generations if additional 
treatments were warranted. 

Degree-days also could be used to help time Þeld 
releases of parasitoids, if the preferred host stage is 
known. For example, C. coachellae could be released 
using a 99 DD interval after male ßights to target the 
presence of the preferred late instar M. gulosa larvae 
(Guillén et al. 2007). Although parasitism of late instar 
larvae will not prevent rind damage, it may act to 
reduce overall M. gulosa population densities. Field 
studies are needed to determine whether this release 
strategy is effective. 
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