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ABSTRACT Parthenium (Parthenium hysterophorus L.), a major weed causing economic, environ-
mental, and human and animal health problems in Australia and several countries in Asia, Africa, and
the PaciÞc, has been a target for biological control in Australia since the mid-1970s. Nine species of
insects and two rust fungi have been introduced as biological control agents into Australia. These
include Carmenta sp. nr ithacae, a root feeding agent from Mexico. The larvae ofC. sp. nr ithacae bore
through the stem-base into the root where they feed on the cortical tissue of the taproot. During
1998Ð2002, 2,816 larval-infested plants and 387 adults were released at 31 sites across Queensland,
Australia. Evidence of Þeld establishment was Þrst observed in two of the release sites in central
Queensland in 2004. Annual surveys at these sites and nonrelease sites during 2006Ð2011 showed wide
variations in the incidence and abundance ofC. sp. nr ithacaebetween years and sites. Surveys at three
of the nine release sites in northern Queensland and 16 of the 22 release sites in central Queensland
conÞrmed the Þeld establishment of C. sp. nr ithacae in four release sites and four nonrelease sites,
all in central Queensland. No Þeld establishment was evident in the inland region or in northern
Queensland. A CLIMEX model based on the native range distribution ofC. sp. nr ithacae predicts that
areas east of the dividing range along the coast are more suitable for Þeld establishment than inland
areas. Future efforts to redistribute this agent should be restricted to areas identiÞed as climatically
favorable by the CLIMEX model.
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Parthenium (Parthenium hysterophorus L., Aster-
aceae), a native of tropical America, is a major weed
causing severe economic, environmental, and human
and animal health problems in Australia and several
countries in Asia, Africa, and the PaciÞc (Dhileepan
and Strathie 2009). Parthenium, a Weed of National
SigniÞcance in Australia (http://www.weeds.org.au/
WoNS/parthenium), occurs mainly in Queensland as
a major weed in grazing areas, where it reduces beef
production by as much as AU $16.5 million annually
(Chippendale and Panetta 1994). Parthenium also af-
fects crops, as well as roadside and riparian areas, and
also acts as a reservoir host for insect pests and plant

pathogens of crop plants (Dhileepan and Strathie
2009). Parthenium is a human health hazard, causing
severe dermatitis and respiratory problems (Mc-
Fadyen 1995)

Parthenium has been a target for classical biological
control since the mid-1970s and, since then, nine spe-
cies of insects and two rust fungi have been released
(Dhileepan and Strathie 2009). All of them are above-
ground herbivores and pathogens, except for the Car-
menta sp. nr ithacae (Lepidoptera: Sesiidae), a root-
feeding agent from Mexico. Root feeding agents cause
signiÞcant reductions in plant populations and are
more likely to contribute to the negative effects on the
target weed than above ground herbivores (Blossey
and Hunt-Joshi 2003). Cumulative or synergistic stress
from root-feeding and above-ground agents has the
potential to enhance the effectiveness of weed bio-
logical control programs (e.g., Blossey and Hunt-Joshi
2003, Simelane 2005, Seastedt et al. 2007). Hence, for
parthenium, the specialist root-herbivore is a valuable
addition to the suite of already released above-ground
weed biological control agents.
Carmenta ithacae (Beutenmüller) sensu stricto has a

wide native range in Canada and the United States
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(Arizona, Colorado, Kansas, Missouri, North Carolina,
northern Florida, New Mexico, New York, Manitoba,
Mississippi, Texas, and Wisconsin). Its recorded host
plants in the United States areHelenium autumnale L.
and Heliopsis helianthoides (L.) Sweet (Asteraceae)
(Eichlin and Duckworth 1988). A morphologically
similar Carmenta species occurs on P. hysterophorus
and the related perennial species Parthenium confer-
tum Gray in Mexico (Nuevo Leon, Tamaulipas, and
Veracruz) (McClay et al. 1995, Withers et al. 1999).
Specimens from this population were identiÞed by
T.D. Eichlin as C. ithacae. However, because of its
distinct host range we believe this to be a separate
species, and hence refer to it as C. sp. nr ithacae
(Withers et al. 1999).
Carmenta spp. are mostly host speciÞc and some

have been used or proposed as biological control
agents for other weeds (Forno et al. 1991, Cordo et al.
1995a, Paynter 2005, Ostermeyer and Grace 2007).
Studies in Australia usingC. sp. nr ithacae collected on
P. hysterophorus from Mexico conÞrmed that this spe-
cialist insect herbivore does not pose a risk to any
nontarget plants, and hence the moth was approved
for Þeld release (McFadyen and Withers 1997, With-
ers et al. 1999). Field releases of C. sp. nr ithacae
commenced in September 1998 and continued till
February 2002. We report the Þeld establishment and
potential geographic range of C. sp. nr ithacae in Aus-
tralia.

Materials and Methods

Study System. Parthenium, native to the Gulf of
Mexico and central South America, is an annual herb
with an extensive root system and an erect shoot that
becomes woody with aging. Young plants initially de-
velop into a rosette with a short stem and numerous
large leaves close to the ground. As it matures, the
plant develops many branches at its upper half, and
may eventually reach a height of �2 m. A fully-grown
plant can produce �15,000 ßower heads in its lifetime,
with each head bearing four or Þve seeds. With sub-
stantial rainfall and warm temperature, parthenium
can germinate and grow at any time of the year.
Carmenta sp. nr ithacae is a common and widespread

insect on parthenium in Mexico (McClay et al. 1995).
A laboratory colony of the agent was established at the
quarantine facility in Sherwood, Brisbane, using larvae
and pupae collected from the vicinity of Monterrey,
Nuevo Leon, Mexico (25.67�; �100.30�) in April 1996
and JanuaryÐFebruary 1997. Larvae fed and devel-
oped on roots of all growth stages of parthenium. The
moth was approved for Þeld release in Australia in
1998.
Mass Rearing. The insect was mass reared in cli-

mate-controlled glasshouses (20Ð30�C, and a photo-
period of 12:12 [L:D] h) in Sherwood, Brisbane
(�27.53�; 152.97�) and at the Tropical Weeds Re-
search Centre in Charters Towers (�20.09�; 146.27�).
Ten pairs of newly emerged adults were transferred
into insect-proof oviposition cages (188 by 91.5 by 60
cm) with 20 parthenium plants at the preßowering or

ßowering stage. Adults mate mostly in the morning
(9:00 to 11:00 a.m.), and oviposition takes place from
noon to early afternoon of the same day. Mating and
oviposition only occurred under bright light, and
hence two supplementary overhead incandescent
lights (250 W each) were provided above the ovipo-
sition cages especially on cloudy days and during the
winter season. The plants in the oviposition cages
were checked daily for egg laying and plants with eggs
(�20 eggs) were transferred to a glasshouse and re-
placed with fresh parthenium plants. Two weeks after
initial signs of larval establishment (wilting of leaf axils
and presence of frass), 80% of plants were transferred
to a growth tunnel, to be used in Þeld releases. The
remaining larval-infested plants were placed in rear-
ing cages (90 by 60 by 90 cm) and emerging adults
were used in mass-rearing.
Field Release. Insects reared at the Tropical Weeds

Research Centre were Þeld released in northern
Queensland as potted parthenium plants infested with
larvae and pupae. Occasionally, newly emerged adults
alsowereÞeld released.Thepottedplantswereplaced
on grazing properties at Cardigan (50 km southeast of
Charters Towers), Felspar (107 km northwest of
Charters Towers), Granite (30 km northeast of Char-
ters Towers), Gainsford (40 km north of Charters
Towers), Hillgrove (50 km north of Charters Towers),
Lassie Creek (100 km north of Charters Towers),
Lochlea(220kmnorthwestofChartersTowers),Plain
Creek (190 km south of Charters Towers), and Sell-
heim (30 km north of Charters Towers) from Decem-
ber 1999 to July 2000 (Table 1). At each site, pots with
C. sp. nr ithacae larvae infested plants were suspended
by rope from nearby trees and Tangle-Trap insect trap
coating(TanglefootCompany,GrandRapids,MI)was
applied on the rope to prevent predation by ants. The
pots were hand watered at weekly intervals. At Car-
digan Station, emergence of adults, as evident from
empty protruding pupal cases, was recorded at weekly
intervals.

In central Queensland, parthenium plants infested
with C. sp. nr ithacae larvae and pupae from Brisbane
were planted at 24 sites surrounding the towns of
Mackay, Nebo, Clermont, Emerald, Rockhampton,
Bauhinia, and Injune, from 1999 to 2002 (Table 1). At
these sites, plants were removed from the pot and
planted among the naturally-growing parthenium
plants in the Þeld. Sites at Morebridge (50 km east of
Clermont), Hillside (10 km north of Clermont), De-
largum (100 km north of Taroom), and Wycarbah (35
km west of Rockhampton) were maintained as irri-
gated Þeld-nurseries, where parthenium infestations
were fenced to prevent cattle grazing and received
irrigation manually during dry periods.
FieldMonitoring.From 1998 to 2002, all the release

sites were revisited annually (February to May) to
monitor any signs of establishment. Since 2004, release
sites in northern (Felspar, Cardigan and Plain Creek)
and central (Cobbadah, 22 km northwest of Injune;
Delargum; Hillside; Hutton Creek, 27 km north of In-
june; Mooleyamber Creek, 78 km south of Rolleston;
Morebridge; Mt. Hay, 37 km southwest of Rockhamp-
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ton; Oak wells, 60 km northwest of Injune and Wycar-
bah) Queensland areas (Table 1) were surveyed an-
nually in autumn (April and May) at the end of the
parthenium growing season. During 2006Ð2011, at
each release site, Þve 0.25-m2 plots were randomly
sampled for the presence (percentage of infested
plants) and abundance (number of immatures per
plant) of C. sp. nr ithacae and for an assessment of the
weed density. Plants with damage symptoms were
brought to Brisbane and the identity of emerging
adults was checked. In addition, other release sites
(Long Island, 20 km north of Rockhampton; Carfax,
200 km southwest of Mackay; Kemmis Creek, 94 km
southwest of Mackay; Landsborough, 80 km west of
Mackay; Lotus Creek, 103 km south of Mackay; and
Oxford Downs, 70 km southwest of Mackay; Table 1)
and nonrelease sites (Gracemere, 8 km southwest of
Rockhampton; Carfax yards, 197 km southwest of
Mackay;Overßow,105kmsouthofMackay; andNorth
Wycarbah, 34 km west of Rockhampton) in central
Queensland also were sampled in January and March
2009, March 2010, and April 2011.
CLIMEXModel.CLIMEX, a tool for modeling spe-

ciesÕ responses to climate, has been commonly used to
predict the spread of biological control agents
(Sutherst et al. 2007). CLIMEX uses a database of
monthly average weather records (rainfall, daily min-
imum and maximum air temperature, relative humid-
ity) from �2,400 meteorological stations worldwide

(675 meteorological stations in Australia), as well as
spatially interpolated climate data on grids, known as
ÔClimate SurfacesÕ at a spatial resolution of 10 min.
CLIMEX calculates an integrated climate index to
describe the climatic suitability of areas likely to be
climatically suitable for plants and poikilothermal an-
imals. The CLIMEX model uses an Annual Growth
Index (GIA) to describe the potential for population
growth during favorable climate conditions, and four
stress indices (cold, wet, hot, and dry) and their in-
teractions to describe the probability that the popu-
lation can survive during unfavorable conditions. The
growth and stress indices are calculated weekly, and
combined into an overall annual index of climatic
suitability, the Ecoclimatic Index (EI), scaled from 0
to 100. The suitability of an area is expressed in terms
of its EI, with areas having an EI value of �30 con-
sidered favorable for the insect and those with �10
being less likely to sustain a population over a long
period.

In this study, CLIMEX version three was used to
predict the potential distribution ofC. sp. nr ithacae in
Australia on the basis of records from its native geo-
graphic range on Parthenium spp. in Mexico only. In
Mexico, C. sp. nr ithacae was collected on P. hystero-
phorus in the states of Nuevo León (Apodaca, Ca-
dereyta, Linares, Los Sabinos, and Monterrey); Tama-
ulipas (Ciudad Victoria); and Veracruz (Atongo,
Cardel, Jalapa, Los Alamos, Paso del Toro, Rinconada,

Table 1. Release efforts and establishment status for the C. sp. nr ithacae in Queensland, Australia

Region
Site or

property
Latitude Longitude

No.
released No of

releases
Release
years

Establishment
statusPlants

with larvae
Adults

Greenvale Lochlea Station S 18.8338 E 144.6243 10 1 1999 No
Lassie Creek Station S 19.3456 E 145.8369 4 1 1999 No
Hillgrove Station S 196281 E 145.8771 10 1 1999 No
Gainsford Station S 19.8118 E 146.0237 4 70 2 1999 No
Granite Station S 19.8951 E 146.2539 6 1 1999 No
Sellheim S 19.9006 E 146.1754 26 39 2 2000 No
Felspar property S 19.8087 E 145.2523 42 39 1 2000 No

Charters Towers Cardigan station S 20.2219 E 146.6485 10 30 3 1999 and 2000 No
Plain Creek S 21.4911 E 146.6421 234 108 4 1999 and 2000 No

Nebo Shire Landsborough station S 21.5549 E 148.4579 180 1 2001 No
Kemmis creek S 21.6074 E 148.3772 40 1 2000 No
Oxford Downs S 21.8373 E 148.9334 35 1 1999 No

Mackay Lotus Creek S 22.3539 E 149.1009 25 1 2001 No
Kilcummin bore S 22.3781 E 147.5669 30 1 1999 No
Carfax S 22.5882 E 148.3487 65 2 1998 and 1999 Yes

Clermont Morebridge S 22.6467 E 147.9334 40 1 2000 No
Hillside S 22.7453 E 147.5237 130 2 2000 and 2001 No
CollÕs nursery S 22.8228 E 147.6581 62 2 1998 and 2000 No

Emerald Lucknow S 23.5268 E 148.1611 100 3 1998 and 2001 No
Rockhampton Long Island reserve S 23.2452 E 150.4051 167 2 2000 and 2001 Yes

Wycarbah S 23.5334 E 150.2352 278 6 1998 and 1999 Yes
Mt Hay S 23.5774 E 150.1901 28 1 1999 Yes

Bauhinia Rolleston S 24.5173 E 148.5851 127 3 1998 and 1999 No
Leonora Hills S 24.6518 E 148.0859 50 1 2000 No
Delargum S 24.7732 E 149.4925 513 8 1999, 2000, 2001 and 2002 No
Nayanda S 24.9033 E 148.3167 40 1 2000 No
Mooleyamber creek S 25.1898 E 148.5638 30 1 2000 No

Injune Oak wells S 25.4616 E 148.1530 40 1 2000 No
Hutton Creek S 25.6905 E 148.5187 90 2 2001 and 2002 No
Womblebank S 25.7539 E 148.0236 180 30 3 1998, 1999, and 2001 No
Cobbada S 25.7769 E 148.3589 220 56 6 2000, 2001, and 2002 No
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and Veracruz) (A.S.M., unpublished data). The cli-
mate proÞle of C. sp. nr ithacae was determined by
recursively testing various sets of parameter values
until the modelÕs distribution matched its recorded
distribution on Parthenium spp. in Mexico. The esti-
mated parameters (Table 2) were then used to predict
its potential distribution in Australia.
Data Analysis. Two-way analysis of variance

(ANOVA) was used to compare presence (proportion
of plants with damage) and abundance (number of
larvae per plant) of C. sp. nr ithacae across two sites,
Wycarbah and Mt Hay. The analysis was restricted to
the two sites, as the establishment of C. sp. nr ithacae
was Þrst noticed in 2004 and since then has been
monitored continuously in these two sites. The num-
ber of adults emerged per infested plant across six sites
withC. sp. nr ithacae established were compared using
one-way ANOVA. Nonlinear regression analysis was
used to study the relationships between parthenium
density and the incidence (proportion of plants with
damage), between parthenium density and abun-
dance (number of larvae per plant) ofC. sp. nr ithacae,
between the total summer rainfall (November to
March) and proportion of plants withC. sp. nr ithacae;
and between the number of C. sp. nr ithacae adults
emerged per plant and plant vigor (basal stem diam-
eter). All results in the text are presented as means �
SE.

Results

Life Cycle. Under glasshouse conditions (20Ð30�C
and a photoperiod of 12:12 [L:D] h) adult moths lived
for 3Ð12 d and laid 64Ð235 eggs in their lifetime. Fe-
males constituted 44% of all adults emerged (n� 446)
in the glasshouse. Newly emerged adults mated on the
day they eclosed and the females laid eggs singly on
leaves and stems soon after mating. Eggs hatched in

12 � 0.39 d (n � 12, range: 10Ð14), and the neonates
entered the stem through leaf axils and tunnelled
down to feed on the cortical tissue of the taproot and
crown. After 5Ð6 wk, the late instars pupated in the
root or stem-base in silk cocoons. Adults emerged after
11 � 0.4 d (n � 12, range: 10Ð12) from the clearly
visible pupal case protruding from the stem at or above
the soil level. There was no evidence of diapause in the
glasshouse. Under glasshouse conditions, the mean
number of adults produced per plant was 4.5 � 0.51
(n � 81; range: 2Ð10), and the total duration of life
cycle (egg to adult) was around 10 wk.
Field Release. In total, 2,816 potted plants infested

with larvae and 372 adult moths were released in 30
sites across Queensland during 1998Ð2002 (Table 1).
This translates to a Þeld release of �12,000 adult moths
(4.5 adults per plant � 2,816 plants). Regular Þeld
observations on the number of adults emerged per
plant (as evident from empty pupal cases protruding
from the stem base) at the Cardigan site in northern
Queensland indicated that the mean emergence was
4.2 adults per plant.

During early stages of Þeld releases (1998Ð2000),
the moth was recovered from the Þeld sites that re-
ceived irrigation (i.e., Morebridge and Hillside sites
near Clermont and Wycarbah near Rockhampton),
but not in sufÞcient numbers to indicate sustained
establishment. At Morebridge, after Þeld release of
larval-infested plants in February 1999, larvae were
found in June 1999, but neither larvae nor adults were
found at a subsequent visit in April 2001. At Hillside,
also an irrigated site near Clermont, neither larvae nor
adults were found in June 2001, after Þeld releases of
larval-infested plants in September 2000 and April
2001. At Wycarbah, after Þeld release of larval-in-
fested plants in March 1999, April 1999, and June 1999,
both larvae and adults were recovered in 2001. Neither
larvae nor adults were found during early stages of
Þeld releases in any of the release sites in northern
Queensland.
FieldMonitoring. Sustained Þeld incidence was re-

corded in four (Wycarbah, Mt. Hay, Long Island, and
Carfax) of the 13 release sites surveyed (Table 1), all
in central Queensland. At two of the release sites
(Wycarbah and Mt. Hay), persistence of established
populations was conÞrmed during 2004Ð2009. During
this period, the incidence of C. sp. nr ithacae at these
sites ranged from 30 to 70% (Fig. 1), and did not differ
signiÞcantly between years (F3,37 � 0.48, P� 0.69) or
sites (F1,37 � 0.15, P � 0.71). The mean number of
larvae recovered per plant did not differ signiÞcantly
between years (2006 � 0.43 � 0.11; 2007 � 0.51 � 0.09;
2008 � 0.62 � 0.12; 2009 � 0.24 � 0.12; F3,37 � 2.08,P�
0.12) or sites (Wycarbah � 0.36 � 0.07; Mt Hay �
0.53 � 0.08; F1,37 � 2.62, P� 0.11). The proportion of
plants infested with C. sp. nr ithacae (R2 � 0.06; F �
1.68;P� 0.21) and the number of larvae recovered per
plant (R2 � 0.24; F� 1.92; P� 0.22) were not depen-
dent on the density of parthenium (plants per m2).
The failure to Þnd C. sp. nr ithacae at either release
sites in 2010 and 2011 was possibly because of summer
ßoods (Fig. 1). This hypothesis is supported by the

Table 2. The parameters used to develop a CLIMEX model for
C. sp. nr ithacae from its distribution records in Mexico

Parameter
group

Parameter Value

Temperature Limiting low temp (DV0) 18
Lower optimal temp (DV1) 20
Upper optimal temp (DV2) 32
Limiting high temp (DV3) 38

Moisture Limiting low moisture (SM0) 0.1
Lower optimal moisture (SM1) 0.3
Upper optimal moisture (SM2) 1
Limiting high moisture (SM3) 1.5

Cold stress Cold stress temp threshold (TTCS) 8
Cold stress temp rate (THCS) �0.0005
Cold stress degree-day threshold

(DTCS)
8

Cold stress degree-day rate (DHCS) �0.001
Heat stress Heat stress temp threshold (TTHS) 38

Heat stress temp rate (THHS) 0.01
Dry stress Dry stress threshold (SMDS) 0.1

Dry stress rate (HDS) �0.01
Wet stress Wet stress threshold (SMW) 1.5

Wet stress rate (SHWS) 0.01
Degree-days

per generation
PDD 1000
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negative relationship between the total summer (No-
vember to March) rainfall and incidence of the insect
(Fig. 2).

Field establishment of C. sp. nr ithacae was con-
Þrmed in three nonrelease sites, Gracemere (�20 km
from the release site at Long Island), North Wycarbah

Fig. 1. Variations in the percent infestation (Mean � SEM) of parthenium and its biological control agentC. sp. nr ithacae
at two release sites, Wycarbah (solid bars) and Mt Hay (empty bars) in Queensland, Australia during 2006Ð2011. Values above
the parthenium incidence bars for each year represent the total summer (November to March) rainfall at Gracemere weather
station close to both release sites.

Fig. 2. Relationship between total summer (November to March) rainfall (x) and proportion of plants with C. sp. nr
ithacae (y) (y� �287.4 	 1.93x� 0.0033x2 	 0.000002 x3; R2 � 0.819) at two release and establishment sites (Wycarbah and
Mt Hay) in Queensland, Australia. Solid (F) and empty (E) circles represent rainfall levels with and withoutC. sp. nr ithacae
Þeld incidence, respectively.
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(�5 km from the Wycarbah release site), and Over-
ßow (�95 km from the Carfax release site) in January
and March 2009 (Fig. 3). Field establishment also was
conÞrmed along a roadside parthenium infestation 3
km from the release site at Carfax in April 2010 (Fig.
3). In 2011, although noC. sp. nr ithacae incidence was
observed in any of the release sites, the insect was
recovered from a nonrelease site near Carfax, con-
Þrming the continued persistence of the agent in the
Þeld. The number of adults emerged per infested plant
varied widely between sites (Fig. 3) with a suggestion
of a decline with increasing summer rainfall (Fig. 2).
More data in high rainfall years are needed to conÞrm
this. The number of adults emerged per plant in-
creased with the increase in the basal stem diameter
(Fig. 4). No establishment was evident in other release
sites sampled in northern (Cardigan, Plain Creek, and
Felspar) and central (Cobbadah, Delargum, Hillside,
Hutton Creek, Kemmis Creek, Landsborough, Lotus
Creek, Moleyamber Creek, Morebridge, Oak Wells,
and Oxford Downs) Queensland (Table 1).
CLIMEX Model. The CLIMEX model (Table 2),

based on the native range of the moth in Mexico,
suggest that areas along the coast in the northern and
central Queensland are more suitable than inland ar-
eas (Fig. 5). In Australia, the current distribution ofC.
sp. nr ithacae is restricted to eight sites, all near coastal
areas of central Queensland, with no evidence of Þeld
establishment in the inland regions or in northern
Queensland (Fig. 5). Areas in the southwest and cen-
tral inland regions in Queensland with substantial
parthenium infestations appear less suitable for C. sp.
nr ithacae. Similarly, only limited areas in northern
Queensland, where parthenium is becoming a major
problem, appear climatically suitable for survival ofC.
sp. nr ithacae.

Discussion

Biological control insects introduced against
parthenium before C. sp. nr ithacae were either leaf
(Bucculatrix parthenica Bradley, Zygogramma bicolo-

rata Pallister); stem and shoot (Conotrachelus alboci-
nereus Fielder, Epiblema strenuana Walker, Listrono-
tus setosipennis Hustache, Platphalonidia mystica
Razowski & Becker); seed (Smicronyx lutulentus Di-
etz); or sap (Stobaera concinna Stål) feeders (Dhilee-
pan and Strathie 2009). Because the suite of agents did
not include any obligatory root-feeding insects, C. sp.
nr ithacae was prioritized and introduced to comple-
ment the complex of existing agents. Carmenta sp. nr
ithacae, with root-feeding larvae, is the only root-
feeding agent to be released as a biological control
agent against parthenium in Australia (or elsewhere).
Carmenta sp. nr ithacae has never been reared pre-

viously under laboratory conditions and only limited
information was available on its life cycle (A.S.M.,
unpublished data). Mating under glasshouse condi-
tions proved to be a problem for laboratory rearing in
Australia, which was overcome by providing addi-
tional light sources to adults in the morning, which
resulted in successful mating. Mass-rearing of the
moth continued throughout the year, and there was no
evidence of obligatory diapause under glasshouse con-
ditions. This possibly was because of the favorable
temperature and light conditions maintained in the
glasshouse. However, Þeld releases were made only
from early spring to late autumn, coinciding with the
prevalence of parthenium in the Þeld. Occasional Þeld
releases were made in winter months in northern
Queensland (Table 1), when green parthenium was
available in the Þeld. Even though release efforts were
directed both in the northern and central Queensland
area, the number of adults and larval-infested plants
released and frequency of Þeld releases were greater
in central Queensland than in northern Queensland
(Table 1). Unlike in central Queensland where Þeld
releases were continued over 3 yr (1999Ð2002), Þeld
releases in northern Queensland were made only over
1 yr (1999Ð2000), with a limited number of releases in
each site.

Of the nine insect species released so far as biolog-
ical control agents against parthenium in Australia, C.
sp. nr ithacae is the sixth agent to become established
in the Þeld. Although adults were recovered from
many of the release sites within a year after initial
releases, consistent Þeld recoveries were made at only
two of the release sites in central Queensland since
2004. Field establishment of C. sp. nr ithacae in two of
the release sites near coastal areas in central Queens-
land possibly was because of release of more larval-
infested plants, more frequently and over a 3-yr pe-
riod. In addition, both these sites received irrigation to
keep the parthenium green throughout the year,
which also could have helped the establishment of the
agent. However, in spite of irrigation and larger, more
frequent releases (Table 1), Þeld establishment has
not been achieved in any of the release sites in the
inland region.Carmenta sp. nr ithacae is widespread in
the range of P. hysterophorus in Mexico. Attack rates
at individual Þeld sites in the vicinity of Monterrey,
Mexico, in April 1996 ranged from 10 to 72%, with a
mean of 2.16 larvae or pupae per infested plant (max-
imum 11 larvae) (A.S.M., unpublished data). In Aus-

Fig. 3. Number of C. sp. nr ithacae adults emerged per
infested parthenium plants (Mean � SEM) at release (solid
bars) and nonrelease sites (empty bars) in Queensland, Aus-
tralia.
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tralia, in contrast, the agent is not yet widespread, but
in areas where they are known to be established, adult
recovery was �0.4 adult per plant. Annual sampling
since 2006 at Wycarbah and Mt Hay, the two estab-
lished sites, indicated that the incidence (proportion
of plants damaged) and abundance (number of larvae
per plant) of C. sp. nr ithacae remained high during
2006Ð2009. However, there was no evidence of C. sp.
nr ithacae at both sites in 2010 and 2011, although the
agent was found at some nonrelease sites. High sum-
mer rainfall (�700 mm) resulting in ßooding could
have affected the root-boring larvae. A positive rela-
tionship between the basal stem width and the num-
ber of larvae per plant, suggests that this agent prefers
larger plants in the Þeld. This agrees with Þeld obser-
vations in Mexico (A.S.M., unpublished data). Pref-
erences for larger and more vigorous plants are known
in other Carmenta spp. (Cordo et al. 1995b), root-
feeding insects (Smith and Story 2003), and other
parthenium biological control insects (Dhileepan,
2004).

So far, no information on the phenology of C. sp. nr
ithacae under Australian Þeld conditions is available,
as Þeld sampling was restricted to once a year, because
of the remoteness of release sites. Sampling of parthe-
nium plants surrounding the established sites also sug-
gests that the agent is spreading only 1Ð2 km per year
from its release and establishment site. Carmenta mi-
mosa Eichlin and Passoa, an agent released againstM.
pigra in Australia, also exhibited a slow spread rate
(Ostermeyer 2000). At release sites where establish-
ment is yet to be conÞrmed, populations may be too
low to detect during the annual sampling. Populations
of many weed biological control agents often remain
at low densities for some time before reaching detect-
able levels (e.g., Dhileepan et al. 1996, Mo et al. 2000).

In its native range (e.g., Mexico) C. sp. nr ithacae is
widespread, along the Gulf coastal plain, from �19� N
to 26� 30
 N. In Australia, coastal areas of central and
southeastern Queensland are identiÞed as climatically
most suitable areas for C. sp. nr ithacae (Fig. 5). The
restriction of Þeld establishment of C. sp. nr ithacae to
release sites near the coast, with none in inland areas,

possibly because of cold stress, support the validity of
the CLIMEX model. Lack of any evidence of estab-
lishment in northern Queensland, although some of
the release sites there appear climatically suitable for
the insect, possibly was because of limited release
efforts in this region. Had the CLIMEX model been
developed before the initiation of the release program,
the release efforts in the inland region would have
been redirected to climatically more suitable areas
along the coast. This highlights the need to develop
CLIMEX models for biological control agents before
release efforts are made (Rafter et al. 2008).

Occurrence of all C. sp. nr ithacae establishment
sites within the climatically suitable areas identiÞed in
theCLIMEXmodelhighlights that themodelbasedon
the distribution records of C. sp. nr ithacae on parthe-
nium in Mexico is robust and valid. In contrast, a model
based on the recorded distribution records of C. itha-
cae in Canada, the United States, and Mexico, on all
host plants, would have predicted a much wider geo-
graphic range covering the entire parthenium infes-
tation in Australia, similar to the ragweed borer
Epiblema strenuana Walker, an introduced parthe-
nium biological control agent in Australia. Epiblema
strenuana, which has a wide native range distribution
similar to C. ithacae (e.g., Canada, the United States,
and Mexico) occurs throughout Queensland and New
South Wales where host plants occur (McFadyen
1992, Dhileepan and Strathie 2009). However, predic-
tions based on climatic models need to be treated with
caution because the best climatic match is no guar-
antee of successful establishment of biological control
agents, although some biological control agents have
thrived outside their predicted climatic range (Mc-
Fadyen 1998).

Parthenium is a major weed in many countries in
Asia, Africa, and the PaciÞc. Biological control efforts
against parthenium are in progress in South Africa and
Ethiopia, whereas in India it is planned to import new
agents to complement Z. bicolorata that was released
in the mid-1980s. Carmenta sp. nr ithacae, a highly
host-speciÞc insect, is a safe and suitable biological

Fig. 4. Relationship between basal stem diameter (x) of parthenium plants and number ofC. sp. nr ithacae adults emerged
(y) in 2009 at Þve release sites (regression for the data from all sites combined, y � 4.41 � 1.012x 	 0.073x2; R2 � 0.727) in
Queensland, Australia.
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control agent worth consideration for introduction in
these countries where parthenium is a major weed.
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