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. ABSTRACT: The highly polyphagous light brown apple moth (LBAM) (Epiphyas
poétvittdna (Walk.): Toi'tricidae) is indigenous to’Australia and was first found in

California in 2007. It has since been found in 14 coastal counti‘eé inNortllem California

and the Los Angeles basin, but nowhere has it reached outbreak status. The USDA

projects that the geographic range of LBAM will include much of Arizona and California,
~and the southerll half of the U.S., which together with economic estimates of potential
. crbp losses have been the rationale for an eradication program in California.

We report a weather-driven physiologically based demographic model to predict the

_ likely distribution and relative abundance of LBAM using the detailed biology reported .

by W. Danthanalayaha and colleagues, and weather data from 151 locations in California ~

¢

and Arizona for the béﬁod 1995 to 2006. The predictions of our model differ markedly

‘ from those of a USDA model for Californiel and Arizbng in that LBAM appears likely to
be limited to near coastal regions of California and with low levels of favorability in-:the."-_
ﬁorthern Central Valley. The mo'del élso prédlcté LBAM populations at five location‘s in
SE Australia where it is known to bccur. '

'~ We question Whether eradicatioﬁ is jﬁstiﬁed or feaslble, and suggest thelt larger gains
would accrue from investmellt in improvecl quarantine, bioldgical control, and analytical
lo‘ols for evaluatiqg the pest status of exotic species and the management stfategiés and
taictics that might best be used for these invaders that in some cases may inqlude

1

eradication.

KEY WORDS: invasive species, distribution, GIS, model, populatlon dynalnics.
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The light brown apple moth (LBAM, Epipkyas postvittana (Walk.): Tortricidae) is

indigenous to Australia where it is considered a pest of pome fruit crops and grape, but it .

“has been recorded from more than 75 plant species across family lines (Danthanaraya‘na

1-975, Geier and Briese 1981). This pest was accidentally introduced into England, . :

) -Hawaii, New Caledonia and New Zealand, ‘and was first found in the San Francisco B'ay' o

area by Uﬁiversity of California Emeritus Professor Jerry Powell during March 2007

3 (CDFA 2007). LBAM has been fou_nd.in 14 coastal and near coastal co’,untie;s in Northern

California and in the Los Angeles basin suggesting it has been in California for some

.time. The pest has not reached outbreak status-at any location in California.

The Uhitéd States Department of Agriculture (U SDA) posits the potenﬁal

distribution of LBAM to include all areas having sufficient thermal units for the

' completioﬁ of three generations (i.e. California and the Southern half of the United

States) with estimated losses of $134'mi_llion per annum (Fowler 2007).! In respbnse, thev | ‘.

USDA placed quarantine on California preduce in affected cOuntigs. as-well as all counties

1n Hawaii (Federal Quarantine Order of May 2, 2007). In late 2007, the California” -
Department of Agriculture (CDFA) began an eradication program using pheromones,
~ sprays and other techniques. However, the pher_dm‘one spray program engendered

considerable pubiic protest concerning claimed public health effects, the lack of hard

evidence that LBAM is a serious pest, and the proposed expenditure of nearly 100 -
million dollars for the program in California alone. Because of public outcry, an

erédication'program based on the sterile insect technology (SIT) was substituted. .

! www.aphis.usda.gov/plant_health/plant pest info/lba rhoﬂ1/down16ads/lbameconomicaﬁalvsis.ndf
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' :numerous plant spec1es across famlly hnes the lower threshold for development of all

. Here, Webanalyie the potential range and relative abundance of LBAM in Arizona

and California to ass'es’s its .potential pest status, and make comment on thefpropbsed'SIT :

“eradication effort from the point of view of prebable success.

Blology of Light Brown Apple Moth

, Danthanarayana (1975) rev1ewed the- sparse l1terature on the b1ology of. LBAM prior to

1975- (Dumbleton 1-932, 1939, Evans 1937, Geler 1965, Lawrence and Bartell 1.97-712,

- Bartell and L’awrence 1973, MacLellan-l‘973).v In a series ofpap'ers,;‘Danthanarayana
- (1'9‘75- 1976a,b, ¢, 1990, Danthanarayana et al. 1995, Gu and'Danthanarayana'l'99.0

' 1992) carefully outlmed the b1ology of LBAM, and this body ¢ of Work i the bas'.ls for our

analysls “The: developmental biology of E. postvzttana is’ summanzed below and mn Flgs

. l.and2

. ' -
Thrs hlghly polyphagous moth does not have a dlapause perrod and feeds on 3

I

_,stages was’ estlmated as 7.5°C (Danthanarayana 1975), but reanaly51s of the data for eggs

and larvae y1elds anon lmear relat10nsh1p W1th a slightly lower threshold of 6 8°C (F1g

1). The mean‘duratlon of the egg stage is 5.7 days at 28°C (1 16.9.,degree days

(dd>6.8°C)) with no eggs hatching above 31.3°C. Larval and pupal developmental times
 are 335.5 and 142.0 :'a’d> 6.8°C respectively with an upper thresho_ld for development of

larvae and pupae of approximately 31.5°C. The generation time is'S 94.2dd. Fifty- '

percent of eggs are laid by age 645.6dd; mean fecund1ty is approxrmately 384 but varies

-cons1derab1y (0- 1492) Wrth females size, longev1ty, larval food and temperature The

» optimum temp_erature for oviposition is near 20°Q. At constant temperatures of ,20__ and
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25°C, > 50% and 80% of the eggs are laid by the fourﬂi and the seventh day after

J

" emergence respectively with peak oviposition occurring in 2-3 days old adult females.

Body weight of both male and female moths at emergence increases with increasing - '
t_emperature to-25°C. Danthanarayana (1976a-c) provides information on the diel and :
lunar periodicities, seasonal variation in flight activity.and the influence of food and

temperature on flight performarrce in the field. Flight duratiou increases with

temperature in the range 15 to 28°C,. with males bemg stronger fliers than females, and .

the longest ﬂlghts occurrmg on day four. Females may mate multlple times begmnmg

| Wlthm 24h of emergence with nearly all being mated within 4 days with the average

number of matmgs bemg 2, though by day 11 some may mate five times (Gu and
Danthanarayana 1990) The ﬂlght blology was not included in the model and we assume

a 1:1 sex ratio and that a11 of the females are mated.

02 - R(T)=0.0096(T —7) /(1 + 23009y
0.15 P

0.1 eggs

1/days)

0.05 1

R(T)=10.0003(T - E) / 1+1 .9(7-31.5))

0.1 1" |arvae

0.05 -

rate of development (R(T)
o
N

0

0 5 10 15 20 25 30 35
. temperature (C)

Flgurel The effect of temperature (7) on the developmental rates of LBAM eggs and

~ larvae (data ﬁom Danthanarayana 1975).
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The data in Danthauarayana (1975) were also used to estimate the effects of the
complete range of temperatures on per capita fecundity (Fig. Za-c)? and the 1etha1 effects "

of extreme average temperature (Fig. 2d) The effect of temperature (7)and-age (x) on

- per caplta daﬂy fecundity is modeled as the product of the function for maximum

- fecundity (E(x, Top,)) at the optimum temperature (Top = 20°C, Fig. 2a) and'a scalar for

the effects of temperature above and below the optimum (¢r, Fig. 2b) yielding

1 "E(x,T)"= ¢T(T) -E(x,T,,) (Fig. 2¢). The rightward displacement of the fecundity

ﬁnction from the y-axis (Figs. 2a, c) reflects the-short pre-oviposition period.

‘Sources of Mortality

Extremes of Temperature. The rate of daily mortality due to low temperatures.is -

computed asa function of dd below the developm'ental threshold (6:8°C) (/lT,' eqri 1i; Fig.‘

.:"'2d) Such data for LBAM are sparse and we used ongomg data on the lethal effects for
| , larvae from Buerg1 and Mills (unpubhshed) showmg that 30% of larvae d1e Wlthm one
" dayat- 10°C and all Iarvae d1ed Wlthm one day at -16°C, Eqn 1i mtegrates time and

3 temperature (Gutlerrez et al 2005; see Fig. 2d) and was used to model the daily over-

Wmtenng mortality rate.

if T <68°C, 00l< tr =1-0015exp(0323dd 1y ;<1 &
I T o>28°C, 0.01< s =10, 125exp(0 025dd )<l i (1)
else 1, =0 - | "

The function for daily mortality rate at high average temperatures (eqn.1ii) was
estimated from data i in Danthanarayana (1975 i.e. figure.11) showmg the percent

surv1vorsh1p from. egg hatch to adult emergence at several temperatures (T) The percent. |

mortahtles at the four highest temperatures estimated from the figure were converted to
6
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daily mortality rates by dividing by the egg to adult period (477.5d4d), multiplyjng by the

~ dd> 6:8°C at each temperature, and dividing By 100. The mbrtélit}'r rate increases roﬁghly

linearly with averag'e daily temperature above 28°C to 45°C hence a shallow.exponential_ |

function was fit to thé-data‘(eqn. _1ii, Fig 2d). Mean daily témperaunes'abbve 45°C ére

-unlikely to be encountered in the field, but if they do occur, the mortality rate is. expected

to increase sharply.
= Lo —~ ' - (T-1915Y
S o . ROl A

: . 285(x-05) = ¢ ( )

:Ijl 501 a. egg'/female/day:% = 17b. 4 1235
5: 40 . : o -‘—808
W 30 008
"%'20 g 0.4
210 g
%+ ,“&'0-2 g
o)'O:...;:‘r.:r';:_.,,EO,ﬁ",‘r —— . .
8 0246.810121416182022 L 0 5 1045 50 25 30 35 40

age (x=days at 20°C) ' " temperature (T, ¢y

45-10 0 10 20 80 - 40
‘temperature (T)

o

eggsifemale (ExT) g

" Figure 2. The effects of age and daily average temperature (7) on fecundity: (a.) per
+ capita daily fecundity on female age (x) at 20°C, (b.) a scalar (0< ¢r< 1) of the effects.of

average temperature on fecundity, (c.) the combined effects of subfigures a, b (data from
Danthanarayana 1975), and the effects of extreme temperature (d.) on the mortality rate

* per day (0< p4r<1).-Note that the symbol (e) represents data-and o represents linear

extrapolations.

/

Mortality. Field life table studies summarized By Danthanarayana (1983) for V:ict'o'ria,' S

. : Australia give sound estimates of factors affectiﬁg LBAM life stage mortélity; Total

generation mortality reported by, Danthanarayana ( 19835 was apprbximately 98-99.5%

7
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with egg mortality beirig a key factor during Spring and autumn, and egg mortality and

first instar dispersal mortality being key factors durmg summer. He found that predation

- of eggs and let instar larvae by generalist predators acted in density independent Irlanner

*.but increased with hot dry weather nearly eliminating summer generations. High rates of

1

mortality were also observed by Geier and Briese (1980) in Australia.-
' Ceﬁfornia has a Mediterranean clirnate similar to that of SE Australia, and LBAM

does not teach outbreak levels in either regien. . In California, the egg and-larval stages

- are attacked by a suite of generalist predators anapara'sitoids (N. J. Mills, unpublished),
- but ﬁeld-'life tables of mortality are currently not available. We take a composite -

. approach to incorporating this mortality to reflects the level of LBAM observe in infested

areas of California. We use a'functional response model (eq. 2) Where mortality (£, )

mcreases with temperature (At =dd> 6 8°C) and prey den51ty (N, +

eggs Larvae

) but at a

decreasing rate. The coefficient 0.0025 is the proportion of eggs and larvae that can be

attacked per dd and was chosen to produce the observed level of inverse density .

: 'dependent mortality rate.

. ; ‘ -00025( s+ Njarvae )AL ' :
0< g1, =1—g WP Memd . @

‘Host Plant Effects.

Host plant aveilability affects LBAM dynamics, and in our study we examine two

scenarios: (1.) effects of temperature assuming non limiﬁrrg host plant availability

characteristic of irrigated or perennial evergreen host plants, and (2.) the effects of

: prolonged' late spring to early fall dry periods and winter grmmd frosteharacteriistic of

Medlterranean chmates that restrict the growth of most annual plants exp101ted by. LBAM' .

Cin Austraha and Cahforma For the latter scenario, we use the well stud1ed drought

. tolerant Mediterranean yellow starthlstle (Centaurea solstitialis L.; ;YST)asa surrogate

g -
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(V. ansielde 1977, DiCola et al.. 1999, p 523-524). The general nlodel for the ith age class

‘of a population is:

: annual spec1es to ga1n insights into the effect of rainfall on annual host plant dlstnbutlon

and its potential influence on 'LBAM’s dlstrlbutlon and relative abundance. Includmg the

plant in the snnulatlon requlres daily max-min temperatures as well as daily data on solar

- radiation, precipitation, relative humldlty and runs of wind.

. L

' ModelOVervieW _

- The Biology of LBAM is embedded in an Erlang distriliuted-maturatien‘ time

demographic model that simulates the dynamics of an age, structllfe& ,pqpuiatien

RS

ﬂ_kAx
Cdt

[N, ()= Ni@®]- 4 @ON, @) . )

| N; is the density of the ith age class, dtis the change in fcime(dd/_c.iay,cemputed.using the

h

non 1inear model), k is the number of age classes, A is the e)gpe'c_tegi mean developmental

’

time, Ax is a daily increment of age, and x, () includes the vnroportional"nef"less -fate\ of

births .a’squiﬁ‘ed by temperature and age (Fig. 2c), the death rate due to low and high

| temperatures (4, eqn. 1) and:composite predation (4, , eqn. 2).

-All life stages can be included in one dynamics model with eggs produced 'b‘y the

adult 'age classes entering the first age cohort (IV, J(t)) as xg() and exiting at maximum age

asy(t) (Fig. 3a). The flow rates (r,-(t)) between age classes depends On‘the nl'lmbers in the

prev1ous age class (Flg 3a) and dd/day The dlstnbunon of final’ maturatlon tlmes (Flg

3b)is determmed by the number of age classes, the mean maturatlon tlme A and the

variance of maturation times. (var) (k=A? /Var) The larger the value of k, the narrower

."1s the Erlang dlstnbutlon of developmental times. The variance of developmental times

o
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208

209

' rep‘orted by Danthanarayana.(1975) was 1_arge and a vahieof k =15 was selected to reflect

this bielogy. ‘

~ For ¢onvenience, separate models are used for the egg, larvae, pupae and adults

's'tages (S,-=egg farval, pupe odult) €ach having stage-sPeci.ﬁc characterisﬁcs-(e; g. A',, k., ) With
: the outflow of the last age class of a stage (vi (1)) entering the first age class of the next _ |
‘stage (x,Jr 1, o] t)) and all eggs produced by the adult stage entenng the ﬁrst age class of

g '_eggs asx 0( ) (Flg 3c) The model parameters are reported in Table 1.

o biths )
L — . B 5 : i - j deaths
¢ S RO 1 T N RG] A0} I W R0 | '
¢ PIAG) () ) .Ul.-(t)" )
b. | ‘
distribution
of maturation |~
~ times | |

f

o 4@ 1,() o ®

Figure 3. The dlstnbuted maturation time model: (a.)all life stages combmed in one .
model, (b.) the: frequency distribution of maturations times with & numbers of'age classes, .
and'(c:) separate models for each life stage each havmg the between age class flow '
blology depicted in- (3a ).
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Simulation and GIS.

Daily maximum and minimum tempera_fures for-thc peribd 1 January 1995 to 15

~November‘2006 from 151 locations across AZ-CA (Fig. '45)' were used in acroS_S' year

* simulations that assume non limiting host plant availability.. An initial population density

of 50 first instar’,larvae-'m'2 <Wé,S' assumed at all locations in AZ—CAfan’d the shnﬁlatidns
were run continuously;’duriﬁg;th‘crl:;éQ;S-2006.,‘peripd.- Data from t‘he'ﬁrst:year of
si.mul’ation were not iﬁc’ludeél in';tﬁe anaiysis- to allow pobul’aﬁbn's« to 'a'djﬁst to the e’ffé,cts
of site-ép;éciﬁc weather. | | .

Data from the simulation for all locations were geo-referenced and written to-files

for mapping at elevations below. 1000m. The open source geographic information system
(Grass GiS) originally ‘dgvéloped by the United State Army Corp of Engineers wésused
.for mapping the data (the 'Versioﬁ maintainéd by the Geogrdphic Resour’c‘és’ Analysis

* Support System (GRASS) Software, TFC-irst, Trento, Haly (ittp://grass.itc.it)). Raster-

based triangulation kngmg on.a one kmgnd was used to intefpo’late the sip’aulatic‘)n: data.

Three simulation analyses were performed:-

(1) The population dyngniics cleL-‘B‘AM tinder mild condiﬁoﬁs of Salinas, CA
and more extrém¢ conditions common to Davié, CA to show the effec%s of
temperatﬁre asspming nonvlinii’;ing host plant availability. |

~ (2.) Assuming non limiting host pl'eiﬁt availabﬂity, aregional analysis of aynamics‘
across aill locations m AZ-CA was made using cumulative laryai days pe?r year
as a metric ofvf;'w‘c')raBili’cy. |
(3.) The ﬁmiting; effects of,raiﬁfaﬂ ona éurrogai"’ceainnual plant is .ﬁse& to illustrate

the potential effectson LBAM’s distribution. -

11
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Results
Slmulatlon for Salinas and Dav1s, CA

Slmulatlons of egg and larval populatlon dynarmcs and. observed maximum and

minimum temperatures at Salmas, Monterey County.r_n c_oastal Northern‘Cahformé:

'(sym__bol 0) aud Davis, Yolo County in Central California (e).are shown in Fig. 4 fqr.rhe

period‘;l January 200_5 to-15 Qctob.er 2006 torillustrate the effects of low and high |
temperatllres en'LBAM‘deVelopr'rrent fecuudity"andmortality, a’nd‘ thefaggregate f

mﬂuence of compos1te mortahty factors. Temperatures in Salmas are generally mild.

_ dunng the penod (Fig. 4b) allowmg three generatrons exhlbltmg falrly regular
B _oscﬂlatlons to develop (Fig. 4c)..In contrast temperatures at. Dav1s ‘were colder during

, Wl_nt_er though rarely ﬁteezulg,lwhll_e summers we,re oﬁen‘-very.:hot (Fig. 4d); The

resulting generations are less ‘disti'nct (Fig. ‘4e) -With extremes ef ‘temperat'ur'e. -redueing-

‘vfecundrty and i mcrease mortahty and restrlctmg populatlon growth to the rmlder tlmes of

the year Relative egg and larval populauons at Sahnas were: 6 and 2-fold greater

respectively than those at Dav1s.

12
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1268

A

esholds below and above Whlch temperature mortahty
ed lines in sub. ﬁgs band d. The locatlon' of Salinas: (o) and

. 8°C) and upper '(2 o¢
accries are shown asd

Davis- (o) are. 111ustrated m 4a.

Regional Analysis — Temperature and non limiﬁng host plants .
A map Of the éleven county | 'Sa'n Francisco and Monterey B'ay areas shows the locations
Where LBAM adults have been caught in pheromone traps’ (Flg Sa, CDFA 2007) The

moth has also been trapped in- coastal Santa Barbara County in southern Cahforma durmg

2008 S I
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cumulative larval days y-1
' (mean)
AR

C.
; d
.85’ 3.3
j R
X . Loor

.cumhlaﬁve'larval days y
(Cv = std/mean)

‘eumulative larval days v
‘ (s't'd) :

269
270 Flgure 5 GIS'mappmg of s1mulated light brown apple moth populatlons in Arizona and
271 - California: (a.) locations where the mo’ch has been recovered in north-central California
272 (from Fowler et-al. 2007), (b.): average larval days m™ y! with cumulative dd shown as
273 aninset (Dav1s and Salmas -CA indicated:by e; o respectively), (c.) the standard

274 . dev1at10ns (std) of 1996 -2006-of larval days, and (d.) the coefficients of variation
275 , (Cv (— std / mean) ). The mset in Sb shows the’ average dd>6 8°C

276
277 ‘ Average eumula’d-Ve dd> 6V.é‘-’C for the 151 locations-across Arizona and California
278 for the 11- year perlod (1 January 1996 to 15 October 2006) is mapped in the inset in F1g
279 Sb Mean larval-days for 1996-2006 is used to map regional favorability for LBAM (Fig.
| 280 5b), an_d-shows good correspondence between the predreted distribution of LBAM and,,
281 . :theireeorde_d trap catchies in -l\lorthern California, e‘specially around the San Franeisco Ba}_r -
282 _ and Monterey Bay areas. The model also suggests LBAM’s distribution could extend
, 283 ) ' . | southward along the coastal mto Southern Cahforma (Fig. Sb) eastward of San Franc:1sco

284 Bay where areas of mtermedrate favorablhty in the northern half of the Great Central

14
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Valley (e.g., Davis) are created by.the moderating influence of easterly ocean breezes that

~ lower high summer temperatures. These areas include the important apple, pear and grape

gféwin’g regiéns of California. T contrast, the southern half of the Great Central Valley, |
the desert valleys of Southern California and the deserts of Arizona are largely
unfavorable‘because of very high summer températures {see insetlin 5b) tgat reduce
fécundity and increase mortality. The standard deviations for cumulative larval 'd,ayé (Fig..
5¢) aré loWesf_ in areas predicted to be unfavorab1¢ for LBAM, while the 10W;38t |

Cv (= std / mean) (Fig. 5d) éccur in the more favorable areas (i.e. higher populaﬁon. and

. lower variability).

| The regional simulation data were.analyzed using a multiple linéar—rcgression ,

‘(eqn. 4) to assess the relative impact of high and low temperatures. The dependent

Vaﬁable Alarval-days-m'zy’1 was regressed on cumulative yearly dds soc, ddszgec and
dd;s_goc. Only independent variable and interactions with slopés significantly différent

from zero were "retvai"néd}in the model that in our case p<0.01.

larval days =251.09— 0‘223dd<6.8"c

~0.297dd ;.. ~0.0007dd, . % dd
' n=1490, R*=0.80, F=1989.2

>28°C | (4)
The results show that on average, dd-agoc has a 33% greater marginal effect on larval days

>28°C <6.8°C 7°

- than doés' dd<sgoc(i.e. éy / odd ... >y / ddd )

The assumption of this analysis is that host plant availabilityiis not limiting, but this is

- pbvioﬁsly not the case as experience from Australia has shown annual plants.are an

, in{t_egral component of the LBAM life system (Geier and Briese 1981).

- 15




307

308
309
310

311

312 -

313

314

315
316

317

318

319

. 32014‘ .

321

322

323"

827

313

1350 . 1 360
1850 T 180
: . PR

S 3 :
-, . o
350 R 1’[ ll‘ bg

mm rainfall y* >350mm T 'curhul_aﬁve larval days

: Y‘ _ (mean) '

‘.Flgure 6. The’ added effects of rainfall on LBAM dlstnbutlon (a ), average mm: ramfall

below 1000m elevation, (b.) the simulated distribition of yellow starthistle in Cahforma

(see Gutierrez et al. 2005), (c.) the distribution of total rainfall greater than 350mm at
' elevatlons below 1000m, (d.) superimposing total rainfall >350mm below 1000m on the

s1mulated dlstnbutlon and abundance of LBAM based only on temperature.

{
)

‘ Effec‘ts'i ef ‘an Annual Host Plant. .Many M'edite;ranean annual host plants for LBAM

germiﬁate in the fall and early winter during ‘pe',._rie,d.s of rain and favorable temperatures.

For the annual host plats to persist out side of irrigated areas, sufficient rainfall raust

occur for the plants to grow to maturity and produce seed. An example is the invasive -

y.ellew: st_arfhistle (YST) that is largely exciuded in the dry southern half of the Central |

N N . L . !

'V-alley and the desert regions of Arizona and Ca_lifernia by low variable rainfall (Fig. 6b)

,_above 350mm 1sohyets (ﬁg 6¢) (see Gutierrez et al. 2005) The combmed effects.of -

B ‘ ‘hmltmg temperatures on LBAM and hmltmg ramfall may be v1ewed m fig. 6d: by
'overlaymg ﬁg 6c on fig. 5b. The combmatlon of the two factors reinforces that LBAM s’

v'dlstnbutlon is largely near coastal with some. extensmn mto the Sacramento Valley
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~ LBAM S dlstr1but10n in Southern California and the deserts of Anzona is 11m1ted by both

“high summer temperatures and low levels of prec1p1tat1on

|

- . Discussion -

. Exotic pests. are thought to cause logses in excess of 137 billion vdoltars annually in the

u.S. (Pi'mentel,.et al. 2000) andlosses due to LBAM ar'e estirnated- to be $13’4 miﬂion-per

annum across the USA (Fowler 2007) The proposed eradlcatlon of: LBAM m Cahforma

s in the range of 100 rmlhon dollars but thes loss estlmate and the mouvatlon for the
' eradlcat10n aré not based on solid’economic or selentlﬁc grounds. To: estabhsh a sment1ﬁc

| basrs one must. be able to charactenze the hkely geographle dlstnbutlon relatlve A

abundance and damage potentlal of the pest. This had- not occurred: for LBAM ~

LBAM is- not the ﬁrst exotic leaﬁ:oller toinvade Cahforma the Palearctlc spe01es
i

-"‘Aclerzs varzegana (Schlffermuller) and Cnephasia Zongana (Haworth) remam conﬁned to

coastal reglons after 90 and 60 years respecuvely, while the Me)ncan spemes Platynota :

!

' stultana (W, alsmgham) took 50 years to spread from southern Cahforma mto Central -
" California where 1t is con_51dered' a secondary pest of grape (P,owell 1983, 1997, and

' personal communication). Leaf rollers are generally not considered primary pests of

agrieultural cro'ps, and vyhile- many, including LBAM, have the potential to have direct '
impact by grazing,on the surface of frnit or-within grape clusters, they remain classiﬁed

as secondary pests due to thelr amenab1hty to mtegrated pest: management The

_ experrence in New Zealand where LBAM is also an invasive pest and where climatic

condl_tlons of temperature and ra_1nfa11- are conduc1ve to LBAM populatlonad'evelopment,

17
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" 355

356
357
358

359.

360
.'361

362

363

364

" serves as a valuable example of how it’s damage can be readily managed?:as part of an

: lntegrated fruit production program (Walker et al. 1999, Delate et al.‘ 2008). &

_ | Geographic Distfibution and R'elative Abuhd‘ance
- Ttiswell accepted that cl1mate plays a maj or role 1n 11m1t1ng the d1str1but1on and
abundance of spe01es (e. g Andrewartha and Birch 1954 Brown et al. 1996 Wellmgton

et al=. 1999 Gaston 2003); Inpoﬂulotherms extantweather‘lnﬂuences net -growth'-and‘

reproductlon and. troph1c mteractlons may mﬂuence the level of control by natural -

| enemies (Huffal(er et al 1971 Rochat and: Gut1errez 2001)

(

Figure 7. The proposed USDA geograph1c d1str1butlon of favorableness for the
establishment of LBAM (from Fowler et al. 2007). - '

_Fowleret al. (2007)_nsed a criterion of degree day sums sufficient for the

development of three or more generatlons of LBAM to cncumscnbe the areas of

' favorab1l1ty in the Umted States (F ig. 7) Other approaches are avallable to charactenze |
' the favorableness of cllmatlc zones for poﬂﬂlothermw spec1es comparlsons of t1me serles o

plots of da1ly, Weekly or monthly temperature ra1nfall Vapor-pressure deﬁc1t and other
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386

variables from the area of origin andt"he invaded area. A widely' used approach is

and-other factors (Fritzpatrick and Nix 1968, Gutlerrez et al. 1972, Sutherst et al: 1991)

Davis et al. (1998) called these and related methods the 'c_limate envelope' approach, and -

1

. are not included.
- We used a weather-dnven physmloglcally based demographic model (PBDM) to map

the potentlal geographic range and relative abundance of LBAM in-Arizona and

biological realism and strives to capture important temporal factors that affect the
distribution and abundauce of a species (e.g., Gutierrez and Baumgirtner 1984, Gutierrez

et al. 1994, Gurney et al. 1996, Gutierrez 1996, Holst and Ruggle 1997, Rochat and

Gutlerrez 2001, Gutierrez et al. 2007)

LBAM populatlons are low in both Australia and Cahforma The developmental
brology of LBAM is relatively simple; it Iacks a diapause stage itis polyphagous and
t’s populatlons are suppressed by a combination of dlspersal mortality, temperatures and

host plant ava11ab1hty, and in Austraha native natural enemies that operate in a density

California, it is also attacked by a suite of generalist native predators and parasitoids (N.

Mills), the effect of which was captured using a ﬁnictional‘ response model that increases

19

- on temperature and LBAM density but at a decreasing rate.

i

1phys1olog1ca1 mdlces to estimate the tolerance 11m1ts of species to temperature, moisture .
- -suggested that conclusions ‘may be misleading because higher tropiclevels and important
temporal factors and events that affect the dynamics and distributional limits of a species

- Cahforma. The PBDM approach requires con51derab1y-more data but it increases

“(

- independent manner (Danthanarayana and colleagues).. Similar factors affect'LBAM in

-
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397 .' ~ ~weathers data for five locations in SE Australia (Adeléi‘de SA, Mildura and Shepparton,

398

399

400

Usmg only temperature the predlcted the dlstrrbutron of LBAM in Cahforma is
largely restrlcted to the near coastal areas with some extension eastward into the
Sacramento Valley (Fig. 6). The limiting effect of ramfall on. Medlterranean annual host

.«v\

plant reinforced the greater sultablhty of coastal regions.

Muldura, VIC- Griffith NSW

' Waghja Waga, NSW

',"""'_345678910

[ )n,\HC

.28 4'56.7 8810
_year

cumulative larval days

Figure 8. Annual larvel-days m™ y" at five locations in SE Australia for the ten ear -
8 . cali y

period of 1/1/1998 to 1/1/2009.

Critics posit that LBAM is present in regions of Australia that are much hotter than

regions of California our model predicts are unfavourable. To test this, we ran using daily .

, 'VIC, Griffith and Wagga Wagga NSW) for the period 1/1/1998 to 1/1/2009.. LBAM is
, reperted from all of these areas, and here larval-da'ys,m'l y'1 is used asa s,ummary"-metric

of favorability (Figure 8). These sites are on a west to-east cline of cooler to hotter -
'.\ ' ’ ) N
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‘climates. Population levels in the milder coastal area of Adelaide were roughly twice as

high as those in more inland locations: Adelaide > Shepparten >Mildura > Griffith = |

Wagga Wagga. Mean daily maximum temperatl_lres at Mildura and Griffith are similar to

- those at Davis, CA where our model predicts moderate favourability for 'LBAM. In

N

. contrast, winter temperatures at Mildura and Griffith are lower than at Davis reducing -

‘total dd (see Figure 4).”

Ideally, the analysis should be‘extended- to the rest»of the continental United States

.' and Australla buta lack of fundmg to assemble the extenswe weather data set (e. g darly
' max-min temperatures solar radiation, da1ly prec1p1tat1on RH and daily runs. of Wmd)

' prohibited this.

| 'Eradlcatlon of LBAM in California. Initially, a 100 m1111on dollar program of aenal

' appl1cat10ns of micro- encapsulated pheromone tw15t t1es ut1hzmg LBAM specrﬁc

pheromone, orgamcally—approved msect1c1des (spinosad and Baczllus_ thurzngzens;s

kurstaki), and inundative releases.of Trichogramma egg parasitoids were proposed for

: erad1cat1ng LBAM.? The aenal application of a mating- dlSI'llpl:lOIl pheromone

engendered harsh public outery concernmg supposed health issues ass001ated with

properties of the formulation, and the program was abandoned and substituted with an -

ongomg program based on the sterlle insect technology (SIT)

»The SIT approach for LBAM erad1cat10n engenders little public opposiﬁon aside

_from concerns over its high cost and the low hkehhood of success. SIT programs have a

checlcered record Worldwrde and even supposed successful programs have been

2 Solar radratlon data for the period 11/ 1 7/2005 12/3 1/2005 substltuted with data for the same period during .

©2004:

3 ' -02-14-08. af -

www-.aphis.usda.gov/plant’ health/ea/downloads/lbam-trcatmen ro
. 21 .
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440

441
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445
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questioned. For example the eradicatioﬁ of the tropical screwworm Cochlz'omyia '
homznzvorax (Coquerel) in Florida during the 1960 70s was challenged by Readshaw
(1986) as were eradlcatlon attempts for Mediterranean fruit ﬂy (medﬂy, Ceratztzs Ly

capzt_ata (W 1edemann)) (Carey 1991),- and pink bollworm (PBW, Bectznophom '

: gossypiella Saunders) in California (Guti_errez etal. 2005). . .

In California, fourteen million dollars are spent annually on detection and

eradication of medfly, but it continues to persist in Los Angeles County (Carey 1991) and

California during 2007 (lltlp://westernfarrnnress.com /news/100107-dixon-medfly/). On

a positive note, medfly is cold intolerant, arld laboratory and ﬁeld.__s_tudies _(l\_/l‘esserlge‘ratld‘
Flitters 1954, Israely et al. 2064) suggest itsi perrnanent geographic range is jsm‘al,ler than
proposed by Carey (1996). | | | | ”

When PBW invaded the cotton ‘grov/.ingregi'ons of AriZol‘na.in the early .1:9-60’.5' =
and the desert Valleys ol‘ Southern California in 1965', the USDA began a very large SIT o
eradication program (Staten‘ et al. 1'992)'. When eradication proved.infeasible, the - |
program was n:rodiﬁed with the goal of preveriﬁng PBW froon extending its range irito"the

Central Valley of California (Chu et al. 1996) at a cost of 15-20 .million dolla'rs_per year.

A recent PBDM analysis shows PBW is limited in the Central Valley by winter

temperatures but this could chaﬂge with climate warming (Gutierrez et al..2005).

Erad1catlon of LBAM in California using any of the proposed technologres may

- not. be feasible because itis multl-voltme its is cold tolerant, it lacks a d1apause stage the

A

_mfested area is already large females can mate multiple tlme it has a broad age- structurev |

that varies with time and place across the landscape, there is a lack of analytical too‘ls to
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. guide and evaluate the eradication effort, and-as indicated by Carey (1 991) non detection ’

of the target pest dqés not mean eradication. Furthermore, the pest‘ status of LBAM is.of -

secondary pest and manageable through normal IPM practices as evi_denée_d inNew -

.'Z'e":aland. As such, ot only is the probability of success for eradication of LBAM from’
California questionable, the economic and scientific justifications for its eradication are

: ldcldng.

What'is obvious is that regional management of invasive pests iﬁchiding '

evaluation of eradication efforts must be based on sound knowledge of their potential

' geographic range and relati‘/"e abundance, and on realistic estimates of their potential for

elnv_ivronmentaﬁl‘ jmpact,aﬁd losses to the jpublic good. We suggesfc’thgt_ _thg gre_a_te;sf bQﬁ,@.ﬁ,,tS'
in the 4red of exotic invasive pests vﬁll accrﬁe frém increased. investment in prévention '
(e.g., improved quarantine). However,'onc:e. exoti.c pests are establiéh_ed, the focus should :
b_e" on bic_)logical cbhtfol,,_rapid estimation of the lifé history paramefgrs of'the Spe_cies, an_d - ‘
the’“development of modeling tools for gsSessing management strategies for évgluatiﬁg :
the efficacy b_f biological control efforts (e.g., for YST; Gutierrez et 1. 2005) and the

feasibility of eradication.
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592 'Table 1. Biological parameters -fof the light brown a'_‘p‘plle"nieth
, Pije;\:e'ss o ‘ - ‘Parameter/eqn. - ’Light-b‘l‘yfown:apple m‘oth‘l,
T Thefr_pal‘.fhreshold:(in’%) | R  6.8°C
Daily degree days . Co
335.3%(0. 0003(T f:)/(1+1 o= 5))) Add(t) |
V i
Duratlon of hfe stages in degree days at o ' Egg(l 1‘6.‘2dd.), ‘
20°C ¢ Cdd - Lanvae (3355 - -
S - . ; . Pupa (142.0).
o Adult (290.4)
Maximum age (x) per-capita : -
"fecundlty/day atage;x and temperature T a - 2850 -
: b 136
F(x,T) ¢(T) a(x 0 5)/b“°5 o : e
see above’ : . ) ) %n,;n. 68°C
‘ T-Tiw ~Tua) | .  31:50°C
¢(T) 1 { TmM ‘ :| . Tmidv' . 19150C
Sex ratio o R I 0.5
Delay p.arameter : _ k 15
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Flgure Legends

Flg L. The effect of temperature (T) on the developmental rates of LBAM eggs and

(
larvae (data from Danthanarayana 1975)

~ Fig. 2 The effects of LBAM adult age and da1ly average temperature (T) on fecundlty:

(a ) per caplta da1ly fecundlty on female age (x) at 20°C, (b )a scalar (0< ¢r<1)of
the effects of average temperature on fecund1ty, (c ). the combmed effects of |
subfigures a, b (data from Danthanarayana l975)-, and the effects,of extreme,‘
R temperature (d.)on the;mortallty- rat'e perday ;(0__<_' ,_ufi l').l\Iote that'the.svmbol (o)
- represents data and o repr.esents linear"e).(trapolations. |
Fig. 3. The distributed maturatiun time 'model: (a.) all life /stage.s, (b.) the ﬁeciuencsi
' distribution of 'maturations times with dil’ferent numbers of age classes k) and ®.) | '
separate models for each life stage each havmg flow blology dep1cted in (a )
Flgure 4, Weather stat1ons used in the reglonal study (a} and max1mum and minimurn .
| temperatures and s1mu1at10n dynamms of LBAM egg and larval dynam1cs at Sahnas
(b, c: o) and Dav1s Cahforma (d e o) durlng 1/1/2005 1996 and 15/10/2006 The
lower (6. 8°C) and upper (2 8°C) thresholds below and above Wh1ch temperature "
‘ mortahty accrues are shown as dashed lines in sub ﬁgs. band d. The location. of
Salinas (©) and Davis (e) are illustrated in 4a.
Figure 5. GIS mapping otf simulated llght«brown apple moth populations in Arizona and |
“California: (a.) locaticnswhere'the moth has been recover;ed m nc"rth-central ' |
| California (from» Fowler et al. 26075, (b) average larval days y‘1 with cumulative dd

shown as-an inset (Davis and Salinas, CA indicated by e, © respectively),' (c)the

o
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634

635

636

.; standafd deviations (std) of 1996 -2006 of larval days, and (d.) the coefficients of \'"
\;ariation (Cv(=std /meah) ). The inset in 5b Shows"‘ch'e average Ada’.>6.8°C.“
Figure 6. The added effects éf rainfall on LBAM distribution: (a.) average mm‘rai.nfall.
‘below 1000m elevaﬁ'on, b.) the siﬁlulatéd diSﬁibuﬁon of yeliow starthistle in |
California (seg Gutierrez et al. 2005), (C.) thc distribution of total ‘rain'_fall gréafer ﬁan
350mm at éle"Vations: below 1000m, (d.) superimposing tpté_tl rainfall > 350mm k)n.th@
Simulated distribution and abundance of LBAM baséd_only on te_n;peratﬁré.- '_
Fig. 7.. The prc;posed USDA geographic distribut_iop pf févorableness for the

establishment of LBAM (from Fowler et al. 2007).

' :Figme 8. Annual larval days m™ y'li_at five locations in SE Australia for a ten year péribd:

of 1/1/1998 to 1/1/2009.
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