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L eaf -feeding beetles, A lt ica carduo rum , from a popula tion in N W China have been identi® ed

as candida te agent s for biocon trol of Canada thist le, C irsium arvense. T his paper assesses the

potential of beetles from this popula tion to establish on the Canadian prairies. A phenolog ical

m odel is applied to determ ine where suf ® cient heat accum ulates to allow completion of at least

one generation per year. T he model was applied both with and without a submodel of adult

t hermoregula tion. T he model was driven using met eorological data f rom a grid covering the

agricultural region of the Canadian prairie s, i.e. ca . 670 000 k m 2, at a resolu tion of

# (50 50) k m . In each grid square, t he percen tage of the years 1960 ±89 for which the m odel

indica ted that at least one genera tion could have been com pleted was calcula ted; these

propor tions were categoriz ed (0 ±80%; 80 ±99% and 100%) and m apped . M aps of C. a rven se

densit y over the sim ulation region were also produced, and compared to the m aps of predic ted

beetle distribution. T he m odel sugges ts that A. carduo rum could establish over m uch of the

prairies . W ithout thermoregula tion, the predic ted range (i.e. the area in which one genera tion

was com plet ed in every year) is restricted to the warmer parts of the prairies, where

C . a rven se is generally sparse. Inclusio n of thermoregula t ion almost doubled the predic ted

range to cover m ost of the range of C. a rven se on the C anadian prairies, m issing only the

cooler peripheral areas. T hese results sugges t that this strain of A. ca rduorum has potential

t o overlap the range of C . arven se on the C anadian prairies, and so has potential to cont rol

t his weed .
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IN TR OD U CT ION

C anada th ist le, C irsium arvense (L .) Sco p., is an in troduced weed tha t cau ses sign i® can t

econom ic losses in cr ops and pastu res in N or th Am er ica (H odgson, 1968). T his weed

thrives on ly in open sites wher e su m mer tem pera tur es a re modera te and so il mo istu re is

adeq uat e. M o istu re requ irem en ts ar e fu l® lled by annual ra in fa ll o f 450 ±900 mm (D ona ld ,

1990) o r by ir r iga t ion . In N orth Am er ica , the weed is d istr ibu ted in a tr an scon tin en ta l band

wh ich is lim ited to the so u th by h igh su m mer tem per atu res and to the no rth by forest

(D onald , 1990). In C anada, it exten ds to la t itudes of 58 ±59  N (M oore, 1975) and is a

pa rt icu larly seriou s prob lem in the b la ck so il zo ne o f the p ra ir ies (A lex, 1966; T hom as,

1980), wh ich exten ds to the nor thern lim its o f su st ain ab le agr icultu re. In whea t a lone, th e

thist le ca u ses annua l losses of ca . $C an 3.6 m illion desp ite extensive herb icide u se (P eschken

et al., 1980). G iven the geographic magn itude o f the p rob lem , b io logical co n tro l (b iocon -

t rol) is an a ttr act ive a lternative to ch em ica l and cu lt ur al co ntrol methods.

The fo liage-feeding ¯ ea beetle A lt ica carduorum G uer . (C oleop tera : C h rysom elidae) was

id en ti® ed in the 1960s as a prom ising agent for b io co n tro l of C . arvense in N or th Amer ica .

Init ia l relea ses used in sects co llected from W estern Eu rope; th ese fa iled to establish , in pa rt

because the relat ive hum id ity on the p ra ir ies is too low fo r opt im um egg developmen t

(Pesch ken et al., 1970; Sch aber et al., 1975). H owever , an iso la ted popu la t io n of th is beetle

supp resses C . arvense with in an area of ca . 1105 km
2

in the arid region near W usu ,

X in jiang, C hin a a t la t itude 44.5  N (W an et al., 1996). The to lerance of th is popu la t io n fo r

low humid ity m akes it prom ising fo r the Canadian prair ies if th e coo ler sum mers do no t

p reclude co mp letion o f developm en t. Th ree hund red adu lt beetles were co llect ed from this

popula t ion and p ropaga ted in the labo ra to ry; th is stock is the su b ject o f the fo llowing

invest igat io n s.

Adu lt A . carduorum is a m eta llic b lu e-b la ck beetle ca . 4 mm long. Overwint er ing adu lts

em erge from the so il in the sp rin g to feed on yo ung th ist le leaves. A fter an ob liga te

p re-oviposit io n per iod , fema les oviposit on the underside of th ist le leaves fo r up to

2 mon th s. The eggs ha tch in abou t a week and the la rvae feed fr om the bo ttom of the lea f

to the upper cu ticle, wh ich is left in ta ct , fo rm ing a tr an sp a ren t `window’ . M atu re larva e

d rop to the so il, bu ry them selves to a dep th o f ca . 1 cm and pupat e. A t W usu, adu lts

em erge and in it ia t e a sum mer genera t ion . The p rogeny o f th is second genera t ion em erge a s

adu lts, sta r t in g in abou t m id -Ju ly; th ese do no t oviposit , bu t en ter th e so il in Sep tem ber ±

O ctober to overwin ter (W an et al., 1996).

In p relim in a ry ca lcu la t io n s u sing a ir t em pera tu re, W an et al. (1996 ) co ncluded tha t

beetles from th is stock co u ld po ten tia lly estab lish on ly in a few rela t ively sm a ll warm area s

o f the so u thern C anad ian p ra ir ies; however, th ese ca lcu la t io ns d id no t in clude the effec ts o f

so la r rad ia t io n and therm oregula t ion , wh ich ra ise the body tem per atu res o f many diu rna l

ecto therm s sign i® ca n tly above air tem pera tur e (H ein rich , 1993). In X injiang, A . carduoru m

adu lts sp en d m ost o f their t im e on the upper side o f ten der C . arvense leaves, bu t move

between su nlit and sh aded sites over the day (W an et al., 1996); t his behavio r may be

thermoregu la to ry.

In th is paper , a phen o logy model was app lied to est im ate the a rea o f the Canad ian

p ra ir ies in which beetles fr om th is st ock co u ld establish permanen t popu la t io ns. The m odel

was d riven using inpu t fr om a h isto rica l meteo ro logica l databa se, and determ in ed the

p ropo rt ion o f the yea rs 1960 ±89 in which A . carduorum co uld have com p leted a t least one

gener at io n per year in ea ch sq ua re of a gr id co vering the agr icultu ra l region of the

C anad ian p ra ir ies. I t was a ssum ed tha t th ese da ta rep resen t a fo reca st o f fu tur e m eteo ro -

lo gical co nd it ion s in th is region , and tha t th e propo rt io n represen ts the p robab ility o f

fu tu re establishmen t.

Th is study had two pu rposes. The ® rst was to determ in e the a rea o f the Canad ian

p ra ir ies in wh ich hea t a ccum ula tion would be suf® cien t to allow co m pletio n o f a t lea st one
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beetle genera t io n per yea r, wh ich is the m in im um req uirem en t fo r est ab lishm en t. Severa l

a sp ects o f establishmen t were no t co nsidered in th is study because da ta a re no t ava ilab le;

t hese include m ort ality and host ® n d ing. I t was a lso a ssum ed tha t reproduct ive d ia pause in

adu lts will pr eclude in it ia t io n o f gener at io n s wh ich a re un likely to be co mp leted . Th is is

consisten t with the fa ilur e o f second -genera t ion fem ales to ovipost in X in jiang.

F u rtherm ore, th e study was a im ed pr im ar ily a t m aking genera l sta tem en ts about the

lik elihood o f genera t io n s being co mp leted in sp eci® ed a rea s. T he simu la t io n u tilized

m eteoro logica l da ta from a gr id wh ich gives m ea n co ndit io ns in 50 50 km sq uares. I t was

judged tha t the p recision of the simu la t io n ut ilized meteorological da ta from a gr id which

gives m ea n cond it io n s in 50 50 km squa res. I t was judged tha t th e p recision o f the

sim ula t ion was lim ited by the p recision o f this gr id ; th er efo re, va riance in developm en ta l

r ates was neglect ed , because the add it io na l p recision which m ight resu lt from co nsider ing

this fa cto r would be illu so ry.

The second pu rpose o f this study was to a ssess the beetle’ s po ten tia l to a ffect th e

d istr ib u tio n and abundance o f the weed, by co m pa ring th is ar ea wit h the d istr ibu tio n o f

C . arvense to evalu a te whether the two species are likely to overla p geogr aph ically.

M A TER IAL S AN D M ET H OD S

T he phen o logy model used tem per atu re-dep en dent developmen ta l ra te param eter s from

W an et al. (1996) , itera ted hou rly from 1 Janua ry to 31 D ecem ber to accum ula te incre-

m en ts o f developmen t. A t the en d o f each yea r, th e m odel rep o rted the number o f

gener at io n s co mp leted . A gener at io n was de® n ed as the tim e req uired fo r the average

fema le to lay 50% of her eggs , p lu s the average tim e fo r the progeny to become adu lts.

G en era t io ns were co nsider ed to sta rt and en d a t adu lt eclo sion. The m odel was app lied

bo th wit h and withou t a su bmodel for adult th erm oregu la t io n .

Thermal Biology of A . carduorum

D evelopmental rate descrip t ions. A ll tem pera tu re-dep en den t r ate phen omen a were de-

scribed using lin ea r eq ua tio n s. These include developm en tal ra tes o f eggs , la rva e and

pupae; and the ra tes o f adu lt m atura t io n and oviposit ion (W an et al., 1996) . La rva l

developmen t ra te declines at tem pera tu res above 25  C , so these tem pera tu res were d isre-

ga rded when ® t t in g the lin ea r developmen ta l equa tion s.

The m odel trea ted the popu la t io ns in the simp lest manner : all ind ividuals were a ssumed

to be id en tica l (i.e. t o develop a t the average rat e at any tem pera tu re and to be exposed to

id en tica l m eteo ro logica l co nd it io n s). O verwin ter in g adu lts were a ssumed to em erge from

the so il when they had co mp leted ha lf o f their p reoviposit io na l r eq uirem en ts. Thus,

developmen t was d riven by so il tem pera tu res a t 1 cm before em ergence, and by air

t em pera tu re thereafter . A ll fem ales were a ssumed to requ ire the average p re-oviposit ion

per iod , and to la y all o f th eir eggs in the m iddle of the oviposit io n per io d . D evelopm en t o f

eggs and la rvae were d riven by air tem peratur e, and those o f the p rep upae and pupae by

soil tem pera tu re a t 1 cm . Second-generat io n adults were assumed to em erge from the so il

im med ia t ely a fter eclo sion and to fu l® ll th eir p re-ovipo sit iona l r eq uirem en ts above ground .

In the m odel, these second -genera t io n adults a re a llowed to oviposit , a lt hough th is does no t

occur in X ingjiang. Th is allowance was m ade to determ ine where hea t a ccum u la tio n co u ld

in theo ry a llow a co m plete second gener at io n . The m odel is ou tlin ed in m ore deta il in

A ppend ix A .

A . carduoru m phen o logy was a lso sim u la ted using a second model wh ich ack nowledged

the non -linear rela t ion sh ip between developm en tal r ates and tem pera tur e. The range

p red icted by th is model differed by < 1% from tha t o f the m odel descr ib ed here, because:

(1) the tem pera tu re-dep en den t developmen ta l ra te was no tably non-lin ea r on ly in the la rva l

stage and (2) la rva l body tem pera tu res above the therma l op tim um were ra re over the
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geoclima tic range o f the sim u la t io ns. T he sim ilar ity between the two m odels m ay break

down in warm er clim a tes. F o r clarity of p resen ta t io n , th e second model is no t presen ted

her e.

E ffect of solar radia tion on beet le body tem perature. Adu lt A . carduoru m were restra in ed

under mea su red co ndit io ns o f air tem peratur e and so lar rad ia t io n (in W m 2 ). Each

beetle was glued by the abdom en to the hea d o f an insect p in which was a tta ch ed to a

cork stopper which was in tu rn m oun ted on a hor izon ta lly o rien ted boa rd (L act in &

Johnso n , 1996) set 20 cm above a concr ete pad in a wind-sheltered site. A ir tem pera -

tures were < 15  C du ring the test per io d.

Beetle body tem pera tu res were m ea su red using 0.127-mm diameter co pper-constan tan

thermoco up les (O mega Corp ., Stam fo rd , CT , U SA ), inserted in to the abdomen to a

dep th o f < 1 mm . Tem pera tu res of ea ch beetle were recorded in fu ll su n ligh t and under

one, two and four la yers o f 42 mesh cm 2 b lack nylon window screen . Twen ty-one bee-

t les wer e tested in gr oups o f thr ee; fo r each group , a sim ila rly trea ted reference beet le,

m oun ted in a su nshade, was used to measu re a ir tem pera tu res. So lar rad ia t io n was

m ea su red using a pyranom eter (L I-200SZ , L I-C O R Inst rum en ts, L in co ln , N E , U SA).

Tem pera tu res and so la r rad ia t io n were mea su red every 0.5 s; r ea dings wer e averaged

in 12-s in crem en ts and the m ea ns ou tpu t to a data logger (M odel 21X , C am pbell Scien -

t i® c, E dm onton , A lb er ta , Canada ). F or ea ch group of in sects, m ea su rem en ts were taken

un til th e tem pera tu re o f the rest rain ed beet les had stab ilized (2 ±3 m in ). The so la r-h ea t-

in g effect was ca lcu la t ed from mea su red so lar r ad ia t io n , th e st ab ilized body tem pera tu res

o f the restr ain ed beetles and the co ncu rren t tem pera tu re of the referen ce beet le.

T hermoregula tion submodel. The model was app lied with and withou t the fo llowing

adu lt thermoregu la t io n su bmodel. T he effec t o f so lar rad ia t io n on body tem pera tur e was

est im a ted by in crem en tin g a ir tem peratur e by an am oun t rela ted to so la r rad ia t io n , a s

det erm in ed in the p reviou s sectio n (see R esu lts). T h is su bmodel a lso in co rporated the

effect s o f above-ground tem pera tu re gradien ts. D u ring the day, so il t em pera tu re is gen -

era lly hea ted by the su n to severa l degrees above a ir tem pera tu re (C am pbell, 1977), and

a vert ica l gradien t o f a ir tem pera tu re results. T he gr ad ien t was in co rporated in to the

subm odel by ca lcu la t in g the m aximum and min im um possib le tem pera tu re with in the

ver t ical grad ient (i.e . on the ground in fu ll su n and a t 1.2 m above the ground in fu ll

shade respectively) . T he beetles were a ssum ed to ma in t ain their body tem pera tu re a s

clo se a s possib le to the op tim um tem peratur e for la rva l developmen t (25.5   C ). T hese

a ssum pt ion s ® t th e observed movemen ts of the beet le in C hin a . L arva l opt im um tem per-

a tu re was used because there is no in fo rm atio n on the adu lt op tim um; this a ssump tion

req uires test ing.

M eteorolog ical Data

B asic data. Inpu t dat a were: t ota l da ily inso la t io n (M J m 2 ); d aily maxim um and

m inim um Stevenso n screen a ir tem pera tu re a t 1.2 m (  C ); and ra in fa ll (m m). T hese data

were extra cted from the G ridded P ra ir ie C lima te D a tabase (G R IPCD ), wh ich is ava il-

ab le on com pact d isk fr om Environment Canada , D ownsview, On ta rio . Th is dat aba se

r ep resents the C anad ian P ra ir ies a s a gr id o f poin ts separated by 0.41  la t itude and

0.75  longitude; a t 49  N th is co rresponds to rectangles o f app roxima tely 50 50 km .

T hese da ta were p rocessed from histo rica l wea ther da ta co llected from an ir regu la r ar ray

o f wea ther stat io n s (M cG inn et al., 1995). W here data d id not co ver the 30 yea rs

wit hou t in ter ruptio n , sq uares were no t in cluded in the simu la t io n ; th e geographica l cov-

erage o f the rem a in ing 406 sq ua res cor responds app roxim ately to the region of su sta in -

ab le crop p roduct io n .
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S oil tem perature est im at ion. So il t em per atu res en ter th e phen ology model by a ffect ing

developmen t of p rep upae and pupae. The G R IPCD da ta does not include so il tem pera -

tures, so these wer e est im a ted using da ta fr om a second m eteo ro logica l da taba se m a in -

t ain ed a t A gr icultu re and Agr i-F ood Canada R esea rch Cen tre a t L ethb ridge, A lb er ta ,

wh ich is more co mpreh ensive bu t r estr icted to one side. In add it io n to the basic data listed

in the p reviou s sectio n, th is data in cludes morn ing and a fter noon so il tem pera tu res a t 5 cm .

R egression eq ua tio ns were u sed to rela te these t em per atu res to o ther meteo ro logica l

va riab les, and these eq ua tio ns were u sed to est im ate so il tem pera tu res over the gr id .

Equatio n s were ® t ted to the dat a by step wise mu lt ip le regression (SAS, 1989) using the

M A XR a lgo rithm , wh ich ® nd s the best m odels with 1 ±n va ria b les, where n is th e number

o f ca nd id a te varia b les. Cand id a te var ia b les were: th e daily va lu es o f a ll va ria bles in cluded

in the gr id da taba se, th e sq ua res o f a ll th ese va ria b les, and the previou s day’ s va lu es o f a ll

va riab les and their squa res.

R egression s were ca lcu la ted sepa ra tely fo r morn ing and a fternoon so il tem pera tu res.

Because in sp ectio n of plo ts revealed tha t d ist inct lin ea r rela t io nsh ip s applied fo r m in im um

a ir tem pera tu res above and below 0  C , regression s were ® t t ed sepa ra tely at tho se co ndi-

t io n s. The regression s ea ch had from ® ve to n in e pa ram eters, and a ll had F > 65;

P (> F ) # 0.0001 and r 2 > 0.72 . Param eter est im a tes fo r eq ua tio ns a re given in Appen dix B.

D a ily afternoon and morn ing so il t em pera tu res a t 5 cm were est im a ted fo r a ll gr id poin ts

u sing these eq uat io n s; th ese were used to est im a te tem peratur es a t 1 cm , fo llowing

C am pbell (1977) .

Interpola tion of hourly values . H ou rly va lues were in terpo la ted for all var ia b les. H ou rly

so la r radia t ion was est im ated fr om the da ily to tal observed so la r rad ia t io n and the

theoret ica l maxim um da ily and hour ly in so la t io n fo r the la t itude and da te (R ober t so n &

R usselo , 1968). The ra t io of observed to theo ret ica l maxim um was assumed to rem a in

const an t over the day, and th is ra t io was used to est im ate hou rly va lu es from theoret ica l

m aximum hour ly va lu es.

H ou rly air and so il tem pera tu res wer e ea ch est im a ted by co sine in terpola t ion fr om the

da ily m axima and m in im a . Based on exam in a tio n o f the meteo ro logica l da tabase, th e t im es

o f da ily maxim um tem peratur e were ® xed a t 15.25 fo r a ir and 15.55 fo r so il. F o r so il

t em pera tu res, th is im p lies tha t th e morn ing and a fter noon soil tem per atu res ar e the da ily

m inim a and maxim a respectively . H alf-cycle length was ® xed a t 12 h .

P rediction of A . carduorum Geographic Range

T he phen o logy m odel was app lied with and without the therm oregula t ion su bmodel over

30 yea rs in a ll gr id poin ts with com plet e meteo ro logica l da ta . T he resu lts were ca tego rized

and m apped acco rd ing to the percen tage o f year s in wh ich a t least one genera t ion was

com p leted . F o r m app ing purposes, th ese per cen tages were a ssigned in to thr ee cla sses: 0 ±80,

80 ±99 and 100, cor responding to establishmen t p robab ilit ies of un lik ely, ma rgina l and

possib le respectively.

M apping D istribution and Abundance of C . arvense and A . carduroum

D ata on the d istr ib ut io n and abundance o f C anada thist le on the C anad ian P ra ir ies were

ob ta in ed from the A AF C weed su rvey (T hom as, 1980). The thist le databa se co nta in ed 214

sites in Sask a tch ewan su rveyed in 1986 , 234 sites in M an itoba su rveyed in 1986 and 392

sites su rveyed in A lber ta from 1987 to 1989. A t ea ch site, 20 quad rat s (each 1 m 2 ) were

p la ced random ly and observa tion s consisted of the mea n num ber o f th ist le p la n ts observed

per m 2 and the per cen tage o f quad ra ts in wh ich Canada thist les occu rr ed .

F o r mapp ing purposes, da ta were expressed a s percent age o f quad ra ts with th ist les and

assigned in to cla sses: 0 ±10, 10 ±20, 20 ±30 and > 30% of quad ra ts with th ist les. Th ist le

abundances were sm oothed by const ruct ion o f a gr id o f weigh ted average va lues, with

po in t s every 0.5  o f la t itude and longitude in the region fr om 49 to 58  N , between 95 and
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120  W . T h is gr id is dist in ct from the wea ther gr id . Canada th ist le den sity a t each poin t on

the th ist le gr id was in terpo la ted as the average o f survey observa tio n s wit hin a rad iu s o f

60 km of the po in t , weigh ted by the inverse o f the d istance from the po in t t o the site. T his

r esu lt ed in the most d istant po in ts having weights o f 1.7%, co m pa red to 100% fo r

observa tio ns with in 1 km of the po in t . Some gr id po in ts in the d ry, m ixed-gra ss eco region ,

in wh ich Canada th ist le is sp ar se, were no t wit hin 60 km of any su rvey po in t , and these

po in t s were assigned a va lu e o f 0.1% of quad rat s with thist les, on the ba sis o f sum maries

o f su rveys in the region (T hom as, 1980).

The est im ated thist le den sit ies wer e im port ed in to SPA N S G IS 5.4 (O S¤2 W arp opera t ing

syst em ), and va lues between gr id poin ts wer e est im a ted by linea r co ntou ring using

a tr ia ngu la r ir regu lar netwo rk . L in ea r co n tour ing was ch osen to p reserve the in tegrity o f the

va lues at th e gr id po in ts. Con tou ring and in terpola t io n wer e restr icted to the region o f the

o rigina l set of survey poin ts. The en tire Canada thist le st udy area m apped was ca . 670 000

km 2 .

Ou tpu t from the A . carduorum phen o logy model was m apped in the sam e way, via

weigh ted average gr id ca lcula t ion . M aps were veri® ed to ensure tha t va lu es on gr id poin ts

were the same as the o rigina l dat a va lu es.

Two-m ap over la ys were co nst ructed using SPAN S, in which po lygon co mpa risons a re

sum marized to assess the overla p of the thr ee cla sses o f beetle establishmen t with the fou r

cla sses o f th ist le den sity.

R ESU L TS

Thermal Biology of A . carduorum

D evelopmental rate functions. The lin ea r funct ion s (T ab le 1) ind ica te tha t the lower

threshold tem perature for the developm en t o f each beet le st age was between 7.6 and 9.9  C .

D evelopm en t proceeds acco rd ing to accum u la tion o f degree-days (D D ) above the th resho ld ;

t he m odel u sed the thr esho ld tem peratur e sp eci ® c t o ea ch age cla ss (T ab le 1). To co mp lete

their developm en t, th e im ma tu re stages r eq uire a to ta l o f near ly 383 D D above their

r espective lower th resho ld tem pera tu res. The fem ales requ ire nea rly 372 D D from eclo sion

un til 50% of their eggs a re la id . Th is suggests a gener at io n tim e o f < 754 D D .

E ffect of solar radia tion on beetle body tem perature. The body tem peratur e o f A . carduoru m

adu lts in cr ea sed lin ea rly with so la r rad ia t io n . T he in tercep t o f th is regression was no t

sign i® ca n tly d ifferen t from zero (P > 0.9), and so was om it ted from the model. The slope

o f the no -in tercept regression was 0.00965   C (W m 2 ) 1 , wit h a standard er ro r o f 0.00050  C

(W m 2 ) 1 (F1 , 1 9 = 367, P # 0.0001, r 2 = 0.9508) . So lar radia t ion ca n exceed 1000 W m 2 ;

t hu s, in a su nny loca tio n , beetle body tem per atu re may exceed a ir tem pera tu re by > 10  C .

T ABLE 1. R egression parameters, lower developmen tal tem pera tures (LD T) and degree-day (D D ) re-

quirem en ts using a linear developm enta l model to descr ibe development of life stages of

A . carduorum reared a t constant temperatu re

In tercep t Slope

L ife stage Est . SE Est . SE F a r 2 LD T b D D c

E gg (< 25  C ) 0.0881 0.0031 0.01019 0.0016 40.8 0.95 8.6 98.1

L arva (< 25  C ) 0.0724 0.0117 0.00728 0.0073 143.0 0.98 9.9 137.4

Pupa + prepupa 0.0540 0.0038 0.00680 0.0003 1105.4 0.99 7.9 147.1

Pre-oviposit
d

0.0204 0.0052 0.00269 0.0003 110.7 0.99 7.6 371.7

a A ll P (> F ) < 0.05, except pre-oviposit , where P (> F ) = 0.06.
b

Lower developmental t hresho ld tem pera ture ( = in tercept¤slope).
c Therma l units > LD T requ ired to complete stage ( = 1¤slope).
d

Pre-oviposit ion period + days to lay 50% of eggs.
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F IG U R E 1. Percen tage of the yea rs 1960 ±89 in which an average A . carduorum comp leted one genera tion,

in respon se to the average clima tic condit ions in each grid squa re. Thermoregu la tion not

included in th e estim ate o f body tem pera ture. Capita l letters with in the m ap loca te towns

m en tioned in th e text: B, Beaverlodge A B; L , L ethbridge A B; H , M edicine H a t A B; E ,

E stevan SK ; M , M orden M B.

S imulation of A . carduorum Geographic Range

M odel versions . R esults o f the sim ula t ion s wh ich d id no t co nsider thermoregu la t io n a re

given in F igure 1. O utpu t is p resent ed as generat io n -comp letio n cla sses, de® n ed a s the

per cen tage o f year s in which lo ca l A . carduoru m popu la t io n s co mp leted a t lea st one

gener at io n . The p red icted range o f the beet le on the Canadian p ra ir ies is ca . 290 000 km 2 .

R esu lts o f the simu la t io n s wh ich do co nsider thermoregu la t io n are given in F igu re 2. The

p red icted range o f the beetle on the C anad ian p ra ir ies is ca . 530 000 km 2 . T ab le 2 gives

m ore deta iled ou tpu t fr om three loca t io n s wh ich rep resent the app roxima te geograph ic

lim its o f the simu la t io n a rea .

Inclusion o f the therm oregula t ion subm odel r esu lted in two im po rtan t changes in the

sim ula t ion ou tpu t . F irst , th e p red icted range in crea sed rem arkab ly, nea rly doubling in a rea

and exten ding up to 450 km fu rther no rth . The second ch ange was tha t with the

thermoregu la t io n subm odel, the phen o logy model p red icted tha t two genera t ion s per yea r

were occasionally com p leted in so me areas, e.g. nea r M orden , M an itoba (49  11©N ,

98  06©W ); Estevan , Sa sk at ch ewan (49  08©N , 102  59©W ) and M ed icine H at , A lb er ta

(50  03©N , 110  40©W ).

G eographic range and den sity of Canada th ist le a re m apped in F igu re 3. A co ntou r is

in cluded which delim its the p red ict ed range o f A . carduorum where behavio ra l thermoregu -

la t ion is co nsidered ; th is overla ps exten sively wit h the range o f the thist le. H owever, th e

r ange overla p of the two species is im perfect . N ear the per iphery of the th ist le range, th e

m odel su ggests th at so me den se infesta t ion s may escape beetle herbivo ry.

F igure 4 co m pa res th ist le occurr en ce and beet le estab lishm en t cla sses . The a rea in which

thist les occur , bu t th e m odel su ggests th a t th e beetle will fa il to estab lish (< 100% of yea rs

wit h a t lea st one generat io n ), is abou t 19.7% of the simu la t io n a rea . Cases where th is escape

from at tack is most serio u s econom ica lly (> 30% of quad rat s with th ist les, and beetles

establish in < 100% of yea rs) co ver 1% of the a rea .
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F rom the inverse per sp ective, the model a lso ind ica tes tha t hea t accumu la tio n is o ften

suf® cien t to a llow beetle establishmen t in ar ea s wher e th ist les ar e scar ce ( < 10% of

quadrats); th is co mb ina tio n occu rs in app roxim ately 35% of the simu la t io n area , typ ica lly

in the d ry, m ixed -gra ss eco region . H owever, although the th ist le is genera lly sp arse in this

r egion , pock ets o f dense thist les occur , p ar t icula rly in ir r igat ed sh eep pastu res (e.g . nea r

H ays, A lb er ta (50  06©N , 111  48©W )); in these a rea s, site-ta rgetted in t roduct io n s may be

va luab le.

D ISCU SSIO N

T his pheno logy model su ggests tha t A . carduorum can estab lish permanen t popula t io n s

over a la rge part o f th e region infested by C . arvense on the C anad ian p ra ir ies, and tha t two

gener at io n s may be com p leted occa siona lly in so me lo ca tio n s. Compa rison o f distr ib u tio n s

p red icted wit h and wit hou t the therm oregula t ion su bmodel illu st ra tes the p ro found in ¯ u -

ence tha t th erm oregula t ion may have on sp ecies d istr ib u tio n s.

The effect o f thermoregu la t io n may exp la in observa tio ns by M cC lay and H ugh es (1995 )

tha t popu la t io n s o f Calophas ia lunula (L ep idop ter a: N octu idae) persist ou tside o f the range

p red icted by a sim p le phen o logy m odel ba sed en tirely on Stevenso n screen a ir t em pera tu re.

M cC lay (1996 ) a lso u sed pheno logy modelling to co nclude post -hoc th a t fo u r d ifferen t

species o f bio co n tro l agents had fa iled to estab lish a t severa l relea se sites because o f

in su f® cien t hea t a ccum ula tion . N eglect o f the effects o f thermoregu la t io n may underm in e

this conclu sion . Because o f the ub iqu ity of thermoregu la t io n in d iu rnal in sects (e.g .

H ein rich, 1993), it is recomm en ded tha t m odels o f phen o logy and b iogeography sh ou ld

exp licit ly co nsider th is beh avio r . Comb in ed with the resu lt s p resented here, tho se o f

M cC lay (1996 ) and M cC lay and H ugh es (1995 ) suggest st rongly tha t th is recom menda tion

per tain s especia lly to sp ecies wh ich are to be released near to their clim a tic lim its fo r

establishmen t.

F IG U R E 2. Percen tage of the yea rs 1960 ±89 in which an average A . carduorum comp leted one genera tion,

in respon se to the average clim atic conditions in each grid square. Thermo regulat ion included

in the estima te of body tempera ture.
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T ABLE 2. G enera tion s comp leted by A . carduorum over each of 30 years, a t three loca tion s near the limits

o f the Canadian prairies. M odels include the effects o f so lar heating and behavio ral thermoreg-

u lation

Beaverlodge, AB Lethbridge, AB M orden, M B

55  13©N , 119  26©W 49  42©N , 112  26©W 49  11©N , 98  06©W

Y ear D D
a

G EN
b

D D G EN D D G EN

1960 877 1 1223 1 1462 1

1961 1105 1 1311 1 1536 2

1962 724 0 1149 1 1333 1

1963 916 1 1263 1 1652 2

1964 649 0 1033 1 1328 1

1965 852 1 1063 1 1211 1

1966 620 0 1144 1 1384 1

1967 922 1 1238 1 1377 1

1968 619 0 935 1 1202 1

1969 666 0 1117 1 1306 1

1970 714 0 1201 1 1419 1

1971 950 1 1178 1 1317 1

1972 743 0 1038 1 1351 1

1973 650 0 1122 1 1353 1

1974 625 0 1052 1 1278 1

1975 662 0 1072 1 1358 1

1976 756 1 1141 1 1451 1

1977 715 0 1039 1 1384 1

1978 737 0 1088 1 1421 1

1979 876 1 1225 1 1249 1

1980 970 1 1143 1 1490 1

1981 1047 1 1111 1 1380 1

1982 748 0 1066 1 1259 1

1983 843 1 1124 1 1464 1

1984 718 0 1123 1 1464 1

1985 836 1 1087 1 1182 1

1986 884 1 1097 1 1345 1

1987 989 1 1244 1 1493 1

1988 1011 1 1299 1 1801 2

1989 1007 1 1067 1 1524 2

M ean 814.3667 0.5 1133.1 1.0 1391.4 1.1

SD 142.919 0.5 87 0.0 131.4806 0.3

a D D = annua l accumu lated degree-days above stage-speci® c thresholds.
b

G EN = number of generations (adult to adu lt) completed .

Th is approach of in tegrat in g b io logica l, b eh avio ral and clima tic in fo rma tio n to m odel

the possib le geograph ic distr ib u tion o f exo tic bio co n tro l agen ts ca n be a va luab le tool fo r

eva lu atin g whet her in troduct io n s ca n be su ccessfu l. H isto rica lly, th e possib ility tha t an

exo tic in sect will estab lish has been eva lu ated by co mpa ring clim atic co ndit io ns in the a rea

o f o rigin and the in t roduct io n site. W here the in sects in troduced co me from a sm a ll

sub section of the ancest ral geographic range, th e most relevant co mpa rison is between the

clima tes a t th e sites o f or igin and in troduct io n. H owever, su ch co m pa rison s a re qua lita t ive

and¤o r in tu it ive (H a rris, 1979), and may be m ade more quan tita t ive by assemb ling data

in to a model.

Const ruct io n of the model is rela t ively inexpen sive and p roper app lica t io n m ay save

considerab le resou rces. If the model su ggests tha t the insect is no t lik ely to estab lish

successfully in the ta rget ar ea , the su bsequen t p re-in troduct ion evalu at io n p rocess ca n be

averted . T his can save about two scient ist year s in host -speci ® city determ in a tion , and can

p reclude est ab lishm en t stud ies which req u ir e severa l yea rs (H arr is, 1979). H owever, if th e

m odel suggests th at estab lishment is po ssib le, it may id en tify where relea ses are most lik ely
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F IG U R E 3. O ccurrence frequency of Canada thistle on th e Canad ian p ra iries. D a rk lin e de® nes th e area

in which modelled A . carduorum popu lations completed at least one genera tion in every year

o f the 30-yea r sim ulat ion, with th e m odel including th ermo regu lation.

t o be su ccessfu l. Bo th ou tco mes a re part icula rly im port an t if th e exo tic sp ecies is to be

relea sed nea r its r ange lim its.

The model ha s several lim ita t io ns a s a r esu lt o f simp li® ca t io n s. A lthough these sh ou ld

no t a ffect th e gener al co nclu sion tha t beetles from th is popula t ion ca n estab lish on the

C anad ian p ra ir ies, th ey may a ffect the geoclima tic lim its to their range.

(1) T he m odel dea ls with average co ndit io n s wit hin squa res o f app roxim ately

50 50 km . H owever, ea ch sq ua re co nsist s of a sp a tia lly d iverse m osa ic o f m eteo ro -

lo gica l cond it io n s, o f wh ich a po rt io n is wa rmer than the average.

(2) T he m odel a ssumes that th e eggs and la rva e a re a t a ir tem pera tu re because they

occur exclusively on the under side of the leaves. H owever, th eir tem pera tur e m ay be

F IG U R E 4. O verlap of beetle est ablishmen t categories and th istle o ccurrence frequency ca tegories, as a

percen tage o f tota l map area.
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eleva ted by re¯ ected or d iffuse rad ia t io n ; la rva e m ay also be hea t ed by d ir ect

rad ia t io n adm it ted by the window they crea t e wh ile feed ing. F u rtherm ore, th e

tem pera tu re o f the lea f m ay exceed air tem pera tu re (M ay, 1982) . If any of these

effects is signi® ca n t , eggs and larva e wou ld develop m ore qu ick ly than the m odel

su ggest s.

(3) T he model trea ts a ll beetles a s id en tical, i.e. th a t a ll exper ience the same co ndit io ns,

develop at th e m ean rate and oviposit synch ronously. M ore rea list ica lly, there is a

range in these responses, with the result th a t som e ind ividuals co m plete a genera t ion

ea rlier th an the average. A dults a ctua lly oviposit over abou t 2 m onths; th erefo re, a

po rt ion o f the resu lt in g la rva e may co mp lete developm en t weeks ea rlier th an tho se

sim ula ted in the m odel.

(4) Select io n fo r ea rly developing ind ividua ls may resu lt in the beetle even tua lly

establish ing popu la t io n s in area s where the m odel su ggests tha t t his is cur ren tly no t

possib le; su ch adap ta t io n has occur red with o ther weed b io co n tro l agen ts (H arr is,

1997).

I f any o f the p reced ing four facto rs apply, th e range wou ld be gr ea ter th an p red icted . The

cho ice of a genera t io n -comp letio n ca tego ry of 80 ±99% is a su bject ive est im a te of the zo ne

in wh ich these fa cto rs may enab le the beetle to estab lish permanen t popu la t io ns.

(5) T he therm oregu la t io n su bm odel a ssumes tha t t he beet les op tim ize their body

tem pera tu re per fect ly. G iven the sp a tio t em po ra l clim at ic va ria bilit y of the en viron -

m en t, and the rela t ive co gnit ive lim ita t io ns of the insects, th is a ssump tion is

p robab ly no t va lid . Imper fect th erm oregula t ion would resu lt in su bop tim a l body

tem pera tu res, red uce developm en t ra tes and co n tra ct th e pred icted range.

(6) T he p resence o f adequa te hea t a ccumu la t io n is no t su f® cien t to gu a ran tee estab lish -

m en t o f a b iocon tro l agen t , b ecause o ther facto rs are invo lved . The beetles will

en coun ter novel day-length cues because they will b e a t lea st 5  of la t itude no rth o f

their sit e o rigin . Bio tic fa cto rs, su ch as p red at io n by native o rga n ism s (P eschken et

al., 1970) , will a lso in ¯ uen ce estab lishm en t.

T he pu rpose of th is model was to eva lu ate whether su f® cient hea t accumu la tes to a llow

establishmen t o f beet les from the W usu popu la t io n o f A . carduoru m on the Canad ian

p ra ir ies. If th e model had indica ted that th is d id no t occu r, or th a t it o ccu rred only in a sm a ll

r egion wh ich had lim ited overla p with C . arvense , th is beetle cou ld have been rejec ted as a

po ten tia l b io co n tro l agen t for th is weed . T he m odel d id no t resu lt in su ch reject ion .

C onclusions

Successfu l estab lishment o f the beetle is co n tingen t upon simu ltaneous fu l® llment o f the

weed ’ s req u irem en ts, as well as on the accum u la tio n of suf® cient hea t t o a llow co mp letion

o f a t lea st one beetle genera t io n per yea r. The au thor s recom men d that in it ia l Canad ian

relea ses sh ou ld be m ade in lo ca tio n s where hea t a ccumu la tio n is the grea test possib le. The

m odel in d ica tes that two beetle gener at io n s m ay be co mp leted occa siona lly nea r M orden ,

E stevan and M ed icine H a t. H owever, of th ese, only M orden and E stevan a re with in the a rea

in wh ich th ist les are r ela t ively co mm on; M ed icine H at is within the a rid region in which

thist les a re unco mm on excep t in ir r iga ted pa stu res. (Since co llect ion o f the th ist le da ta , th e

r egion o f high thist le den sity on the ea stern fr in ge o f F igu re 3 has expanded to include

M orden (A . G . Thomas, perso na l ob serva tion s).) C lea rly, id en ti® ca t ion of the most

p rom ising sit es m ust co nsider the d ist r ib u tio ns of bo th sp ecies . O ther a rea s in Canada , which

were no t in cluded in the modelled area , bu t in which it is su sp ected tha t th is beet le st ra in

will establish , in clude the so uthern O kanaga n va lley in Brit ish C olumb ia and the area a round

H arrow, O ntario in cen tra l Canada . I t is a lso expected tha t A . carduorum popula t ion s wou ld

establish successf ully th rough ou t the range o f Canada thist le on the U S grea t p la in s.
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The model a lso su gges ts th a t A . carduoru m will no t estab lish popu la t io ns in the foo th ills

o f A lb er ta and , by exten sion, th e m oun ta ins of Brit ish Co lum bia and the wester n U S. T his

conclu sion is relevan t to the en vironmental co ncerns fo r the safety of so me na tive Cirsium

spp . in the even t that A . carduoru m is relea sed. Suba lp in e na tive sp ecies su ch a s

C . hook erianum N utta l, wh ich exten ds to 2000 m eleva tio n (M oore & F rankton , 1974) ,

occur well out side the p red icted range o f this stock of A . carduoru m ; th erefo re, th ese sp ecies

a re no t a t r isk .

A . carduoru m popu la t io ns exis t wh ich are adap ted to coo ler m o ist er clima tes than is the

stock tested here. Beetles from a popu la t io n a t Y in ing, X in jiang, ca . 250 km west o f W usu ,

thrive a t tem per atu res sim ila r to those in a rea s where the sim ula t ion su ggests th a t t he W usu

stock does not consisten tly co mp lete a genera t io n per yea r, bu t where th ist le den sit ies can

be h igh , e.g. at O ld s A lb er t a (51  47©N , 114  06©W ) (W alther & L eith, 1967; E nvironmen t

C anada, 1993). Beet les from these popu la t io ns m ay be usefu l in co n tro lling C anada th ist le

in the a rea per iphera l to the p red icted Canad ian range o f the W usu stock . The th rea t t ha t

t hese beetles pose to non -ta rget nat ive th ist les shou ld be determ in ed .
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A PPE N D IX A: D ETA ILE D OU TLIN E OF M OD EL PR O CESS

(1) R ead inpu t wea ther data (d aily su mm ar ies).

(2) Est im a te a.m . and p .m . so il tem per atu res a t 5-cm dep th (A ppend ix B).

(3) In ter po la te hou rly va lu es o f a ir tem per atu re

T̂ a [h ] = M a + A a co s ( h ) (A 1)

wher e M a and A a a re the day’ s mea n and am plitude o f a ir tem per atu re, and h is t im e

in rad ia n s from the tim e of m aximum tem pera tu re.

(4) In ter po la te hou rly va lu es o f so il tem pera tu re a t 1-cm depth and su rfa ce

T̂ s [h ] = M s + A s cos ( h ) exp (d¤r ) (A 2)

wher e M s and A s a re the day’ s mea n and am plitude o f so il t em pera tu re, h is a s above,

r is `d amp ing dep th ’ o f the so il (18 cm ) and d is th e dep th of the tem pera tu re

m ea surem ent , in cm below referen ce dep th , i.e. 4 for tem per atu re at 1 cm dep th and

5 fo r sur face tem per atu re (C am pbell, 1977).

(5) Est im a te hour ly in so la t io n (Q e st , in W m 2) where R A D is m ea su red to ta l da ily

in so la t ion , M J m 2 , R AD M AX is theoret ica l maxim um total da ily in so la t io n fo r site

and ju lian dat e, and Q m a x is th eo ret ica l maxim um hour ly in so la t ion (R ober tso n &

R usselo, 1968) .

Q e st = Q m a x 3 R AD

R AD M AX 4 (A 3)

(6) Ca lcu la te developmen ta l ra te increm ent s fo r ea ch hou r (h ). Sta rt with su bso il adu lts

(Stage I = 0); p rom o te sequen tia lly to above-ground adu lts (I = 1), eggs (I = 2), la rva e

(I = 3), pupae (I = 4) and o ffspr ing adu lts (I = 5). If offsp ring adu lts co m plet e p re-

oviposit io n developmen t, then ret urn to the loop a t th e egg stage; fu rther genera t io n s

a re a llowed . T he linear developm en ta l ra te funct ion is

R I , h = aI + b I T̂ [h ] (A 4)

wher e a I and b I a re the in ter cep t and slope o f the stage-speci® c tem pera tu re-dep enden t

developm en ta l r ate eq uatio n s, listed in Tab le 1. F or ea ch stage, a developmenta l ra te

co un ter is in it ia lized at 0 and in crem en ts a re su mm ed un til t hey rea ch 1, ind ica t ing

co m pletio n o f the stage. A t th is po in t , t he in sect is p romo ted to the next stage, and the

ra te co un ter is reset to 0.

In eq uatio n [4], th e developmental ra tes a re dependent on tem perature (T [h]); fo r

su bso il stages (p rep upae, pupae, and newly en clo sed adu lts) th is is so il t em pera tu re a t

1 cm dep th; fo r eggs and larva e th is is a ir tem pera tur e. W here thermoregu la t io n by

adults is neglected , th is is also a ir tem perature; where thermoregu la t io n is in cluded , th e

body tem pera tur e (T b ) is est im a ted from a ir tem pera tu re (T a ), so il su rfa ce tem pera tu re

(T s [0]) and inso la t ion (Q e st ) by the fo llowing rou tin e.
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If Qe st = 0 then Tb = MAX (T9 , Ts [0]) ¤*If no solar heat, choose warmest site*¤
Else Tb = Ta + 0.00965´Qe s t ¤*Otherwise Tb = Ta + solar heating*¤

¤*But behave to modify Tb if necessary:*¤
If (Tb # Ts [0]) and (Ts[0] # 25.5) ¤*If Tb and Ts < optimal and Ts warmer*¤

then Tb = Ts [0] ¤*Then sit on soil surface*¤
Else if Tb $ 25.5 then do ¤*Or if Tb > optimal*¤

If Ta # 25.5 then Tb = 25.5 ¤*Minimize Tb to optimal if possible*¤
Else Tb = Ta ¤*Or to Ta otherwise*¤

A PPEN D IX B

Param eter estim ates for regression equa tions estima ting morn ing (i.e. minim um) and a fternoon (i.e.

m aximum) soil temperatu res at 5-cm depth, d erived u sing m eteorological d ata from Lethb ridge, AB

If M IN > 0 If M IN # 0

Va riab le a .m . p .m . a .m . p.m .

M A X Ð 0.1882 Ð 0.1684

M IN 0.3459 0.2005 0.3511 0.2073

R A D 0.1262 0.2837 0.1749 Ð

PCP 0.3864 0.3487 Ð Ð

M A X 2 0.002667 0.004260 Ð 0.006043

M IN 2 Ð Ð 0.01143 0.007729

R A D
2

Ð Ð Ð 0.01152

PCP 2 0.006846 0.006305 Ð Ð

L AG [M A X] 0.2474 0.1742 0.2456 0.2352

L AG [M IN ] 0.2483 0.2574 0.1343 0.1288

L AG [PCP] 0.06093 0.07219 Ð Ð

a
M A X, m aximum air tem pera ture (  C ); M IN , min imum air tempera ture; R AD , to tal d aily in so la tion,

M J m 2 ; PCP, p recipita tion (m m liqu id); LA G [ ], previous day’ s value of b racketed va riable.

.


