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ABSTRACT

A feeding biocassay was devéLOped for thequhite pine weevil,
Pissodes strobi Peck, that consisted of plastic petri dishes
containing paired agar discs eambeddad 1in paraffin uax.‘ Lens
paper covering the tcp surface of the discs provided a surface
through which weevils made regqular feedipq punctures which could
be easily counted, candidate feeding stimulants or deterregts
were applied to the paper covering one of the discs, while the
other served as a ccntrol, - Feeding stimulants were
tested using discs of pure agar, and deterrents were assayed on

agar discs that contained 2% ground, dried sSitka sPrube bark,

Picea sitchensis {(Bcng) Carr.

3

The weevils exhibited a concentration dependent respcnse to -

the asount of Sitka spruce bark in the agar disc; the threshold

aacunt of bark that triqgefed a response w#as 60 pug. Cheamical -

feeding stimulants in Sitka spruce were present throudhout\thé,
o > . s PLS 189 €.

phlces of the tree./ﬂeedles elicited little fee&ing, and contaiped’

chemicals with feeding deterréntfchtivity?',’Xylén éohtaiged

feeding stimulants oﬁly in the terminal leaders, .

o -

v

-

Several active non-volatile chemicals were detected in Sitka

spruce bark extracts, and are -currently being ~isolated and

identifiig by research cheaists at Simon Praser University. .=

2
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‘Volatile chemicals from Sitka spruce bark and foliiaga,
captured in Porapak-Q, d4id not attract walking P. §3;9§i in 2
olfactometers, nor did they trigger a feeding 'Eesponse when
tested on plain agar. Hoveveif e(-pinege, B-pinene, and ﬁ-
myrcene acted as synergists to the non-volatile chemicals
present in the bark; pieeritone~had a marked feeding detertent
effect, and (+)-e;pphor and~Liaonene stiaulated fheufeedinq a£

low concentrations but _caused feeding inhibition  when the

concentration rose above a particular threshold.

— i N . R

Feeding stimulants for P. strobi uere‘present in manyhconifers
in addition to Sitka spruce. No non-conlfers studied triqgered
feeding:_ Feedlng response is lnduced by a compl%x nlxtu:e‘/of

A

chélieals whose' optlwuu blend ~is’ present enly in SitEe
spruce and a feu other conlfers in the genera g;ggg and _;gg_.'f
Several non-host' conlfers, 1nclud1ng eastern vhite plne, g;ggg
strobus L., contalned feedinq deterrents. R;Qgg §, obag ;si;nbt

attacked by P. st ;gbi 1n Br;tlsh of

preference for Sitka spruce did not chdhge after the veevi;s B

were raised from egg to adult in lodgepole pine, Pinus contorta .

3

Douql., 1ndicatlng ”that~Jp;ejerence for Sitka .spruce iay)be’ ;

qene*;cally fixed.A . = o e



LI

ALrtest for feédidq{ deterrénts faiied to detect wmajor
differenCeSfid,fgeding induced by the dried, ground tark of .
attdcked -ddd?dnattackéd trees in 2 plantations, and in 3 clcnes

’ %éken’fron "resistant® trees, Intrd;spec1flc r951stance to P,
v§§£921 Ray rely on volatile feedlng deterren;s, on seveial

characters acting in CODcert,'and/or on the absence of a—properx

blend' of feedlng sthulants. The feedlng deterrent actlvity of

"fthe fcliaqe of western red cadar, gggjg gilcgtg Donn, Qas‘ nost
‘dfonounced in the volatile fractlon that COIPElSQS the leaf oil.
”Fractlonaticn_ of " Ehe 'leaf ozl;ilndmcated feeding ~dete:rent,
activitfv?inirther ionotégpedéihyd;dédfbon, thdjbne, ahd terpene
.alcodoi ffaéticnS.-wded fest;d'diOne, Eoth (r)-3jisothujone.ahd
(g)-3-thujone, ihich nade,ubl75;88%'and 5-10% of thg leaf ,oil,,
respectively, deterred feedlnq by the weevils. - C e |

-Hestern red cedar leaf oil also showed antlfeedant aCtivity
¥ith the .aldet flea begtlef’ Altica gng;ed (Le Conte), and
deterred dviposificd b}::thev onlon,-magéot, »ﬂzlg ya. antigua
viﬂgiﬁéhf‘butfhad no inhibitotx effect on feeding the leaf roller,
VEginggia'sglagdriagd i.: dnd the ;ed-backed -sawfly, E;igggggi

»

ovata L. , . o
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1.. Introduction .

The whlte pine weevil, Pissodes strobi, Peck is the most

_1mportant damaglng agent of Sitka spruce, Pipéé'gitcgensis

(Bong.) Carr. in the Pacific Nor;hwest"df Nthh, America

McMullen 1976), Other /impqrtantiho tree species danaqedibyr

this insect are eastern white pine, - us strobus L., 'in eastern

North AgeriCav (néca1oney 1930),‘qnd Engelmann Sgruce, gigga

. engélnanﬁii Parry ex Engela., in Central British Columbia, the

a8

Rocky Mountains and Alberta’(Stevenscnf1967)f

The biologj of 'g,bs;rgbi (Macaleoney 1330, Belyéa and

PR

3

Sullivan 1956, Silver 1568, McMullen and Condrashoff 1973) may

be summarized as follovs, .The adult weevils overwinter ~in the

duff er on the laterals of host trees, and resime activity in

late april gr.early ﬂay.' After matin§,~the females lay their

egq§,,in ‘suall punctures ‘cut - in the batk of the prev1ous year's

host leaders. The eggs hatch in 7 to 10 days. The small, whlte'

N

"qrubs feed in the inner bark, soon form a feedlnq rlng and move .

downwards as ' a group, progressively girdling anq kllllnq the
ieader. The newly fermed adults emerge in Auqust and feed on
various ,parts «of the tree until they go to their overwintering
sites. The crook or fork deformations Jthét result from the

attack reduce tree growth and the value of the lumber to the

¥
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point that planting -0of this fast groujng"species. ﬁas been -

seriously questlcned (Hrlqht and Balsinger 1956).

P R
= - &

The selection of a: plant for feeding ‘%r ov1p051tlon ;by“

-

oA

phytophagous insects is heavily dependent on the presence or

ahsence in the plant of a nunber of cheniicl substances that act'
as permissive or restrlctlve factors (Thcr;telnson 1960, Kennedy
1965, Hsiao 1976). The terminology adopted in this thesis tcp
describe the response of insects to behavioraly active_chenicais

corresponds to'the one proposed\ by Dethier et al. (4960f as

- /

-Attrégpéh;: chemical stisulus to which the insect

follows: -

responds,by orienting movements towvard the source.

Repeiient: chemical stimulus that elicits an oriented

. . A
response awvay from the apparent source.

Arrestant:‘JChenioal stimulns that causes the insect to

reduce loconotion in close contact with the source.

47
kd . -
b

%@@ﬁing stiiulanfiv chemical stimulus that pronofes

continuous feeding,

H
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Feeding deterrent: . chemical stimulus preventing

3

_continuous feéﬂinq dr hastening its termination.
The idehﬁif&éation of plant chemicals tha; determine the
4feeqiﬁg behavior of insects'is important because such chéiicals
could be poteniially' uéed as tools in integrated pest
manaée-ent. Reséirch int&F'this area :is increasing as }a_
>consequgnce of the trend touards' thg developien; of

S
5

environmentally accebtable'nethods of -insect ccntrel. T

Vandefﬁarl(1977) suggested ‘that host selection by flying 2.\
strebi starts with ;n “initial visual search for objects that
hﬁvé a silhouette%Sililar to an ‘erect Sitka spruce 1leader,
Usinqﬂ viSual_ cues, the weevil would select the thickest and
“ 10ngest,ieaders‘in the stand. VanderSar (1977) 'hypothesized
that{ﬂ upon jarrival at the tree, the rfphysical and chemical

pfOperties of the leader would determinate the ultimate

acceptance or rejecticn -Qf”the tree. Feeding stimulatory
.
/

/

chemicals would pronote%fthe initiation and wmaintenance of
feeding, whénéas feedingkdeterrents and repellents would pronpt/
the weevil to abandon non-host species.,

) /

>

A;%§e= oﬁjectives ‘6f* this thesis vere: to develop

. . i o o 7

pecessary methodology tc demonstrate that the feeding behavior
. . {

v , _ /



of P. strobi on Sitka sgruce is chéiitally mediated, to ' assess
the relative stimulatory or inhibitory activity of the bark of
 Vhost and naon-host trees,iand to gaianone'insight into the nature

¢

‘and characteristics of the;chénicalé'ihvolved.
s '

This work was carried out in coliaboration uithv brs. A.C,
Oehlschlager ~and H.D.; fierce Jr. of the Chemistry Department,
Simcn Fraser University, who did all the wvork pertainihg the
p:épatation and chemical analysis of ftactions from host and
noﬁ-hdst trees, All: gidloqidal aspects of thé, study werg'

\

‘designed_and carried out by the author.-7
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2. General methcds

e
S

2,1 Collecting, handling and maintenance df the insects.

i

Unles§ ctherwise =stated, the. weevils used in these -

experiments vere ‘ottained as mature ldrvae infesting Sitka

spruce leaders collected in various vVancouver Island and Lower
v t ”

FPraser Valley lccaticns in British Columbia. 1In tg;ﬁlaporatory,

the leaders were placed in screened ?ages at room temperature to
,Hilqu the larvae to finish thezf‘develcpnent. The eperging
weavils weré stcred at 3 C in Apétri dishes containing thin
strips of _the rearing diet described by Zerillo agd'odell
(1973), modified as ‘indicated in Table I, Prior to their use in
feeding experiments, the weevils gwerer‘held for /24h at robn

teaperature, without focd, on moist filter paper.



E " Table I, Pissodes strobi maintenance diet formula®™

Distilled water ' , 730.0 ml -
Sitka spruce bark pcwder® 20,0 g
Toasted wheat gera . ‘ 30.0 g
Sucrose ‘ 12,0 g
Dextrose 12.0 g.
Corn starch - 6.0 g
Salt Wesson 3.6 g
Casein ‘ ; 24,0 g
Cholestercl 0e5 g

i Agar' ' 25.0 g
vitamin Diet Fortification 12,0 g
Antimicrobial miiturec - 15.0 =l

i Potasinaa hydr;iide 10.0 ml
d'Hix agar and sugars 1in water and bring tg boil. Cocl to
.70 C, pour into a blender, add rest of ingredients, blend
é,,; .Vfor’z‘lin, and';our into petri dishes,

b e , |
~Bark-is stripped fromx lateral branches, dried (8h at 60 C)

and ailled in a roctary mill,

“nade by dissolviggyZOg of sorbic acid and 159 of methyl

p-benzoic acid ir 170 21 of 35% ethancl.



3.  DEVELOPMENT OF A QUANTITATIVE FEEDING BIOASSAY FOR

PISSODES STRORI. : s

3.1 Introduction

The white pine ueeéil relies on visual (VanderSar and Borden
1977a) as well as éheuical (Andersén and Fishez',195§, 1360;
vanderSar and Borden 1977b) cues to fingd its hosts, VanderSar
Vand Borden (19T7b) éhowed that feeding stimulants present in 'an
ethanolic extract of Sitka spruce bark caﬁsed the weevils to
fqgﬂ on extract-impregnated elderbetry pith discs, The vweevils
fed 1little c¢n Sitka srruce twigs soaked'in'pressure-extrécted
fluids of western red cedar, Thuja _plicata Donn, ‘They
hypothesized that ﬁhe ultimate step in host selection was
mediated by olfacticn ‘and coﬁtact chemoreception, involving

chermical feeding stimulants as well as deterrents,

As a prerequisite éé i&en{}fying the chenicéls involved, itA
, P
vas es;ential to deveiop a reliable, quantitative bioassay for
the tesponse cf P. strobi to feedinqutimulants and deterraats.
The spruce twig biocassay (VanderSar and Borden 1977b) required
extensive preparaticn, and wasrlsubjéct to genetic variations

between individuval trees. An alternative inert substrate +to

elderberry - pith discs (vanderSar and Bordeh 1977b) was also



ngeded, ;s ihe weevils made irreqular feeding cavities on then
instead éff the rouhd, _neaf punctures that they nake iﬁ host
bark., Agaf is a common inert substrate used in ufeedinq
bioassays for othér coiecptgra, including the smaller ‘Eurqpéan
elm bark beetle, §gg;1;gé !g;;istriaggg"(uarshanj (Peacock et
al.. '1967), and the boll weevil, Anthonomus grandis Boheman

(Keller et al. 1962),., This sectio@idescribes tge devalopment

and evalhatioh of an agar-tased feeding bioassay for P. strobi.

3.2 Methods and materials

e
¢

3.2.1.Description and standarization of the feeding bioaSsay:
"After experimentation with several substrates and designs, a
feeding biocassay was developed ghich explcited the fact that P.
strobi will readily feed on agar containing Sitka”%ﬁrute bark,

El

whereas they will feed very little on agar alone,

—-

——

ﬁach experi;éntal unit (a replicate) (Pig., 1) consisted of
a 5.5ca dianm, pléstic petri dish that contained one of t¥o agar
discs (1.5cm diam. x O.4cm high). The agar discs were covered
on their upper surface with a piece of Fisher standard,ilens

paper, the m@most acceptable of a number of coverings tested.



-

Pigs. 1-2. Bioassay apparatﬁé  showing P. strobi feeding

w—

through lens paper into agar disk containing 2% Sitka spruce

bark, ' : -
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\ -
v , ‘ . :
After placing the aqar}discs 2 cm apart in the petri dishes, hot

paraffin vax was added to a height equal to that of the discs.

[}

Thus, only the upper} papei-dovered surface of the agar discs
was <exposed, retarding dehydratation'and preventing shrinkage of
the agar awvay from the paper, The paper was™ kept 1in contact

with the agar by embedding its edge in the hot wax. Insects;;

placed in the dish had ready access to the surface-level test

materials as they walked over the discs, .

Stimulants were normally applied in solution to the paper
'surface of the discs or they were incorporated into the agar as

finely powdered, oven dried (60 C for B8h) bark from 1lateral

L
branches of host trees, Feeding deterrents were applied to the

paper surface on nagar discs that, ccntained the - highly

stimulatory powder of Sitka spruce bark, Peedinq;activity vas
evaluated by comparing the number of feeding punctures made by

the test insects in the paper over treated and control discs.

The relationship between the number of feeding punctures and

the area and volume of agar ingested was investigated in 10,

20~-replicate experiments, Two weevils pér replicate Aere
& N

allowed to feed for 24h in bioassay preparations with oniy'”dhe -
agar disc, containing 2% Sitka spruce bark . An estimate of the

volume -of each feeding puncture was obtéined by multﬁplgind itsi

&

?
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area at surface level, calculated by planimeter fron a camera
lucida drawing, by its depth, measured by carefully introducing”

an insect-pin depth gauge igto  each cavity. By addition,'kh

-

"total volume® d "total area caten" were obtained for each
disc. Corrélation oefficients were  calculated 'be;ueén the
number of feeding punétures_produced and 1)surface‘érea,‘and éi
volunme of.aqér ingested. ;

. e

The number of weevils to use per replicate was evaluated in
a U4-treatment, 15~replicate experimenf,cih which the nuasber of

punctures made in 24h by 1, 2, 3, or 4 weevils on single 2%

spruce bark-agar discs were counted.,

»

1
- e
,‘D\

T
2

3.2.2. Test of the bioassay, for . evaluating Sitka spruce

bark/and,bark extracts as feeding‘étimulants' ’ ; B

- .
kS

An experiment was designed to test.uhgthet”the ‘veevils would

¥

exhibit'afchcentration-dependent féeding respohsel;o ‘different

amounts of Sitka.spruce bark- incorporated into the'aq§r. Each

= o T

< rebiicate comprised one éda;%baik disc plus a plainragaf'COntrQl

-~ ,disc, Eight differeﬁt, cépceﬁt}étions/”of -b%rk,‘vradqiqu from
0.01% to 3% were tested; 15 replicates, each with 2 insects,

treatment and sex of g¢ strobi.-

~ PRs

were run for I4h faor Bach
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' Two extracts of Sitka spruce bark.were tested for feeding
stiiulatory activity. ‘Dried 1Sitka spruce bé:k*(3bg) okttained

from lateral branches ccllected in the fall, . was sequentially
exiracted,gér;iuh in a Soxhlet extractor with pentane and ether.’ N

'The 2  solvent extpacték iefe concentrgtéd; to 25%1 by

»,dfsiillation, and then fﬁfﬁ;l of extract (the ‘equivalent of -
0,012 pt* SHruce back) vas applied with a micropipette to the .
~ paper 3u;fa¢é'of one of'phrg ~aga;' discs in eéch' dish.,L“The
control"disc'in each dish vas treated Qigh EOpl of either ether
,c}' rentane, The nuibe; of tepliﬁ&tes, insects and the-
eiperineﬁtal ‘Vduia£19n _vgfe,'lhe; saﬁe as in the <previous

experiment.,

el

3.243, Comparison between fresh and dried bark stimuli.

- ~

Figue

&ffhe feeding activity elicited by dry and fresh Sitka spruce
bark incorporated into agar discs was compared in 2,
iS-replicate éxpeginents, B%rk was peeled from 5 Sitka  spruce
leaders ard divided iﬁto 2 portions. One porticn was oven dried
at 60 C and then ground to a powder, The second portion (649)
vas qround with distilled water (40ml) tc a paste in a Waring
blender, Experinental dishes were prepared by’adding 1% dry

bark powder, or its equivalent in fresh bark paste, into the

agar. Two types of experiments uere'copducted:



¥
EI

a) *Single barkf%timulus:‘ 3 weevils were given a choice, in
each dish, between a diéc‘cqntaining either dry cr fresh bark,

" and a disc of plain agar. -

b)- Double bark stimulus: 3 weevils were given a choice, in.
each dish, between an agar disc containing fresh bark and an

agar disc with dried bark.

3.2.4, Test of the bioassay with feeding deterrents

Branchlets of western red cedar (200g) were maceratedr in a
Waring blender with water (1750ml). The ni}tﬁre was kransferred
to a 3 1 distilling flask fitted with a ncdifiéd Nielsen-Krygér}
. condenser (Veith and Kiwus 1377), and steam-distilled for 3.5h.
The continuous extraction section of the condenser was chagged
with approximately 5ml of doubly-distilled pentane, The pentaﬁe
solution of cedar leaf c¢il was washed with 2% NaHCO, sclution

and water, dried (NaySO,), and concentrated by distillaticnm.
. N -

Residual sclvent was removed by brief vacuus pumping,

The cedar leaf oil was tested for feeding deterrent activity
in an experiment in which both agat discs in a dish contained 2%
Sitka spruce.bark., A pentans solution of the cedar leaf ocil was

applied to the paper surface covering one of the discs 1in each



replicate, The control disc received an equal volume - of
distilled pentane, The amounts of extract applied were: 1, 10,
50 and 100pg.,  Fifteen replica%es, fach with 2 weevils, were run

for 24h for treatment and sex of P, strobi.

3.3. Results and discussioa,

- The weevils readily fed on agar containing Sitké Vspruce
bark./ The response of the ;nsect was caused by chemicals ‘that
eluted out of the bark, into the agar and impregnated tﬁe paper
cover of tﬁe discs, After introduction into the dishes, the
veevils wandered about for 2-3h before starting to feed, They
discovered the bark-containing disc apparently by clpse range
chemoreception, The fee@inq punctuges made in the ' lens paper

were very distinct and easy to count (Fig, 2).

High cérrelation coefficients were obtained between the
nusber of feeding punctures produced and the area and volume of
agar ingested by the insects (Table II). Therefore, the nuamber
of punctures ié a good indicator of the amocunt of feeding by the
test insects, Jjustifying their use as the soléaneasure of
evaluating subsequent experiments, If pcor correlations were
found, the number of feeding punctures would be indicative of

weevil biting response rather than feeding activity.

“.



16

Table II., Linear correlation coefficients between nuaber

of feeding punctures produced and the volume and area of\

agar ingested by 2 P. strobi on Sitka Spruce
bark (2%) —agar discs. N=20 replicates for - each

experiment,

- D D D AP D D D G D AR D DD ED DD D D D WD D DD D LD D D D D D D L D A D D D G D D D S . - -
L

& . o
Correlation coefficients -

Experiment ‘Punctures/Afea Punctures/Volumé
1 0.89 0.90
2 0.84 0,72
3 0.72 © . 0.54
s 0.33 0.94
5 0.85 0.90
6 ©0.91 0.89 A
7 ; 0.91 0.84
8 0.82 0.92
9 0.86 0.85
10 0.88 0,91

- D D D D D D D D R D TS D D D AP DGR AP R D D D D D D DD GD D D DD G G GR D YD D AR D DD AR R - D D D D S -

e \ .
*ar11%coefficients were statistically Significant at P<0.01.

L3



LQ

7

The nunbei of feedlng punc£ures in the agar. dlSCS ihcreésed
llnearly Hlth‘ the numter of female weevils per répliéate.
Houever,1wﬂeﬁfu inétead,of,3;nales'iére41nc1uded per tepiicate,
eredinq did not increase proportlonally (Table III). This observa-
iﬂtidn may 1nd1cate'a i;hav1oralcd1fference between sexes 1n rés-
ponse to croud&nq. The dlfferences in feeding betueen nales and
femaleé,yere'notislgnif;cant for any number of/ieev1ls. The data
lihriabi§ III indfcate that the use of 2 or 3 veevils of undete;?
"niﬁea sex pe;;;e;licate ui;lﬂgesult in rgliablé data. Use‘of‘z orAJv
geé?ilS—,iﬁ/ each dish eiiminates some of the variabiiity in .
the data that is obtained when 6niy one iﬁsect’ is "used 4peg,'
'f%plicate. | | *

There vas a concentrati§n~dependent feedin§ response} of P.
strobi to the var@pﬁé concentrations of Sitka spruce bark in the’
- agar discs (Table IV). Comparison of separate linear‘rggre§siqnv
equations- obktained from the data bf iales and félaies,v
transformed to natural logarithas, indicated thai;the feeding
response of the two sexes could be represented by ra_ single-

egquation:

NFP= 13.8 + 2,8 x Ln Concentration {%)

where NFP= nuster of feeding punctares, : T
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Table III. Mean ruabter of feeding puncture

- e

sitka spruce Lark(2%)- agar discs by different numbers

- of P. strobi. N=15 replicates for eafh mgan.,

£

- A G D AD A D DA WD A WD D R D Ay D A D A Y G WD S WD A T e D D W AP P U5 D Wk G D O WD T D WD W W Y e sy WY e @y e

Mean number ofr :
Number of weevils ‘ feedinq'punctuEeéa' |
| Males . Pemales
T 0062 - 26,7 a ‘
2-. - 4s.8a b 43.4 ab "
,~3’ S 68,9 b - 49,1 b
u | 60.0 b - - 7001 ¢ | T L

“*4eans within each colump followed by the same letter are not

L'y

sigrnificantly different, Newman-Keuls test, P(0.0S.

3
Sy



Table 1IV.

13

Feeding response of P, strobi to agar  discs

coq}ainingfﬂifferant conCeg;rations of Sitkd'spruce bark, - N=15

_replicates, 2 weevils/réﬁlicate.

‘Park

concentration

-
. = D P R D R G W A YR D P AR WD A A Sh G AW AW e e

) Mean number of feeding punctures

2

Malas ) Females

Agar-spruce ‘Untreated Agar-spruce Untreated

(%) 'discsf discs® discs dy§cs9'
» ’ : 1S
— ———r
3.0 20.3 0.0% 14,5 0.5%%
1.5 12,1 0. 1% 8.8 0.2k
0.5 11.5 0. 1%% 20.5 0, 1%%
0.25 12,5 0.5%% 15,3 0.3%% T
0.10 3.1 0, 1%% 3.7 0. 1%% :
0.05 1.6 R " 9.3 0.uks
0.02 0.3 0.1 »ﬁééa;s 0. 3%
70,01 6

A1 0.3 1.5 0.0%

o e . :
t-test significance level on difference between treated and

—

centrol for each sex indicQXQd by: **=p<0,01 ; *=P<0.05
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Correlation analysis yieldga a correlation coefficient of 0.81
(P<0.01)., By extrapolation of the fitted curve, the threshold
of response tc tark in the agar was found tc be 0.01% or 60pg of

dry bark in the discs (an agar disc weighs about 60Cmg) .

The weevils readily responded to the pentane and ether
extracts of spruce bark (Takles V). The high level of feeding
obtained on fhe tr2ated discs 1is 1in agreement with earlier
findings thkat wextractable feeding stimulants afe present in
Siﬁ?a spruce bark (Vandersar and Bo;den 1977b) .

The feeding respcases of P, strobi weevils tc fresh and
dried tark were both siqgrnificantly different from the feeding on
plain agar (ANCVA, ©P<0.01)., The difference between fresh and
dried bark, however, was not significant (Table VI), indicating
that the volatile chemicals that are presumably lost during the
drying process are not crucial in triggering a feeding response

by P, strobi., They could be important, however, as attractants

or repelleats,

¥astern red cedar leaf o0il proved to be highly deterrent to

feeding by P, strobi. The bicassay effectively quantified the
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Table Vv, Peeding response of P, strobi to agar discs treated
iz the surface with pentan? and ether extracts of Sitka spruce

tark. N=15 replicates, 2 weevils/replicate.

Mean number of feeding punctures

Extract Males Femaleé
Treated Untreated Treated Untreated
>
discs discs & ‘discs discs &
.................................... e cccccmcre—amem———_———
7
Pentane (10ul) 36,3 2.3%* 19,7 1, 1%%¥
Ether (10pl) + 13.3 0,1%* 46.5 0. 4%x*

t-test significance level on difference Letveen treated and

control for each sax indicated by : **¥=p<0,01

e
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Table VI, Feeding respon‘e of P. strobi to agar discs with
fresh and dry bark from Sitka spruce terminal leaders. N=15

replicates per <xperiment, 3 weevils/replicate,

Mean number of feeding punctureéq
Agar discs Plain agar Agar discs Plain agar
Type of with dry discs with fresh discs

experiment bark. bark

Single bark
stimulus 3,8 0.1 12.3 0.0
Double bark

stimulué 11.9 -——— 3.7 -

*pifferences in feeding on discs with fresh and dry bark were not

statistically significant, t-test,



increasing deterrent effect of higher stimulus concentrations
(Table VvII), As the énount of cedar leaf o0il increased on the
treated sidé, the weevils fed preferentially <c¢n the untreated

agar discs.

_The experiments reported herein show that an agar disc
bioassay can be effectively utilized to evaluate quantitatively
the feeding stimulatcry and deterrent properties of natural
_plant prod ucts on P, strobi. Stimuli can either be
incorporated into the agar or applied to an absorbent paper

surface atop the disc.

Evaluation of feeding in this bioassdy _can gé done by
counting the numbers of feeding punctures, which are highly
correlated with the anouﬁt of material actually ingested by the
insects, The bioassay can be carried out using 1-3 }nsects per
replicate withcut affecting the behavior of the/( weevils,
Separate tests for each sex are not necessary as\boig sexes

responded equally to feedinqrstinulants and deterrents ({Tables

ITI~-V}).

The bioassay has been used to confirm that feeding‘

stiwulants for P, "Strebi occur in the bark of Sitka spruce, and

that chemicals from western red cedar leaf oil inhibit feeding

3
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Table VII..

24

(%

Feeding response of P, strobi to agar discs

containinq 2% Sitka spruce bark and treated on thé surface with

increasing concentrations of véstern red cedar leaf oil. "N=15
replicates, 2 ueevils/repliéate;' e
Mean number of*feeding punctures 
Aﬁo;;t of'cedqrz ﬁales Pemalés 4
cil applied Treated Untreated }Treated Untreated
(p9) discs aiscs” discs discs *
1 19.7 33.4% 0 19,7 2947 jf
10 22,2 &'55,4 713.8 24,6
50 6.0 37,74 10,0 28,8%
100 3.3 47, 7%% 7.6 452, 5%*
; e

t-test significance level on

control for each sex indicated by :

*%=p<0,01"

difference between treated and

*=p<0, 05,
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on an  otherwise ac¢epta§le—
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detecting ccmpdunds . that are even mildly stimulatory to feeding = -
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4, TFEEDING STI*BLANTS AND DETERRENTS IN SITKA SPRUCE TREES

4,1, Introduction,

Eiperiments in section 3 indicated that both sexes of P.
stroki ‘exhibited a feeding response to agar discs containing
Sitka sprucé bark, The bark used in these experiments vas
obtainedr fror lateral kranches of $itka—sp{g9e and not from the
tree leaders which are4the preferred food fcr the weevils when
they (atﬁack trees in the‘spring. Therefore, it was of interest
to determine whether stimulants from the leader would elicit a
stronger feeding response than those frcm lateral Lkranches, 2an
additional objective was to test( the foliage, on which the

‘weevils do not feed, for feeding stimulant or deterrent

activity.
4,2, Methods and materials.

Xylem, needles and bark £from the leader and lateral
branches, collected in the fall, vere separately dried (60 C for
8h), ground tc a powder and incorporated at 1% w/w into agar
discs. The base of each needle was cut to eliminate attached
pieces of bark that could contaminate the needle powder. The
treatnenis consisted of 15 dishes, each‘cohtaining a plain agar

disc and an agar disc ¥with 1% test powder.
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An experiment was conducted to determine whether the peedles
contain chemiéal deterrehtS‘that prevent feeding or whether the
obser&ed atsence of feeding is due to a deficieﬁcy in feeding
stimulants, Experimental dishes were prepared that <contained
one agar disc each, A control treatment contained 1% dried and
ground Sitka spruce bark while experimental treatments copntained
bark plus dried and ground Sitka spruce needles from the Jleader
incorporated at concentrations of 0.1, 1,0, 2.5, and 10%, into
the agar. A decrease in the feeding activity in the agar discs
containing the bark-needle mixture with respect tg the feeding
on the‘discs with bark alone would demonstrate that chenical
feading deterrents are present in the needles of Sitka spruce.

Each experiment was run for 8h with 3 insects in each of 15

replicates,
4,3, Results and discussion.

All parts of the Sitka spruce tree tested elicited a ‘feeding
response that was higher than the control stimuli (Table
VIII). The strongest response was tc the bark of both the
leader and the lateral tranch. No difference was found between

leader and lateral branch bark., Leader xylem elicited a hiqﬁ
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Table VIII, Feeding response of P, strobi to agar discs
containing powdered bark, xylem or needles'of the leader or
lateral _branches of Sitka ‘spruce, N=15 replicates, 3

weevils/replicate,

part of the Mean number of feeding punctures

- tree tested Plain agar Agar disc with
| “ disc test pouderf’b
Leader xylenm 0.0 19.6 a‘
Leader needles 0.3 » 4,1 b
Leader bark 0.1 - 26.2 a,
Lateral branch xyiem 0.1 4.2 b 7‘3?
Lateral branch needles 0.1 ‘ | 2.4 b ag??:‘
Lateral branch'térk 0.0 ’ 35.1 a S

-

*Feeding on discs with test powder was in all cases significantly
different from the feeding on plain agar, t-test, P<0.05.
bueans foliowed by the same letter are not significantly

different, Newman-Keuls test, P<0,05,.



29

degree of feeding stimulation, Hheréas feeding stimulation Ly

lateral branch xylem/ias lov, stimulatory chemicals th;t appear

to be present in the xylem of the leader may in part be the'

stimuli that retain weevils on the leader tips for oviposition.

They may also induce mature(z. strobi larvae to Ltore. into the

Xxylem shortly before pupation. It is concluded that the 2 typés,

of bark can’be'equally used in a ch2zmical isolation program for

the feeding stimulatcry chemicals,

Feeding stimulation caused by needles of both lateral
branches and leader was very weak (Table VIII). This findipq

agrees with the fact ‘that P. strobi does not feed cn or

puncture the needles. The addition of needle pcwder to agar

discs thétx éontained Sitka sgruCe ba:k drastically‘reducedwthe
feeding respﬁnse of P. strobi (Figqg, 3), demonstratiﬁq ihat

chemical feedinq 'deterrents are presen£ in th€ needles., The
pregence of these deterrents, perhaps cqupled to a relative
absence of feeding stimulants, qayrin bart direcf the4ueevils,
upon landing on the léaders, auay'ffom the needles, ’tovard;*the
appropria;é site for fesding and oviposition, i.e. the bark

el

- surface,

R



A

-
£
»
L

LY s - . < N
o S 30
‘f’ e P )
f . LN
Ll e
. £ - 4
- . > . o
e
7 %
3 . : &
e <
e ¥
¢ o v
g :
. ’ S ¢ ‘I
-~ -«
e
.

‘\

3

Fig, 3.57Feeding response ofwg;-gt:gb;~'to agar-Sitka sprucse

discs containing .incredsinq_:amoéﬁfs of Sitka spruce needle

. pOUder. ) (yv o~ T ;"#

3 13
1
& - +
ER -
£ #
o o« -
PR v e
i < #
« = 153
s . .
. X . . ; h
, ” . .

e
*
s
<
e



* ®

31

Mean number of feeding punctures
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-~ Concentration of needle powder (%)
in agar-spruce bark discs
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5.0, FEEDING OF P, STROBI CN HOST AND NCN-HOST TREES,

S

5.1.  Introduction,

d&hé host seleciion rrocess in P.strobi stétts early in the
spfing Qhen adults of bcth sexes emerge frcm their cverwintering
sites in the so0il, duff or litter, or on the lateralvbranéhes of
trees attacked the p:eiious year (Belyea andrsdlii#an 1956,
Silver 1368, McMullen aéd Condrashoff 1973).f'/ﬁpon 'e-erqence,
the weevils'xkig?\ r;ach‘ suitable hosts, which in the Pacific
Northwest are'sitka spfucé trees havihg a large dominant léade;
(cara et al. 1971, vanderSar and Bcrden‘1977a). Mcvement to the
host is accomplisthed .by' flyigg' (Earpan and Kulman 1967,
0verhulsei and Gara 1975, Harman 1375) or .by crauling‘ (Belyea
and Suilivan 1956, ~ pirks 1364),- _Dispersing P. strobi .
differentiate the host from several other coincident conifer and
non-conifer piants in an apparegtly very precise ' manner. The
aechanism by which thé selection-is accomplished is not very
well understood. vanderSar and Borden (1977a) showed  in
laboratory bioassays that overwvintered P, st;obi are attracted
to black silhouettes that resemble the leadersvof Sitka spruée
and postulated that vision could- play an important role in
selection of ths host freé. This vis;al perception, hovever, is

insufficient to acccunt for the ability of the wveevil tc

’
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differentiate between coni fers that have siﬁila: Viéader'
charac teristics, Silhouetfe cuesiéén perhaps be sore important
in differentiating conifers froms shrub-like ncn-ccnifer plants.
Doubtless, a more conpiex pattern of cues 1is invélved in>‘tﬁe
”food,ipiant recogniti?n process, As indicated by Thorsteinson

(1960) ,  the spectral coaposition of 1light reflected fgon
: o 7 ) . .

w—_

surfaces of plants and*”the chemical constitution of glants,
especially the latter, provides the conplex¢patterns of - stimuli

necessary to explain the disériﬁinatory powers of insects.

This'seciion comrrises a series of experiments designed to
deteraine whether the chesicals that incite biting and stimulate
feeding’ by P. strobi are also preéent in other plants, or

whether they are unique to Sitka spruce and the otherccnifer

hosts of the weevil, ) ‘ v
5.2. Methods and materials.

The agar disc biocassay {Section 3) was used to study the

presence of .feeding stimulants 1in several native and exotic
conifers, The species tested were collected in plantaticns or
in an arboretum at the University of British Columbia Research

Forest, Maple Ridge, B.C,, and in nature at Manning Provincial

Park, B.C, " The experiments also'indindéd coapon non-conifer

t
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plapts found in plantations of Sitka spruce in the lower

painland of British coluatia.

Por each cdnifer species (Table IX), a saaple of 10gq of
lateral branch bark from each of 10 trees for field collected
bark and 4-10 trees'from arboretum species, was <collected and
pooled, In the 1laboratory, the needles were renéved and the
ba:k‘oven dried (60 C fcr 8h) and ailled tc a pcwder. Bark or
leaves (the latter wused for sword fe;n and salal only) from

non-conifers were collected and prepared in a similar manner.

Three types of exrperisents, each with 10 replicates, and 3

veevils per replicate, were performed:

a) Single =stimulus bpioassays: weevils given a <choice
between a plain agar disc and a disc that contained 1%/,pcudered

test plant tissue,

b) Double stimulus bicassays: veevils given a choice
between one -agar disc with 1% powdered Sitka spruce bark and a

disc #ith 1% test plant powder,
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Conifer and non-conifer

Table IX. species tested in feeding
stipulation experiments with P. strobi. Species followed by

asterisk are sympatric with Sitka or Engelmann spruce in PBritish

Coluabia,

Coamon name

Scientific name

Bishop pine

Bhutan pine
Bastern white pine
Jack pins

Korean pine

Limber pine
Lodgepole pine
Macedonian pine
Monterey pine
Ponderosa pine
Scotch pine
¥estern white pine
Blue spruce

Brever spruce
Engelmann spruce

Norway spruce

Red spruce

muricata D. Don,

wallichigpa Jackson

tr s L.

bdgksiagg Lamb.

Pinugs koraiensis Sieb, et
Pinus ﬁ;giilis James
Pinus contorta Dougl. *
Pipus peuce Griseb,

Pipus radiata D. Don. -
Pinus pondergsa Laws.
Pinus sylyv is L.

Pinps montjcola Dougl, *
Picea pungens Engelsm.
Picea brewerjana Wats.
Picea engelmannji Parry
Picea abjes (L.) Karst,
Picea pubens Sarg.

Zucc.

ex Engelxn.



Table IX (Continued)
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Sitka spruce
Serbian spruce
White spruce
Alpine fir
Amapilis fir
Grand fir .
Greek fir

‘Noble fir
Sachalin fir
white fir
Western hemlock
Japanese hemlock
La¥son cypress

Alaska yellow cedar

Western red cedar
Douglaé fir
Broadleaf maple
Red alder

Red huckleberry
Sword fern

Salal

Salacnberry

Picea sitchensis (Bonq,)'Carr.'
icgg omorika (Pancic) Purkyne
Picea glauca (Moench) Voss. ?
Abies lasiccarpa (Hook.) Nutt, *
Abies gmabilis (Dougl.) Forbes *
Abies grandis (Dougl.) Lindl. *

Abies cephalonjca Loud.
_Q;gg nobiljs Rehder

Abies sachalinensis Mast,

Abies concolor lindl. ex Hildebr.
Tsuga he;gtgghxlla (Raf.,) Sarg. =
Isuga sj=2boldi Ca?r._
gganaggzéiris lgv§oniéna Parl.
Chamaecyparis nootkatensis

(D. Don) Spach. *
Thuja plicata Donn, *
Pseudgtsuga mepnzijesii (ﬂirb:) Franco *
Acer macrophyllum Pursh, *
Alnus rubrg Bong, *
Vgccigium parvifolium Smith* *
Polystichua munjtum Presl. *
Gaultheria shallon Pursh *

Rubus spectabilis Pursh *
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c) Test for feeding deterrents: veevils Oq;ven a chbice
between one disc ;ith 1% sSitka spruce bark and one with a
mixture of'sifka spruce‘;?rk (1%) and test élant'pouder (0;51),
of selected species with low stimulatory activity in the first 2
types of experiments,

. o

Due to the ascunt of work involved, plants were tested in
qroﬁps of 7-10 species, each including Sitka spruce, ’Single
stimulus ﬁioassays, in which comparisons between species were
sought, uére analyzed using analysis ofvlvariance and
Newman-Keuls multiple range test of means., In double stimulﬁs
bioassays and in the test for feedinq deterrents, each species
vwas compared with Sitka sgruce, uiéhin each treatment, by using

a standard t-test for paired comparisons.,
5.3. Results and discussion.

5.3.1. Single stimulus bioassays.

All conifers tested, with the §4ep§ion of Isuga hetercphylla
and Chamaecyparis nootkatensis, elicited a significantly higher
feeding response in P, strobj than the response to plain agar
(P<0.05) (Fig. U4). This result indicétes that +the feeding

stimulatory chemicals are not restricted only to host trees, but
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e
Fiqf 4, Feeding response of P, strobi inm single -stimulus
bioassays, to agar ﬁist%‘containing 1% pcwdered. bark or leﬁves
of selected conifer and ;én-conifer plants. Responses e;p;eééed
as pa2rcent of response to Sitka sprhce. ‘Feedinq‘ on species

under hcerizontal bar was not signifiéantly' louervthan cn

Sitka spruce (Newman-Keuls tast),

»
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that they are present in a wide vafiety of species in different
conifer gemera, »fhe facf tha£ none of the non-conifers tested
triggered a feeding response in p. stgobi (Fig. 4) , however,

suqéests that themaistribution?af the stinulato;y’éheﬁiéals may
be restrigted tc conifers only., All species tested within the
~genus Pinus and all but one in Picea (2., breweriapna) -elicited

feéding response§¢hi6her or not different from to that of Sitka

s
0}

spruce (Fig, 4)1 Différences among the three hosts of P. strobi,
:g;gg§ strobus, Picea sitchepsis and B. gggg;ggggii,ivere,not
statistically significant (P>0,05). COnifers’ in genera  other
thar Pipus and Picea elicited a response that was less than 50%
| cf the response elicited by Sitka spruce, sugéesting ‘that
feeding stimulants present ih Pinus and gigg; are quantitatively
and/of qualitatively Jifferent frem the chemicals present in
other genera. These d;fferences may partially acccunﬁkbfor the

ncn-preference cf P, strobi for species ocutside Pipus or Picea,

ggggggggggg'gggzies'i, Abies lasiocarpa, Thuja plicata and
Isuga heteggphxlla elicited less than 30% of. the feeding
activity ttiqgered by Sitka‘ﬁspruée (Figqg. u); These species
share the range with Sitka and Engelmann spruce and aust,

therefore, be actively -discriminated .against by éearching P.

strobi.
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5.3.2, Double stimulus bioassays.

In choice bicassays between Sitka spruce and several conifer

SPPsy g.vgtrbbi did not discriminate between Sitka sgruce, -

- Pipus panksiana, P. _ sylvestris, P. ponderosa, P. iugicata,
Picea epgelpamnii. and P. glaug;w(Fig. 5. These. species are
probably cheiically sinilqr to each cher; aAll, ;xCept Pinus
gggderg§a and P. muricata, are attacked (at least occasionally)
by the weevil (Hacaléney 1932,- Belyea and Sullivan 1356),
'Feeding on pPicea preweridna was marginally lower (P<0.11) than
the feeding on Sitka spruce. In all othér cases there was a
o ~
significant preference (P<0.01) for discs with Sitka g?ruce
(Fig. 5). This result demonstrates that, despite . the ;igh

feeding on Pinus and Pjcea in single stimulus e;periments, most

non-host species tested were sub-optimal for P. strobi. The

hich feeding rate on non-host spécies in a more forced ‘feeding

situation (Fig. 4), indicates that P. strobi can lower its
acceptability threshold due to stress and feed on species that

have ipnadequate feeding stimulatory characteristics.

Species sympatric with the weevil's western hosts (Table
I1X), vwere readily discriminated against in favor of Sitka spruce
(Fig, 5), confirming that the 1levels and/or combination of

feeding stiamulants for P. streobi from Sitka spruce are optimunm

-
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Fig. 5. Feeding respohse of P. si:gbi when given .a ‘choice

between .agar discs with 1% Sitka spruce bark and d§s¢s~uith 1%

!

bark from other conifers. R2sponses expressed as pe:cent of

response to Sitka spruce. Feeding on species under horizontal4§é§:2!
. & *

bars was not significantly différent from feeding on  Sitka -

spruce (t~-test). ’ . o A

T_/-\\_,/’
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‘only 1n Sitka and Engellann spruce. The striking pteference'for

1tfa spruCe over eastern wvhite pine 15 different from VanderSar

’et _;'s (1977) flndlngs that P. stggbl reared on Sltka spruce .

‘:7d1d not *differentlate Cut(t;igs;of sitka spruce from those of

eastern whxte pine. In view of the disparity cf results, }the

& -

feéﬁlnq chp;ce, bloassays with these 2 species vas repeated

{} .
agaln, g;th identical results. These expetiments suqqest that

7

the conplement of feeding st1mu1ants in eastern vhite plne is of

1nfer10r» stlnnlatory qualltg, , 2. g bi reared on Sitka

P

- ]
- Fl . N
P . - @

The %oa feedlng on P;ceg ggngen apd B, omorika, im choice’

,1

ﬁeedlmg@ expe;iments, _cozrelates Hell with the fact that these

€one

&,

SpeC1es are ramely 1njured by the ueevil (uacAloney 1932) . The

S

developgent of hybrlds betveen 51tka Sfrruce and these two Picea
specxes, in an attempt to develop less susceptible strains to P.

stroki, deserves further 1nvest1gation.

I v e . .
- ’ - oL . 1S

53,3, .Test for feeding'deterrents.

- \

The test for feedxng detertents demonstrated ghat several

e

. . - -

dconlfe; and ncn-conlfer spec1es contaln chenLQals that have a -

'

deterrent effect on feedlng by 2. é&_gp;'“(Fiq. 6) . V.The

51qn1ficant (P(O 01) deterrency by §eudg§suga nenz;eg;;



Pig., 6, Feeding response of P. strobi when given a choice
between agar discs with 1% Sitka spruce bark and discs with 1%

Sitka spruce bark plus 0.5% bark or leaves of selected conifer

and ncn-conifer plants. Responses expressed as percent of

©

response to Sitka spruce. Feeding on agar. discs containing

Sitka spruce And‘ any of the,species'under horizontal bars was

not sidﬁificantly different from feeding on agar discs with

&

5itkd spruce alcne (t-test). = - ' ' E
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/ laSiccaggaka; Lgiicatg, I. heterophylla and, notably in choice .
bicassays, byvt§gﬂyeevil's easterq',hdst, Pinus st;obus (Pig;

,]

6) , explains their low feeding stimulatory activity im the other

2 experiments (Figs. K 4,-5).

v

Pipus momticola and P. contorta were readily discgininated
against in choice feeding bioaésays (fig. 5), but»the} did not
deter feeding signifiéantly when —addéd to " Sitka spruce Dbark
,(Fiq. 6) » fTherefore,v.non—préference for these species in
choice feeding bicassays. is apparently due to gquantitatiye
agh)of' qualitakife deficiegty in.feeding stilulants rather thans«’

to the presencé cf feeding deterrents,

The non-preference of P. sStrobi for eastern white pine in
] . S,
>, ‘ = . (~ .
choice feeding experiments (Fig. 5), and the finding that it
contains chemical feeding, deterrents for E. §tggbi' (Fig. P'6)

contradicts the fact that eastern vhite pine is the pteférred

" host for the weevil in easte:h North America., The :esﬁlts,

however, . explain the cbserved non-preference of 2. §;£§§i for
" eastern white pine in British Columbia. At . the UBC Research

Porest where eastern vhite pine was collected, thété are:seve:al
clones of this species growing side by side with a Sitka sprﬁce,
plantation. Although the weevil population in the area is high

2

{up to B80% of the Sitka spruce trees tfées attacked), eastern

. . . . .o
A 4 R i , ?
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vhite pine has never been attacked.,. This uobsef@ation pcses 2
hypotheses., Either British Columbia grouﬁ eastern white pise is
different frce white —rpine from the East, or the eastern and
western populaticns of P. strobi are different. Since .the
eastern white pine clones sampled were brcught directly from the
East, 1t is  unplikely that the first hypoth§§is is correct,
Manna and Smith (1353), sSaith (1362) and Smith and Sudgen (1969i
demonstrated ¢n lorpholcqic;l‘qnd serolcgicéi basis, that P.
stroki reared from <ecastern white pine, Sitké’ispruce and
Erngelmann sSpruce are races of P. strobi and §ot different
species as BHopkirs (1311) proposed., * However, it is gqssible
+hat in the long period of isolation, the popu}ations in eastern
vhite pine and Sitka Spruce have differentiated to the point hat
vhich P. strcki reared from Sitka spruce dses not\recoznize
eastern white pine as a host., A definite ans;er could o; obtained
by testing white pine ccilected in the éast with uestern.véevils.
The study of hybrid weevils would also be pertinent. | .
In conclusicn, the finding that the feeding resronse of },
strokti +to agar discs containing ground up bark or léaves of
plarts varied gradually from high acceptamce %o - aktsolute
non-preference indicates that the jeedinq response in thies insect
is deterained by a ccaplex varisty of chelicais that are gresent
in different species in mixtures +that differ in gquality and
quanptity, Acceptance of cartaic species by P. Strobi is.

1ediated by conifer-terne feeding stimulants, Rejection cf some
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non-host plants was shcwn to be due to the presence of faeding
detetrents, and of others toc. inappropiate levels or blends of
feeding stimulants, The selection of Sitkaiand éngelnann Spruce
ovar all other non-host species by B.C.,. weeviIS’is p:obably
determined ultimétely by only a few chemicals that are srecific

t0o these tree species.
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- 6.0.DIFPERENCES 1IN HOST SELECTION AND. DEVELOPMENT OF -

PISSODES STEOEI BE&@ED CN HOST AND NOKN-HOST TREES
6., 1. Introduction,

The finding that P. strobi can differentiate betueen: Sitka
spruce and B@most otherk conifer species poses the question of
wvhether the preference 1is the consegquence » of a rigid,
.genetically based behavior, that is tranénitted from generaticn
to generation, cr whether preference is caused by conditioning
of therigggét by’exposure to that species. Food conditioning in
insects, <caused by their previous feeding experience has been
reported previously. Horpkins host selection principle (Hopkins
1917, Craighead 1921, Graham 1963) stated that an inseét species
thai breeds in 2 or more hosts will prefer to continue to breed
in the host tc which it has become adapted, This hypothesis,

however, has not been supported for certain insect species

(Richmond 1333, Wood 1963).

The study of the degree of pre-determination of the feeding
behavior in insects is of practical importance because it
indicates how easily an insect attacking one species can ’shift
" to attack anothér species or variety, broadening its host range.

Modification of feeding preference is possible in some insects
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species, and very difficuly with others, Ali (1976)
demonstrated ghat the preference of adult alfalfa lady beetle,
Subcoccinella 24-punctata L., for alfalfa, Medicage ‘sativa L.,
could be changed tc prefer Chepopodium album L;'~E£/£E§\lifvae
were raised in the latter species. The degree of re;isténce of
the African armywora moth, Spodoptera exempta Wlk. to feed on
non-ho st cassava, Manihot esculenta - Crantz., was dependent obn
whether the inse§t had previously fed on maize, Zea maiz L., its
norsal host (Ifipe 1975) . The resistance to feed on cassava

increased with the number of hours +he insect had been in

contact with maize.

Hanson (1376) investigated whether raising 1lepidcpteran
larvae on certain plants enhanced feeding preference for that '
plant in 2- or 3-choice situations, Responses ranged froa
strong induction of preference to no detectable effect. He
concluded that, 1in general, mor2 polyphagous species could be
aore easily induced to change their feeding preferences by

previous exposure than less polyphagous sgecies.

Experisents reported in Section 5 indicated that P. strobi .
did not differentiate between Sitka and Engelmann sprctce and
showed clear non-preference for lodgepole pine. The experiments

in this section aimed to test whether the rejection
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'responSe for 1lodgepole pine indicated its unsuitability as a
host, and whether the weevil's host selection preference cculd
be modified by raising%ifvin this’species,

£

6.2, Methods and materials.

TWO populaticns cf P. strobi, collected on either sitka or
Engelrann spruce, w2re used in this investigation (hereafter
referred as SSw ahd ESW, respectively). Sitka:. spruce terminal
lgaders vere collacted from a ﬁeavily'ueeviled Sitka spruce
plantation in the UBC Research Forest, Maple - Ridge, B.C., and
terminal leaders of Engelmann Spruce and lodgepcle pine were
collected i; the vicinity of Kootenay National’Park, B.C. Both>

[

types of weevils were hand picked early in the springvof 13739
from the leaders of small trees, " Most insects wWere caught as
mating pairs, thus ensuring a supply of inseminated females.,
The weevils were kept until the start of the' experiments in

dlass containers with fresh Sitka spruce or Engelmann spruce

twigs, in the refrigerator (4t2 C).

Paeding preferences of collected adults were ftested in a
15-replicate experirent using <he agar dish biocassaye« The 2
insect populaticns were given a choice between agar discs that

contained 1% Sitka spruce bark and discs that contained the bark
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of either sSitka spruce, Engelmann spruce or locdgepole pine.

Only one insect was included in each replicate,

After the feeding prefarences of the collected adults were
tested, the ugevils vere forced tc oviposit on leaders_of Sitka
spruce, Engelmann spruce énd lodgepole pine. This Was
accomplished by caging 5 insects (2 females and 3 males) of
either of the 2 populationé; by means oft a plastic screen
sleeve,' to excised léaders maintained with their basal portions
inside water filledrplastic bottles, Five screened leaders for
each species of trae and- veevil population were placed in
separate cages in a growth chamber_af 25 ¢ and a 14h light‘j:
10h . dark photoperiod. Thz sleeves were kept on the leaders for
one week, 'Progeny emerging from the leadersr wvere collected
daily and kept in the réfrigerétor cn fresh tuigs ctf the‘spedfgé
from which they ﬂéd emerged, The feeding pgeferences of the
laporatoryvreared weevils were tested under the same conditions

as for the parent populatioans, -

o

-

fhe relative suitahfiity{of the 3 conifers was esti;ated by
determining the npusber of oviposition punctures excavated by
weevils of the 2 parent populations, the number of 'leaders
colonized; the weight of theqelergent weevils anq ﬁhe»tile tc
develop frea egg to adult,

i
e
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6.3, Results and discussion. _
~—

/

<&

i Adult SSW and ESW exhibited a <clear preference for Sitka-
spruce when given - a choice between this species and lodgepole
pine (Table X), confirming the results in Fig. 5. No discri-

mination was shown between the two hosts.

‘Progeny of SSW and ESW raised from egg to 'adylt in sitka
sprucé, Engélnann spruce ahd' lodgepole pine retained their
preference fqr Sitka spruce over lodgepole pime (Table XI). The
fact that P, strebi reared in‘lodqepole pine did not prefer the
species in which it was reared, indicates | that feeding
preference in this insect may be a rather fixed, genetically
determined behavior, Similar evidence was obtained by ® Grahanm
and Satterluﬁd (1956) who gave P, strobi a choice of either red
pine or eastern white pine twigs. Regardlesé of u?éther they
had emerged from red pine or eastern white pine, the ueevils
preferred t§ feed on eastern white pine., These results,
hovever, ‘must be taken with caution until further
experinénta&icn with additionai tree species is done, and several

insect generations are tested. ’

The degree of plasticity in the feeding behavior of P,
strobi is an inportant consideration in a program leading to the -

development of trees resistant to g: strobi by manipulating the
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Table X, Feeding response of 2 populatibns of P. strobi wvhen

qiweh a choice between agar discs with 1% Sitka spruce and discs

with 1% Engélmann spruce or IOQgepole pine, N= 15 replicates,:

1 wéevil/replicate. [\\\- 4
‘\
Population Testg- ,Hean”;;mger of f?eding punctures
§pe§ies Ségr discs with 'Agar géscs w;th t-tes;
Sitka spfuce test species probability®
bark “~bark | L
Sitka
Sitka spruce 11.5 - 12,9 - ns
Engeimaﬁn
sgrucé spruce 6.8 6.5 ns
Lodgepole
veevil pine 10.6 0.1 *
Sitka
Engeln., sSpruce 13.4 ‘10.3 ns
'Enqelnann
spruce spruce 8.3 20,0 ns
Lodgepcle
veevil pine 32.0 11.2 *

e

(-5 . .
t-test significance level on difference between feeding cn agar

discs with Sitka spruce and feedirg on discs with test species

indica*ted by: **=

P<0.,.01,

*: P(O‘ OS'

NS= P>0,05.
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Table XI, Feeding response of progeny of 2 populations of
sggobi :eafeq En Sitka spruce;'Engeliaﬁn spruce and lodgspole
pine, Weevils vwere given a choicé’betueén agar discs éontaining
1% Sitka spruce and discsr vitﬁ 1% lodgepole ”pine. N=15

replicates, 1 weevilsreplicate,

Population Species Feeding on Feeding on t-test
' in which disc with  disc with probability“
veevils .Sitka spruce lodgepole :
) reared - bark pine bark
Sitka sitka |
| spruce | 12.3 6ol NSb
spruce ‘Engelnann X |
spruce | 21.3 - 5.1 g
veevil ~Lcdgepole . |
rine : 11,8 41 *
Engelmann Sitka
sprdce 27.7 . 7.4 * %
‘spruce _ Engeleann
spruce 23.8 ;0.9 **
veevil Lecdgepole
pine T 27.9 3.0 *%

a .
t-test signific;nce level on difference between feeding on agar

discs with 3itka spruce and feeding on discs with test species

A

indicated by: **= p<0,01, *= P<0.05, NS= P>0.05,

t-test probatility level: P<(0,06.



57

array of feeding stinﬁlants and deterrents. Focd<p£eference
that ig easily changed is less desirable since ;he insect might
readily adapf to feed on a neuly'déveloped vagiety.‘foh(the
contrary, changes in fixed prefefence would requireg possibly
several generations c¢f adjustement and adapfation of the
insect's gene pool. | . . |
Both SSH‘and ESW laig eggs and produced adults on all 3
conifers (Table XII). 'Houever, »ihe number cf ovipcsition
punctures by the 2 weevil populations waé highest in the species
from which they were collected. This result suggests that the
ovipcsition stimuli for each of the 2 weevil populations are not
exactiy the same, The cziposition stimulus in Sitka spruce is
aore adequate for SSW than for ESW, whereas the stimulus present
in Engelmann spruce is cptimum for ESW, Tais difference in
ovipcsition  stimuli tetween Sitka and Engelmann spruée
contrasted with +the absance of a difference ian  feeding

stimulation betvween the 2 hosts indicates that the stimuli

triggering oviposition and feeding are differeqt.

Although both poulaticnsﬁraig eggs and produced adults in
N

non-host 1lodgepole pine, the number of oviposition punctures

/.

vas, for both populations, lower thaﬁ in their norasal hosts.
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These resulis should encoufage futtber research . to
eluc1date the exact nature of the ov1p051tlon Stlmull, as they

may proig to be chemically medlated and. a,sourca of reszstagce
#

in spec1es oT 1nd1v1dua1 plants that lack the adequate stimuli,

-

&

Sitka spruce, Engelnann spruce arnd loégepole pine appa;enfly,
differ in the nutrient quality of tﬁe’pi}ced, as reflectéd by

‘the weight of emergent adults, SSW reared in Sitka sprqce'iere
siqnificantlyA éyeuman-xeuls test, P<0.03) heavief than - the
aduits obtained/ from Engelmann spruce or lodgepole pine (Tabls
}II), indicating the superiority of‘S@tka spriuce phloem for SSW.
Similarly, Esﬁ obtajned their best weiqht in ,Enqelnann Sprucey-,
although they HereA not siqnificently heavzer than ESW fronm
lodgepole pine, ESW reared in Sitka spruce, however, produced
very small -and llght weevils, 1ndlcat1nq that this spec1es is

. o

not very suitable for ESW,

" The difference in suitability. of lodgepocle pine phloem for

s
~

the 2 ueevil populations coincides with dlfferencee in the &
degree to which they accepted lodgepole’ pine for oviposition.
SS¥# colonized only 2 of 5 lodqepole pine leaders, whareas ESW
colopized 4, Also, the length of tine frca Ethe stert ‘oflrthe ~~

experiment to ©peak adult emergence (reflecting developmental

®
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‘tine.fronvqu tc adult) of‘ SSH was the ldngestrin lodgepole -
'pine (Fidg~ 7). For ESW, on the conttéry, the ‘devélbpmentai

time ias the same on all 3 host species (Fig. 8). o

s .
Y

' The:observations on the development oﬁ P. strobi on Ahoét

" and non-postltiees’pe:mit the conclhsiéﬁ that the 2 populatidﬁs
‘differ in their nutfitional'g%quiremeﬁts.; ~ Each popuiation, is
more adapted to the natural ‘host-from ;hich’it was collected.
The finding that the SS# pobulations.di&:péorly in lodgepole pine,
icbupled tél a M"fixedn non-bréﬁetence for -this spécies, may
explaig, in paft, why SSH. seeas 'unabig tor esgablish“
populations in 1lodgepole pine, ,déspite the fact . that this
species and Siéka spruce‘ are sy;pat:iéiinicoastal' B.C,
Génefic manipulation 'éf the nutritioﬁa% guality of the host
(Maxwell 1977) seems to bé an interesting possibility’rﬁor
developing ‘varieties of Sitka spruéefthat aré less suitab1§ to

t

" P. strobi.

4

The poor developement and rate of- colonizaticn "of  ESW' in
Sitka spruce strengthen the squestion»(vanderSar et al. 1977)
that SSW and ESW are races of'g.Agtrobi wvith a high degree ofé

divergence.,
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Figs., 7-8. Daily emergence patern of the progeny of i\x>q¢\
- populaticns of P. strobi, collected from Sitka spruce (Fig. 7)
and Engelmann spruce (Fig. 8) when reared on Sitka spruce,

Engelmann spruce, or lodgepocle pine,
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7.0. TEST FOR PRESENCE OF FEEDIRG DETERRENTS IN UNATTACKED

SITKA SERUCE TREES,
7.1, Introduction,

Varietai resistance associated with the presence in a plant
of chemicals with feeding deterrent action has been reported for
sone spegies of vertebrates (Radwan and Ellis 1375, Radwan 1978)
and several species of insects, e.g. Hanover (1375), and
references therein, Fobinson et al. (1978), Russell et al,
(1378) . fhe action of feeding deterrents fits Painter's (1351)
non-preference typ2 of resistance 1in plants, Non-preference,
according to Fainter, "is present when the plant posesses a
character or grcup of characters that cause the insect tc¢ nmove
avay froe the use of that particular plant for oviposition or

7

food",

Most published reports on the resistance to P. st;ggi ~came
from observaticns on the eastern host, eastern white pine., The
sajority deél “ith non-preference resistance asscciated with
sorphological characteristics of thé terniﬁal leaders., P.
strobi ﬁ:efe:s +t0o attack eastern white pines with }arqer leaders
(acAloney 1330) and thicker oark (Kriebel 1354, Sullivan 1961,

stroh and Gerhold " 1365). Stroh and Gerhold (1365) determined

[P SN NI S
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that eastern white pine with shallow cortical resinp ducts ip the
leader vwere less attacked by P. strobi than leaders with deeperv
ducts, The reason underlying this :esistance was hypothesizéd
to be that feeding P, strobi avoids rﬁpturing resin ducts, and
thus cannot excavate feeding and oviposition cavities in the bark.

Resistance cf Sitka spruce to g.’st;obi h;s not been
studied in detail. Silver (1968) mentions tHeAexistence of some
apparently weevil resistant trees in a plantation established in
1930, in the B,C, Pcrest Service Green Timbers Nursery, Surrey,
B.C.,., That plantatiocn ﬁés been under heavy weevil attack since
1337, vheﬁ the trees were about 2@ tall. I visited the
plantation in the spring ¢f 1373 and found that most weeviled
*rees had been supressed by cospeting veqetatién and had died.
There are, however, 4 trees (larked 1=-4) which :eacbed
.‘co-dominant status and that appear to h;vefsuffered littie or no
weaviling in‘ the past, Trees 1, 2 and 3 were vegetatively
reprcduced by the B.C. Forest Service and <the clones are

presently kept at its Ncrth Road Laboratory, Victoria, B.C.

The effec*tiveness of the agar disc bicassay (Secticn 3),°
enccuraqged its use for detecting differences in feeding'
s+igulatory and deterrent power of bark from attacked and

attacked Sitka spruce trees in nature and in cloned trees 1-3,
A

L3
I}

be ==
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7.2, Methods and naterialé.
_ ) |
The number of attacks per tree was recorded in 2 Sitka
spruce plantations (Nos, 1 aﬁd 2, established in 1972 and 1367,
respectively) -at the UBC Research Forest, Maple Ridge, B.C. All
undamaqe&. trees were tagged and a sample of lateral branch bark
from the previbus year's growth was collected, Plantation 1 had
30 unattacked trees (Table XIII), but cnly 10 were studied.
Plantation - 2 cortained only 5 unattacked trees, all of which
were studied, EBach unattacked tree | was tested in a
double-stimulus experiment, us}ng the agar disc bicas§?y. Three
Wweevils in each of 10 replicates per tree, vwere given a choice’
between agar discs containing 1% unattacke&, "resistant® tree‘
ba;k and discs ccntaining 1% poolgd, ’"susceptible"v tree//gark
”y

frce 5 trees +that had been attacked 5 times or more, -Leader

bark, although zore preferable, was not collected to *"aveid

-

damaging the tress, "
-

-

The clones from the resistant trees at Green Timbers, were
tasted for presence of feeding deterrents, iﬁ the same mapner as
above, A barf Sample was takeﬁ from the previous year's lateral
~branch growth from the cdly surviving clone froi tréé Ho; 1 and
from 5 clones of tree ¥os, 2 and 3 (10 cliones of each tree are

alive). Weevils vere givern a choice between agar discs

containing susceptible bark and discs with resistant clone bark.
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Table XIII, Numkter of weevilings per tree and propcrtion cf trees
in each veeviling class in 2 plantations at the University of
British Columbia Research Forest, Maple Ridge, B.C.

-

No. of weevilings Plantation 1 Plantation 2
 per tree Prequency Propor*tion Frequency Prdportibn
of total No; of total No.
of trees (%) of trees (%)
0 30 2806 T 9.2
g 48 39.3 19 19.4
2 | 13 15,6 22 22.u
3 ' 15 12,3 24 245
4 5 U, 1 llO 10.2
5 4 3.2 10 10,2
6 1 0.8 4 4.1

~Total ' 122 100.,0 38 100.0
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7.3, Results aﬁd discussion.

The feedinqg response c¢f P, stroebi to baii of 10 of the 30
unattacked trees in the 1less severely attacked plantati;n 1
(Table iiII) was not siqqificantly different from the reéponse
to susceptible tree bark (ANOVA) (Table XIV), Unattacked trees
in piantation 2, ’hOHeve;, triggered a significantly 1lower

/ ;
feeding response fthan on susceptible tree bark (ANOVA, F=8.,73,
P<0.01), indicating the absence of an optizal stimulus and/ocr
o ,
the presence cf feeding 'deterrents in the unattacked trees
"{Table XIV);r However, differences in feeding between at?acked
and- unnatacked trees were ;sﬁall.v The responée to the 3
reSistant clones from Green Timbers was S nct significéntly

different fros the'response to susceptible tree bark (Table XV).

-

\ The'apsence of a significant feeding deterrent response in
plantaiion i and the 3 clecnes, and the small deterrency detected

in plantation 2 could have séveral possible explanations.
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Table XIV, Feeding respconse of P. strobi 'when given a choice

between agar discs with 1% pooled bark froa susceptible Sitka

(-9
spruce trees and discs with 1% bark from unattackad trees. Two

plantations tested, 10 zeplicates/tree, 3 igsects/replicaté.

Onattacked tree Mean No. of feeding punctures

NO Disc with 1% Disc with 1% Difference
susceptible unattacked
bark ’ bark
h
Plantation 1
’ 1 17.7 _ 23,5 + 5,8
2 26.8 21.0 - 5.8
3 23,4 "33.6. +10.2
4 22,6 . 25,1 + 2.5
5 15.2 32.1 +16.9
6 21.7 - 24,0 + 2.3
7 12.8 8.9 - 3.9
8 26.9 34,7 + 7.8
9 22.5 25.7 : + 3.2 .,
_ 10 c 27,9 . 13.1 - 8.8
Plantation 2 o .- :
1 -20.3 .7 - 5.6 %
2 16.8 3.9 - 6.3 *
3 21,6 14.1 - 1.3 NS
4 21,6 15.8 - 5.8 *
5 ' 19,8 6.6 -13.,2 *
6 i 13,2 15.7 + 2,5 NS
7 13.5 7.7 - 5.8 *
8 22. 1 18.1 - 4.0 BS
9 15.6 9.8 - 5.8 *

-

a'pooled bark from 5 trees that had been attacked 5:times$ or more.

P value for type of bark 1. 35, non-siqﬁificanf (ANOVYA) .

cP valua for type of bark
\

probability 1level. for difference between susceptible and

upattacked bark indicated by: *#=P<0.01, *=P<0.05, NS= P>0.05._

8.73, significant at P<0.01 (ANCVA).
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Table xv.. Feeding response of -E. éfggbi when given a ¢hoice
between agar ‘discs with 1% édoled'barklffom susceptiblersitka
spfuce tr%es‘and discs with 1% bérk fron "resistant" clones froa
the B;C, rForeSt Service Giéen ,Iimbers. Nursery, Surrey, B.C.
N=10 replicafes /tree; 3rinsects,/replicate. |

L

~Unattacked clone Mean No. of feéding punctures
. ° . - : J“
No. | Disc with 1% Disc with 1% Difference
susceptible resistant

tr?§,2§I§-f . clone bark

v | 17.6 B T - 2.5
2 - Mo 20.6 + 9.2
3 I P % 16.8 + 4,5

.. . SN A . .
Differences in feeding on susceptible and resistant bark were
not siqnificant, ANOVA, ‘ ' i

T
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A) It is possible that feeding deterrents are restricted to
the leader, and therefore, are not detected by the biocassay of

lateral bazk.”

B) Unnattacked trees may not contain feeding deterfents.
The reason Jfor the ncn-prefereﬁce for tﬁese trees may be fhe
absence of an adequate blend of feeding stimulants, perhaps"
coupled to <c¢ther for@s of resistanée, 2.9, lnorpﬂoloqical. It
is possible that the respénses ob§g;ved in;plantation 2 may be
due to a superior stiaulatory activity of the susceptible bark
rather than to the presentgjof feeding deterrents in unnattacked
trees,

L}

C) Trees in plantation 1 are not different frcm susceptible
trees and are undamaged simply by chance, This alternative-is
possible, since attack intensity in this, plantation vas 1lower

than in plantation 2.

D} The dried bark. preparation methcd for = the Dbioassay may
have eliminated volatiles which have feeding deterrent activity,

alone or in combination with non-volatile coampounds.

Investigations on the chemical characteristics cf the clones
from Green Timbers being carried out at the Chemistry Dept. of

Simon Fraser OUniversity, 4indicate that the "resistant” clones
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have no different resin acid content in the bark with respect to
susceptible trees, Susceptible trees( have no detectable amounts
of the monotgrpene limscnene and higher content of an
unidentified monoterpene, while the mresistant" clones have up
to 13% lilonene,‘a compound that acts as feeding stimulant at low

concentrations and as potent feeding deterrent above a certain

threshold concentration (Fig. 16).

-
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8. ISOLATION OF PISSODES STROBI FEEDING STIMULANTS

B.1. Role of volatile and non-volatile cemponents of Sitka
spruce bark as feeding stimulants,

Q| : ’

8.1, 1. Introduétion

Seléction of Sitka sfpruce by Pissgdes Stiobi 1is apparently
mediated by vision _(VanderSaf and Borden 1977a), and at clcse
rahqe Ey feeding stiamulants in tgg bark (VanderSar and Borden
1977L) o Previous research (Seétibn ~3) 1indicated. that the
veevils exhibited a highly sensitive,'concentration-dependent
response to ncn-volatile chemicals present in Sitka spruce bark.
The pon—volatile mixture appears to Ee quantitatively and
qualitatively different among various éonifét species }Section
5)» The role of host volatiles in the feeding tehavior of P.
strobi is poorly understood. Anderscndand Pisher (1956,19605,
claiaed that 'groundt green bark,lfron' weevil-resistant Picea
species enittéd volatiles that bhad a repellent effect on P.
strobi. ‘However, the weevils vere also repelled by the oddﬁs of
theéir eastern hcst, P. gtrobu x/,, | ,

| / | .
In a laboratcry olfactometer, 5% -ethanolicAsolutions of thé

aonoterpenes X-cinene and ayrcene were repellent to P. strobi,

oSy

7
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whereas 1limronene Yvas uattractive (Carlson 1971). Sin@e the
limonene content in suscéptible Ssitka spruce tfées appeared to-
increase at the tigme of ueevil  diSpersioh, Carlson (1371)
postulated that this nonctérpene'vas p:imarily responsible for
host.selection by 2; sﬁrob;. éoies (1970) , hovwever, fOund ve?y

weak correlaticns ‘betiéen inéidence of weevil attack and the

monoterpene composition of the host trees, 5

-3
/

This section reports the results cf studies desigmed to
examine the feeding stimulatory activity om P. strobi adults of
various types of axtracts containing volatile and nog-volatile

chemicals from the bark and needles of Sitka spruce.
#0007 ,
8, 1.2, Methcds and materials.

8.1.%.13 Bicassaj'?rocedures.

Feeding stimnlaticn and inhibition were investigated) using
the agar disc bioéssay (Section 3). Candidate chemicals for
feeding stimulation were applied to*the paper-covered surface;
Or were nixeé into cne cf 2 péired agar dis;s. The second disc
in each d;sh - ¥as thev solvent or blank'_control. !égding
inhibition was tested by applying chemicals t§ the surface of

agar discs tﬁg¥ éontainsd 1% Sitka spruce bark (ground and

LY
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dried), a substrate upqﬁ vhich the ;eevils feed’ feadilyi
Experinent; wererun for 24h, “Sinﬁ,2 or 3 inseéts per repliCagé
and 10-15.replicates pet tre;guent. -~ ) . a
8.1.222. Bioassay of Steam-distilled volatiles of ngka
spruceubar;. | T
) y

Finely‘qfound, dry Sitka éprucg lateral brahch bark (25&4in
500m1 of vater) ;és steam distilled, and 2 fracticnS qu
distillate {112mg and 186ﬂq;‘respecti§ely) were collectedf  Tha
ifractions were e;tracteé with éthér (u times with 50 ;‘1)'ﬂ The
ethereal extracts of ’eaéh fractién.;ere combined, vashea vith
saturated salt solut;on, - dried (¥gS0y) , filtered,‘.ianq
ncentrated ¢€o 25m1 ty distillation., The agueous diéest
e:aining in th2 still potluas separated froa the bark partfc1es
by centrifugatiog.\ The 3 fractiQns obtained were bioassayed for

4

feeding stimulatory activity . The équivalent,of 12.58g of hqu

of each fracticn (12.5mg = the weight of bark in a 1% agar%bark

disc) was applied to the agar discs .

LY
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8.1.2.3,- Extraction of Sitka sprupe(bari} with hot water,
B — 7 N . w
pentane and ether. = - 'v

Greund, dried Sitka spruce bark from lateral b;éhcheS'(ZOq).
was boi}éﬁjfor'10 min, in 200 al of distilled - water. After
Eooling, "the a@mixture was centrifuged for 10 min. at 2000 rpa.

The supernatant was removed, and the procedure was repeated 3

more times with the residual bark . The ccebine€d supernatants

were filtered through Celite to remcve particulate matter, and
£ , pap

;’//fﬁe Aélear solution was drain with_ suctidn 3 times through

Porapak=-Q (ca. 710;5q). The Porapakfg'iés washed several‘ times
with water and the-exce;s water vasfrenoved with niirdqen'before
.extgaction with 250 mal of 80/20 éther-methancl solution. This
extracﬁ Qas» ccncentrated by roﬁary 'evaporation, dried and
ueiéhed. The'fesidﬁal ba:k4fron-the~vateﬁ extractioﬁAuas dried,
ueiéhed and extracted in a séxlet sxtractor with - pentane for

12h and then with ether for 24h.

The various extracts and residues biocassayed for feeding
stimulant activity were:  1)unextracted bark, 2)bark after
extraction with boilinq' vater, 3)bark after extraction with

.bqilinq vater, pentane and ether, 4)combined water extracts fron

boiling water extraction, 5)water extract, Celite filtered,

6) Hater eitract after fiitra;}dﬁ through Cglite and- percolation

Fl
~
e

\

J1
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through - Porapak-Q, 7)Eorapak-Q vexttact (tested at 2
concentrations),  8) pentane extract of uater-exttacﬁgd bark; and

Jyether extract of bark after extracticn with water and pentane,

So0lid samples were dried, groﬁnd, and then mixed at 1% into
the agar of the test discs. Agqueocus fractions iere mixed with
disiilled water and used to prepére the agar of the
corresponding treated discs., The anount'of agqueous extract used
vas adjusted tc pe the egquivalent of 1% bark. In both cases,
the control consisted of agar discs prepared lwith distilled
vater, Fracticns dissolved in volatile sclvents, wvere applied
tc the paper surface of cone of the discs in the dishas; the
other disc ‘served as a solvent control. One hundted pq of the
pentane and ether ex+*racts, and 10 and 100pg of the Porapak-g

extract vere tested,

In the biocassays in which the chemicals vere applied to the

"paper surface c¢f the agar disc, a standard amount of 100ug was

-

>selected and served as a basis for further exploration. Por
comparisocn, note that the threshold amount of dry tark dispersed
in agar that elicits a feeding response by 2.‘§j;ggi is less

-

than 100ug (calculated frdn dose response egquations, page 17).
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Bs1.2.4, Ex{raction and bioassay of cuticular constituents

of bark and needles,

Five excis;d, undamaged Sitka spruce terminal leaders (140q)
were dippgd first in chlorofqrn and then in pentane, Care was
téken tc avoid contamination of the solvents with materials from
the cut end of the twigs, After evaporatiom of theméoivents,
the semi-solid e;tricts weighed 324 anq 44mg for chloroform and
pentane extracts, respectively. The extract§'were dissolved back
into their réSpective solvénts 'and vere tested by ;pplyinq
12.5p1 of ,soluticn (100pg of extract) to one of 2 paired agar

-

.discs,

- 8,1.2.5, Bioassay ¢f volatiles of bark and needles trarpped
in Borapak-Q.

Sﬁrips of fresh bark (130q) and needles (68g). from iaférﬁl
‘branches wére placed in separate glass chanbers,'and for a one
veek aereatioﬁ period, the volatiles ;ere capthred in and
recovered from Porapak' Q, as described by Vernon et al. (1977),~
Pentane, extracts cecntaining the host volatiles were bioassayed
with qroﬁpSfof io—ls insects for attractaacy 4in 2 types of
olfactonéters, one developed for the boll weevil, Anf _6

grandis Boheman (Hardee =2t al. 1967), and the other for
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amtrosia “beetles (Border and Stckkink 1373). The attractiveness
of fresh Sitka spruce foliage was also tested in the boll weevil
olfactouete;. " Feeding stimulatory activity of the extracts was

teéted in the standard paired agar disc bidassay.
8.1.2.6. Test of Sitka spruce needle oil.

Sitka spruce needle;cil uasyobtainedlby steam distillation
It was tested for feeding stinulatioh and aeterrency by applying
different awmounts (3.5, 17.5, 35.0, and 70.Qipq) of the o0il in
pentane to the paper surface of‘piain agar discs. ‘

S

8.1.2.7. Test of Sitka spruce monoterrenes

Eight of the most conndn monoterpenes fcund in Sitka spruce
vere tested for feeding stimulation and deterrenéy:"—fhe

chemicals vere cbtained from commercial suppliers and, with the

excertion of camphor, vwere redistillad before use. They were

-~

from 87 to 99% pure., In the feeding stimulation experiments, 1
FEY : " .
and 100pg stimuli were tested, "whereas for feeding inhitition,

the amounts tested were 2, 20, 200, and 500ug.

In a separate experiment, a detailed study of the réaétioﬂ'

A

of P. strobi to limonene was made. Agar discs containing Sitka

i
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spruce bark were treated uigi pentane solutions of limonene at 8

levels ranging from 0.021 to 420pg.

8.1.3. ‘Results and discussion.

kvi -

The respcnse of P, strobi to the fractioné o%tained by
stear distillation clearly indicated that the volatile chemicals
exﬁracted in the distillqterdid not elidit a feediﬂq reSponsé,
nhe%gas the non-volatile fraction repmaining in the distillation
flask was vefy active ({Table xﬁI): This result suggests tﬁat

non~-volatile chemicals are responsible feor feeding stimulation

in this insect, The response of males and females was similar., --

Activity appeared in all fractions extracted with water,
ather and “éentane (Table XVII), indicating that several
chemicals with different properties are invqlvéd in féediﬁg'
stimulation, The amount of feedinq by the test.insects on the
discs that contained unextracted bark was siqnificantly lower
than the respcrse« to the discs containing the water extraqt.;
The better distribution of the water extract than _the bark
granules in the agar may account for fhis difference., An
alternative explanation is that a feeding iphibito; "may have
been destroyed c¢r removed during the extraction proéedure. The

2
14

cheamicals extracted by the Potapak-Q appeared to.have a weaker
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Table XVI., Feeding response of P, strobi to steam distillation
products of Sitka Spruce bark. N= 15 replicates,

2 weevils/replicate,

Mean number of feeding punctures

Stimulus Males Females
.fraction , Control Treated Control Trﬁﬁted ’
D %
< ) . o ) [ o °
disc disc disc disc

Steam distillate o

fraction 1 0.20 0.00 0,13 0.07
Steam distillate : ‘

fraction 2 0.13  0.00 0.40 0.20
Aqueous digest |

in still pot 0.07 17.66 *x* 0.27 12,13 *»

*t-test significance level on difference tetween ccntrol and

treated indicated by **=p< 0,01
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Table XVII, Peeding response of P, strobi to cheaical fractions
obtained from Sitka spruce Dbark, N= 10 replicates, 3

insects/replicate,

Mean No, of feeding pupctures™

Fraction ' Control Treated t-test
disc disc probabilityb
Bark before extracticn ] 0.8 24,7 a **

Bark after extraction with boiling

water 0.7 35,2 ab *x

Bark after ex{taction with boiling

water, pentane and ether 0.3 35.7 aq %
Water extract from bark ‘ 0.1 66.4 b *%
.Hater extract after Celité filtration 0,1 48,4 ab *x

Water extract after Celite filtraticn

and percolation through Eorapak-Q - 0.5 - 50.6 b *x.
porapak-Q extract (20 pg) 3.5 6.6 c NS
Porapak-Q extract (100 png) - 0.3 15.5 a . **

Pentane extract of boiling water-
extracted bark - - s 2.8 46.6 a * %
Bther extract of bark after extraction

with rentane and boiling water - 0.6 41.8 a *¥

f

o . e .
4eans followed by the same letter are not significantly different,
Newman-Keuls test, P '<0.05, |

t-test significance level on difference between coptrol and

@ treated indicated Dy: **= P<0,01, *= P<0.05, and KS= P>0.05,
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— /
feeding stimulatory acti?ify, suggesting tﬁat thisnaterigl was
a selective separating media and, therefore, the captured
sixtuyre did nect contain (quéntitativaly and/or gqualitatively)
the éogplete array of feeding stimulants present in {he
unextracted bark. ) The fact thét the activity of the bark
remained high even after extractioﬁ?;uith pentane and ether,

indicates that the stimulatory - chemicals were not coppletely

axtracted.

The cuticular conponehts exﬁracbed qith chloroforml,and
pentaﬁe, froe the surface of{4sitka ‘spruce . leaders, had
siqnifican£ feeding stinulatory adtivity (Tahlé XVIII). It was
not possible to extract the leader bark without éither including

the needles c¢r exposing +he internal tissues Ly needle removal.

Thus, the question of whether the active cheamicals came from the

surface' of the leader bark cr from the needles is not ;eéblved.
However, preliminary studies using Thin Layer Chrouaioqraphy,>of
needle ?xtracts indicate that the Sctiye chenicais are
apparent}; present in the entire bark-needle surface of
leadersf‘frhe presence of the chemicals on the needles,Aon i

the weevils dc¢ not feed, corroborates the ‘slight feeding

stimulatory activity of the needles (Table VIII) and the f3c£

that they alsc produce a feeding deterrent (?ié;i3) ghich :

probably acts tc restrict feeding to the leader bark surface.

3.
s
7

P
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Table XVIII. Feeding response of P. strobi tc 2 extracts
obtaired by dipping (1 min) wentire Sitka spruce leaders in
chloroform and pentane. H=15 replicates, 3 weevils /replicate.

100pg of each 2xtract applied.

{

Mean number of fegeding punctures

. s o as f . o
Stipulus description Control disc Treated disc

Chloroform extract 6,2 11.4 *
- Pentaneiextract ‘ 2.6 ‘ 3,7 *
o~

t-test significance level on difference betweazn ccntrol and -

treated indicated by: *= p<0,05.
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The Porapak-Q-trapped volatiles of bark and needles did ;oi
alicit a positive reactionv in eithef?éf the 2 clfactonmeters.,
The weevils distributed randcnlf' bétueen the air  streas
containing the host volatiles and the one containing the
solvent.' Moreover, when fresh Sitka sgpruce foliage was tested
‘in the olfactometer, it was nof attractive. In addition,
neither the Porapak-Q-trépped volatiles no1r the Sitka spruce
needle o0il induced the Weavils to feed, In fact, the needle oil
was significantly deterren} (t-test, P<0.01) to males at high
concentrations (70pg), reducing the feeding activity on treated

spruce bark-aqat discs ty 50%.

None of the nonoterpenes‘induced P. strobi to feed when
they were applied to plain agar (Table XIX). However, vhgn
tested on the agar-bark wmixture, the monoterpénes4 elicited
different respcnses (FPigs, 9~16), =Pinene, ﬁ-pinene nd
B-myzcene (Figs. 3-11) caused the weevils to feed siqﬁific;nt
ROL€ On the treated discs (Wilcoxon matched-pairs signed rank
test, P<0.00t fcr o and ﬁ-pinene) and P<0.06 for Pp-myrcene).
This response indicates an apparent synergistic effect between
these volatiles and the ncn-volatiles pre;ent in the agar-bark
mixture, Feeding4 on thz treated discs, however, decreased és'

the concentraticn of the chemicals increased (Figs. 3-11),

suggesting ‘that an inhibitory concentration could be reached.
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Table XIX, Feeding respcnse of P,strobi to plain agar discs
treated on the surface with different monoterpenes., N= 10

replicates for cach concentration and chemical, 3 insects .per

replicate,
],
1pg stimulus - 100pqg stimulus
Chemical concentration  Goncentration
control Treated ' Control 'Treatéd
disc disc® disc discé'
« -pinene 2.7 4.5 4.3~ 2.3
. B-pinane 6.3 2.2 8;7 3 -
ﬁ-my:éene 6.2 | 2.4 1.6 1.6
limonene 0.6 0.5 3.0 1.7
p-phelland;ene 1.0 1.9v 2.5 1.0
(*) camphor - 5.7 5.6 9.4 Q,O
(%) cagphor 5.5 b,5 | 3.3 2.2

Piperitone 4.6 1.1 2.7 3.0

®2l1 differences hetueeﬁ treated and control were statistically

non-significant, t-test,



-
Pigs. 3-15: Peeding response of P, strobi to aqaf-bark discs
treated (solid line) and untreated (dotted line) with various

concentrations of Sitka Spruce monoterpenes.
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a8

B4Pﬁe11a£drené (Fig. ¥2¥ ©  and ,tf,;fcanphor "f?iq.i"j3} had -

v;;tually no effact, uhereashpiPEritone (?ig;r 14) had a potent

inhibitopy ‘effept._r'TEe amount fed bf P. strobj at the higher ..

concentratioﬁs of'piéerifone‘vas extremely }ou. |
v . . ‘

(+) -Camphor (Fig. 15) and liaonene (Ffb. 16) proved to ke
‘ vt B . ) .- 7 , — , .
inhIbitory to feeding at high concentratlo@i}(illcoxon tast,

whereas they -

o R \

Pé0.0S for (f;-canphdrand’2g9.01 for 1limonen
apﬁearedato be stinulatc#y ai low concentrations (P(O;iB for (+)
gamphor and P<O¥Of for &fadnene). The traﬁsitich concentrations
were 20pg and lpg, respectively. 1In each case (Eigs. f5-16),
the Ftraiqht lines fitted wo ;he mean feeding responses c¢n the
:confrol ahd {reated discs vere significantly different (ANOVA bn

regresion analysis using duamy variables, P<0.01).

The feeding beha;ior of P. strobi on Sitka spruce appears
to k2 determined primarily by non-volatile chemicals present on
the surface of the bark and heedles as well as within the phlcen
of the host tree (Tables XVI-XVIII). They are involved not Cnly‘
as incitants that elicit a feeding iesponse, but élso és
stimulants that maintain continuéus faeding. The active
chemicals appear to Le sevaral, some water soluble, and others

soluktle in pentane or ether.
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Pig, 16, Feeding respcnse of P. strobi +to agar-bark discs
treated (solid 1line) and untreated (dotted line) with various

concentrations ¢f limonene.
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Tpe imporf&nce of,resin volatilas :in the host selection
process by»‘conifer feeding‘ insecto' Qas been leng recoghized
](HOpkins 1902) ., Some @monoterpenes inhibit feeding whereas
others act as*attraotants (Stark 1365, Rudinsky 1966). Aalthough

‘the captured volatile chemicals from Sitka spruce bark and

needles did nct attract walking P, strcbi and did not induce

-

feeding, some mcnoterpenes appeared to complement or deter ‘the

stimpulatory action of non-volafile chemicals in the bark (Figs,.
9-16). My studies suggest that, like (+)-camphot and limonene
Ly . .
(Figs. 15-16}, othéz monoterpeﬁes could act at: low
concentratiooé as synergists of non-volatile feeding stimﬁlants,
and that .ai, highef concentrations they may cause feeding
inhibiticn, or, as shown by Smith (1366), _they may be toxic,
Further investigations, houevor, should include the study of

plant volatiles cther thar monoterpenes {¥ood 1972).

®

a .

The concentratiocn-dependent effect_of plant volatiles should be

considered in behavio:&l\experiments. when tested at only one

concentration, certain mono£erpenes might induce respthes quite
different from those at.highér\or:lower stimulus concentrations.,
In addition, olfactometric studiqs in uhich thevléngth of }iie
taken by the test insécts to cross an air,stream‘oontéininb host
volatiles is used as a neasugo of repgllency‘(Andergon ano

FPisher 1356, 13960; Bordasch and Berryman 1977), may fail to

distinquish between repellency and arrestment (a positive

N

:eéponse). My studies reaffirm that experiments on the fegeding

— /
: e}

L4
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inhibitory or stimulatory action of <chemicals should be

conducted over a wide range of ccncentrations.

. The choice feeding bioassay allows the insects to

—

diécrininate effectivély betyeen treated and control discs,
favouring the mos% suitable substrate-chemical comhinatidn. The
vweak correlations found by Soles (1970) between several indices
~of B. strobi attack and the monoterpens composition of the host

trées, are probably a result of the forced attack technique used
to evaluate resistance, A caqed insect confined to a subcptimal
host may lower its acceptability threshold, and feed on
relatively unsuitable substrates., This point was  clearly
demonstrated in Pigs, 4, 5. P. strobi sustained high feeding

levels on non-hoét tree species ,that were not freferred ‘in

> F
subsequent choice feeding experiments,

Carlson (1371) found that the concentration of limonene (the
only monoterpene that was attractive te¢ P. strobi in the
laboratory) increased in fast groving trees at the time when the

-,

veevils were dispersing.to find neﬁgpésté. He.intgrpreted this
observation by fosfulating ‘that hgst selecticn occurred in
response to limonene, However, By observations (;iq. 16)
R indicate tha£ a rise in limonene coﬁtent»in ;ﬂe bark, akove a

certain threshcld, would have a deterrent éffect cn the feeding
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of-g.,strpbi. Thetefore, it could be egually hypothgsized thét
Sitka sgpruce "tu#ns on" its resistance meéhanism aiithe time 'Sf ,
veevil dispersal.

»Pipefitone} which is primarily presént ié the needles
(Hrutfiord et al. 1374), caused a dr;stic reduétibn of feeding
as the céncentratibn increased (?iq. 14), and‘may\explain-the
" deterrency shown in Figq. 3. This\ chemrical cOuid play an
important roie in reSiricting feedintho the bqu, aé well as in
the - resistance mechanism of 'ttees with sufficiéﬁtly‘,hiéh
concentrations, The identification of such 'chemicalé and the
understandinq of their efféct on P. strobi may provide'thé

basis for the development of a sound screening,programlfoi trees

resistant tc this insect pest.

e

N

The final acceptance or rejecticn of a tree aé a hc;f\vis
probably detersined by a complicatedjprofile of Qolatile ;hd
" non-volatile compounds, Sdsceptible‘trees Houldlbe those)having ‘
an adequate diversity and quanéity of feedin§ siinulants and an

absence or a low concentration of feeding deterrents.

. s
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8.2, IDENTIFICATION OF CHEMICAL FEEDING STIMULANTS FOR P.
§ZROBI FROM THE BARK QF SITKA SPRUCE,

;“L. h‘ ‘

The inport&pge of chemoreception in the final phases c¢f host

selection has ;cng been récoqnized.‘»ﬂowever, undetstanding of

the host plant chemistry in relation to insect feeding has been

neglected in the past mainly because of the complex nature of

the chemical message, and technical difficulties in the |

isolation of plant chemicals. S~

The\chegical bases for hbst'éelection is’ known for a few
insqcfs (ﬂsiao and P:aehkel 1968a, b; Bananura\1970;.uumata et
al, 19%9),_a11 of thenm non-éonifer feeders. This éubject‘ ;as
reviewed by SChéonhoven (1968), Hedin et al. (1974) and Jermy
(1976) . | | |
'«k A prograam aimed "at isoclating and 'identif&inq chenicél
feeding stimulants for g.lsgrgb;, from the bark of Sitka
sbrncé,;was started in 1517, in ;ollaboration‘ uith Drs.‘ A;C.
Oehhlséhlaqer and HaeDo . Pierce, Jr. of the Chemistty‘
Departmenf; Simon *fraéer “University. The progress  of the

.program to December 1979, is indicated in Figs. 17 to 19. The

various stebs in the isolation were monitored using the standard

>

agar disc biocassay, by applying dissolved fractions to the

J
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g
b

Fiq, 17,  Flow chart of eitréction of feeding stimulant
fractions from Sitka spruce bark with water, pentane and ether,
with indicaticn of biological activity in paired agar discs

bioassays.
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Fig, 18. Flow chart of fractionation procedure of the pentane

*

extract of Sitka sprdCe bark, ' with indication of bioloqical

activity in paired agar discs bioassays.

e H TRAIALE nd +H o b St MK AN Aol



@ o € ¢ L6 ¢ 001
> v .. PFO® DFIIVE : JuEXeH 1343z 2InIXTw u:»baom . : |
* (9A735%) spunodeod v , o ( e
(69°0-21°0 3u) awrod saoK | S o
(eap3oe) .
: (9a3329) UOF3wa] ITPEIV ;
(£9°0-€5°0 3¥) pusq ppoe : T
o upsaz pue L3193 ‘(RO%)
, . ﬂo«u-o«u«aonnu
(®AT30W) :
uoyiIdw13] #IqQerjrucdes - uoy ° .
, - (9AT39W9) . : ‘ :
spunodmod JTswq puw T[exInay . .
= (Touung uorimaedes) - 30B13%0

= uor3Ivaedas TEITWIY) aueludg

(3Aa130W)
spunodwmod DTpIOV

(9A130®)

*SPTOw® A33®3] uBYyl
aeyod aazo0m spunodwmo)
Ao>ﬁuuu ‘3ou) _

nnn 0-0 3¥) 1 puvg (°a739w®)
spyow L331wy
~(9870-€£€£°0 F¥) (pTo® Sjiempdos]
(3AT30% £L19A) SPpIO® uysIy-

¢ puvg

(198 w>TTIS)
(3AT30W) = fydwiSojemoay> nl_..nooL
SPIOv UJSIY ==

: (3AF30® £194)
Ao.ﬁ-aoc.ouuvmuuum

4
(@Ar39® jou) spunodwod
iejod $83] pue S]0III§




99

Fig. 19, PFlow chart of fractionation procedure . cf- the ether
extract of Sitka spruce bark, with indication of bioloqical

activity in paired agar discs bicassays.
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'surface of one of 2 paired agar discs.

Sitka sﬁruée bark, froa léteral branches, was dried (60 C
' for 2uh§, and ground to a fine bowder. The bark powder was
extracted 5 times with hot vater in a Soxhlet extractor. Botﬁ
the hot w;ter extract and the ;residual bark cqntained high
féedinq stimulatory activity(Fig. "17). The water >éxtract has
not been studied . further yet, Ten of the most common w;tef
solubl® chémical§ found in plants were tested to determine
whether P. strobi would exhibit é feading resbonse to than;

The chemicals were:

=

. “; . Inositol
///( lf‘Ramnose
Dextrose
éucrose
Citric acid - , “
o(-Ketoglutaric ;cid
Malic acid |
Succinic acid
Sodium chloride

Poctasium chloride
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sucrose was the cnly chemical that triggered feeding;
however, the level of activity was 1low when coapared to

unextracted bark,

The hot ;ater 2xtracted Dbark ‘uas further extracted uifh
rentane and ether, and these extracts were further fractionated
using>different chemical techniques (Figs.17-19). The fractions
obtained are «ccemplex @mixtures containing sevaral’ feeding

4

stimulatory <chemicals, - Thin 1layer chromathograrhy (TLC}, and

‘nuclear magnetic resonance (NMR) analysis indicate that the most

active chemicals in the pantane extract are tesin. acids or
closely related chemicals (Fig. 18). A very active compound in
thg " ether éxtract seems to be a wax (Fig. 13). Both sxtracts,
however, contain several other unidentified chemicals that are
also active, The prccess of separation and identification of

stimulatory chemicals is still underwvay.
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9.0. INSECT FEEDING .AND OVIPOSITION DETERRENTS FROM WESTERN

RED CEDAR FOLIAGE ~
3,1. INTROLUCTION

The wood of western red cedar, gggjg plicata Doann, is
resistant to fungal decay due to toxic substances in the
heartwood (Bénnerfelt 1948, Erdtmann and Gr}penberg 1948, Roff
and Whittaker 13953, vVan Der Kamp 1975). Insect resistance,
houeﬁer, has been less studied, but Wellington (1965) and Barton.
et al. 31972) have shown that western red cedar wood cecntains
ccmpounds with juvenils hormcne activity. Hach and HcDonald
{(1371) fourd that +he wood extractive thujic acid had a

repellent effect on mosquitoes,

Little is known about the susceptibility of T. plicata to
attack by defoliating insects in its natural habitat, As fever

. I '
insects are reported on wvwestern red cedar than on ¢ther -

- e as GNP e Eh W @ Ea e e -

'Data collected in British Columbia by the Porest Inséct and
Disease Survey, Canadian Pofestry Service, indicates that
betwean 1372 and 1378, only 65 different  insect Epecies ‘were
collected fron :l plicata conpared} to Tﬂaé froa Isuga
heterophylla (gRaf.) Sarg. and 235 from Pseudotsuga menziesii

(dirtel) Francc (JemE. Harris, pers. comm., Pacific Forest

Eesearch Centre, <Canadian Porestry‘ Service, Victoria, B.C.).
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tree species, its foliage may contain chemical -feeding
deterrents, repellents’ or substances with insecticidal effect,

vanderSar and Bordem (1977b), investigating disciimination by

P. strobi, between syapatric host species, demonstrated

that the weevil would not feed on twigs of its normal host,.
Ssitka spruce, if they had been soaked in a crude'extract of
wvestern red cedar branchlets, These results were corroborated

vith T. plicata leaf oil kTable VII).

This section reports a series of experiments designed to
elucidate the chemical nature of the antifeedant activity of

western red cedar foliage using P. strobi as a test insect.

£

3.2, Methods and materials.,

3.2.1. Instrumentaticn
A Varian 210Q chromatecgqraph modified fcor use _uith glass
capillary columas and equipped yith a Spectra-Physics Autolah
Minigrator was employed for analytical gas-ligquid partition
p
chrcmatography (GLC). Analyses: were- carried out on the
following capillaries: a 33m x 0.,25mm ID column coated with

OV-101, a 23.4m x 0,27m3 ID whisker-walled coluamn coated with
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SILBB-IOC and a 23.2m:x C.28mm ID Hhiskér-ualled column coated
Gi;;,'Carbouax 205‘ (Séhieke- et al. i9§5, Sandra and Vefzele
1§77 } A varian 700 was wused fot Freparative GLC, and
s;%%iatiohs\ were - perfsrméd lon a- 152cm x 6f35mm 0D stainless
steel coiumﬁ{packed with 25% Ca:bowax 1540 “On‘-Chromosorb A
60/80, atl133 é, Combined gas chromatoékaphy-mass spectroscopy
(GC/M3) wés carried out with a HP5385/MS/DS mass sSpectrometer
inteffaced 'throddh é Pt-Ir capillary to a,30; x 0,25nm ID glass
capillary column coate?lwith SP-1000 (J & W Scientific, Inc.,

available from Supelco). Optical rotations of’neat~liquids wersa

measured with a Rudolph polarimetar,

9.2.2. Extraction cf trarnchlets and preparation of western

e

red cedar leaf e¢il

Western red cedar foliage was extracted as indicated in Fig.
20, Cadar branchleté (400gq) were macerated with 50% aqueous
alcoh01, in a +Waring Blender, The Syrupy pulp was allowed to
stand overniqht at 7 C, filtratgd through cheesscloth and the
residue' ‘discarded. The aquéqusl alcohclic sclvent 4in the
-filtrate was removed 6h a rotary evaporator. A portion of the
reéidue left in the rotary evaporatof was separated for testing:
(Praction A); the rest was triturated .uith ethanol, filtrated

-

under suction to give an ethancl insoluble and scluble fraction
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=

FPig. 20. Flow -chart of agqueous alcoholic extraction of

wvestern red cedar foliage.



Western red cedar -

"~ branchlets
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Condensate

Extraction with
ether, concentration
by distillation

Residue

Cedar leaf oil

(Fraction D)

-.-'—«‘b
Macerated
50Z ethanol
'Aqueou: aleoholice
pulp
Filtration (cheesecloth)
[‘ I
Extract Residue
Rotary evaporation
Residue
Total squeocus
alcoholic extract Trituration
(Yraction A) wvith ethanol,
" filtration
’ |
‘Ethanol Ethanol
insoluble soluble
residue filerate
(Fraction B) (Fraction C)
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(B and C respectively). f?hg condensatq in the receiver of tie

rotari evaporator was diluted™with water, and extracted several

: . 4 , . i - \
times with ether, The combined ethereal extracts were washed, |

dried (HqSO% ) and concentrated by distillation. The residual
0il (hereafter referred to as cedar leaf oil) was redistilled in
a microdistillation appératus ~at reduced -préésu:e 1apprdx.

0.58m) to give 0,559 of a colorless liquid “(Praction D). ’

9.2;3. Fractionation of cedar ieaf oil

Cedar leaf oil obtained from fresh braichlets by steaid .
distillation (von Rudloff 1962) was separated by preparative GLé
into fracfions as indicated in the analytical chromatoqfam in
Fig, 21, Analysis of the leaf oil by GC/MS (tenmp. prograanm,
60-160 C at 4 C/min) indicated that Fraction I contained, ipter’
g;;g,=<-pinene; myrcene, limoqene, f;terpinené and p-myrcene,
Fraction 1II cdnprised (=) =3-isothujone and (+)-3-thujone (H*
152) . T:fpinen-u-ol was the major component of fraction IiI.
{-)-3-Isothujone was isclated from redistilled cedar leaf oil by
preparative GLC, and was 97% pure by analysis on the 0V-101
qlass'capi}lary column (temp. pioqram, 85 C at 4 C/min).
(+)=-3-Thujone was prepared by the procedure of Hach et al.

(1371) and exhibited only one p2ak on tha SILAR-10C capillary

column (temp., program, 60-200 C at 6 C/min): ([o] = +78.6 (Lit.

o
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Fig. 21; Gas chromafpgramlpf cedar leaf oil- on the Carbowax

208 capillary ~column.,  Temp, prog.: 60 C until elution of
solvent, then u C/qin tc 1SQTC. Fraction I (F-I): mgﬁoterbene

hydrocarbons, FPraction II ‘(E?iI): thujones. - FPraction III

(P-1I1I): maijor peak'i$5terpinen—ujoi.

(RN
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{ex] = 78.8) (Hach et al. 1371). The extracts, fractions, and
compcunds tested for feeding deterrenéﬁactivity are indicated in

Table XXI.

9,2.4, Bioassays with P, strobi.

Feeding detérréncy to P. strobi was Stﬁdied with the paired
agar disc procedure describedb'previgﬁsly.”‘ One’ percent Sitka
spruce bark (dried ahdrfinaly powdered) from lateral branches
was incorporated intov the aggf as a feedinq stimulant,
Candidate antifeedant' stimuli were applied in solvent to the
lens paper covering cne of the paired agar discs while the other

sarved as a sclvent . control,

An experiment was conducted( to determine whether . fhe
fractions obtained in the aguecus alcoholic extraction‘of cadar
branchlets exhibited antifesdant activity ﬁith P. strobi.
Extracts were tested at concentrations equivalent to 0.5mgq of I.
plicata foliage. The solventé used were: 50% ethanol for the
total axtract (Fraction A); dié%illed ‘water for the
ethanol-insoluble fraction (B); pure ethanocl for the etananol
soluble fraction (C); and pentane for the volatile fraction D).
The amount of feeding was evaluated by counting the,nnlbéf'ofr

feeding punctures made in 24 h by 2 weevils into the surface of
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the treated and untreatad discs. The first 3 fractions were

tested usinqdzo replic@tes each, and the fourth included 15

¢
4 -

réplicates.

.In nother experiment, I studied‘geterrenéy to P, strobi of cedar
‘leaf oil and its  components when:-ptested ~at sinilar
) N o o
concentrations "to those which occut in npature ?;able XXI). In
western red cedar, the leaf oil acccunts for abbut 5.5% of the
ary fueiqhﬁ cf the foliage (von Rudloff 1962). Cedar leaf oil
was apélied {100pg) to the ﬁgper .surface of agar-spruce bark
discs, Since the weight of this paper surface is about 2,4mq,
the resultind concentration on the paper was about 4% of its dry"
we;qht. The experiment included 15 replicates ‘per' treataent

with 3 weevils per replicate, and was run for 24h in a growth

chamber at 24 C.

The deterrent effect of éedar leaf o0il on feeding by P.
. strobi on a naturﬁl“ shbst:ate was tested uéing Sifka spruce
twigs. The experiﬁental tnit consisted of 2 Sitka spruce twigs
(2cm loné), from lateral tranches, connected end to end by meané
of a headless entoaologicai}pin inserted fhrough the pith. One
of the tﬁiqs in each couple was dipped for 2 seconds in a 1%

»

pentane soluticn of cedar leaf oil, The second, control twig,
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was dipped in pure pentane, Each re?licate consisted vof one
pair cf conectéd  twiqs placed with a single wesvil under an
inverted glass~j?r (448 ml) over .a fiiter paper floor. The
e;perimen% lasted 24h and was evaluated by cbunfing the number
of feedinq punctures made by each " weevil on the ’tuiqs. ~ The
number of replicates for esach sex was 16, Except where othervise
indicated, ‘experiments vere run ét 20-21 'C on a ;aboratory-
Counter to§ with a naturﬁl photoperiod.

In all eiperiments, feeding deterrency vwas calculated as a
.percentage by sgbstractinq the amount of feeding on the treated
éiscs from the feeding on the contrcl and dividing the

-3

difference by the feeding on tha cocntrol,

9,2.5., Effect of cedar leaf oil on feeding and oviposition

of other insects

$

)

Insects in 3 species, the alder flea beetle, Al;icé ambiens

(Le Conte) (Cclecptera: Chrysomelidae); a leaf roller, Epigotia

solandrianpna L. (Lepidoptera: Olethreutidae); and the
red-tacked savfly, Eriocampa ovata " L. (Hymencptera:
‘ o

Tenthredinidae), were collected on Burnaby Mountain, B.C., where
they defoliate red alder, Almus rubra Bong., a species which |is

sympatric with I. plicata. The effect of cedar leaf oil on the
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feeding of these phytophagous insécts_was tested by givihq the
| insécts a choice betyeen one half of an alder leaf dipped for 2
seco;ds in a pentane solution of cedar ieaf cil and a
solvenﬁ-treated haif-leaf. The two halves ver; placéa on  moist

filter paper in a 10 cB glass petri dish. Four concentrations

of cedar leaf oil (0.01%, 0.1%, 1%, and 2%) were tested.

The experiment with adult A. ambieas inclﬁded 5 replicates
with 7 insects each. Fea2ding was evaluated by cournting }he.
number of feeding holes made by ¢the insects in i2h.‘ E.
solandriana and E. ovata larvae were tested in separate,
5-replicate experiments using 5 insects per replicate, Feeding
was evaluated with the aid cf a camera lucida; by drauing on
paper the area eaten in 24h, The drawings were then cut and

weighed on a balance,

Cedar leaf o0il was tested as an oviposition ‘deterrent for’
the onion rooct maggot, Hylemya gg;;ggg Meigen (Diptera:
Anthomyiidae), using the oviposition bioassay of Vernon et al.
(1977), in which H. aptigda is induced to oviposit into notches
cut around the 1lip of an inverted Nalgene beaker containing a
suspended onion slice, In the oviposition deterrency test
reported here; 390pg of i;déz\}eaf 0il, dissolved in pentane,

were applied to the filter paper under each notch. The control
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papers received only pentanes Two treated‘an&vtwc control éets g
of bicassay apparatus vere infréduced into each of 3 screen mesh
cages thatvcontained 25 gravid female flies, The nuqqgr’of eggs
laid urder éach heaker'after u8hlwere counted. The experiment

was repeated 3 times wifh\géfferent groups of insects.
3,3, Results and discussion,

The total aqueous alcoholic extract <cf western red cedar
branchleis had no significant antifeedant effect o; P. strobi
(Table XX). Surprisingly, the ethanol-scluble and insolubIé
fractions (fractions C and B, respectively) were stimulatory.
Only the fraction containing +the volatile 1leaf o01l, showed
significart feeding deterrent activity (Table XX). Analysis by
gas chromatography indicated that (=) ~3-isothujone and

(#)=-3=-thujone accountedmfb: more than 80% of the leaf oil, similar

to results réported by Von Rudloff (1962).

Table XXI indicates the rela+tive coaposiéion of the
conpcnenfs of cedar leaf oil. When tested at similar relative
concentrationg, all fractions thag comprise the leaf oil of
vestern red cedar had a deterrent effect on the feeding of P.
strobi. (+)=3-Thujone caused siqnificant inhibition at very lcw

concentrations (5pg) whereas the inhibition caused ty
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Table XX, Total numter of feeding punctures made by P. strobi
on agar-bark discs treated and untreated< with fractions of
wvestern red cedar foliage (Fig. - ZOfA tested at concentrations

equivalent to 0.5mg cf foliage.

Stimulus . Males : o Females

description antrol Treated Percent cbntroi Treated Percent
disc discb deterrency‘. disc disc - dat?trency

................................. pmmmmmm—m—mmmmmmm—mm———mm e

Total - | - g oo

extract 60 57 5.0 85 63 5. 8

S0% aqu=sous, -
athanol

solukble 27 72 *% -- 55 86 Bk

50% agueous, -

ethanol —
insoluble sy 87 -- 57 120% --
Volatile 20 1 *x 95.0\ 20 2¢%¢ 90,0

- D G P VD D D A WD O D AR G AL N G WP AP D NP WD WP WD OGP P WD G D W -------.\wﬁ-------a------o..

o . ' . .
BEach total includes 2C replicates (2 weevils each), except for the
volatile fraction which included only 15 replicates.,
,ﬂ
bt-test significance level on difference between treated and

control, indicated by: *=p<0.05, **=p<0,.01.
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{=) =3~Isothujone was lower and not significant. However,
additional testing showed that when the concentration of
(=) ~3-isothujone was increased to 100pg/disc, feeding inhibition

was highly significaant (t-test, P<0.01).

The experiment in which Sitka spruce twigs were dipped'in a
cedar 1leaf c¢il solution showed that cedar leaf oil derpressed

significantly the feeding of P. strgbi (Table XXII);

Alder flea lzetles fed significantly mcre on sclvent-treated
alder leaves than on leaves dipped in the cedar leaf oil
solution (Table XXIII), The feeding deterrency did Egt increase
proportionatly with increasing stimulus céncéntraticn,
suggesting that the lowest concentration tested may have been
above the threshcld for deterrency; thus the difference Eetween_
treatments is prcbably due to random variation., Cedar leaf oil

had nec effect cn the feeding activity of E. solapdriana and E.

ovata larvae which fed squally on treatad and untreatad 1leaves.

The leaf rollers (E. solandriapa) exhibited their nornAI leaf
rolling behavior on the trazated leaves before starting to feed.,
Ovipcsition by the onion root maggot was highly inhibited by.the
presence of cedar leaf o0il in the‘treated oviposition statioms.

(Table XXIV).
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Table XXII. Mean number of feeding punctures made by one 2.',
strobi on Sitka ‘spruce twigs dipped for 2 seconds in a 1%
pentane soluticn of cedar leaf oil, Contro; twigs were dipped

in pur= pentan=, N=16 replicatses for each sex, 1

weevil/replicate,

Sex Control ‘I'x:eated"L Percent
tested twig | twig deterrency
Males 2.5 0,5 *x 80,0
Females 2,3 1.2 * 47,8

%t-test significance level on difference betwean treated and

control, indicated by: *=pP<0,05, **=p<0,01,
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Table XXIII. Mean number of feeding holas made by A. ambiens on

red alder half-leaves treated and untreated with cedar leaf ocil.

- D A G WD D S WD P R > WD WD En G WD R D PR AR AD AP D WD WD WS G D WD WP W ap P G W D AR uD W An A e

Stimulus Ccntrol " Treated

concenfratibn | leaf | leaqu
(%) |

0.01 17,7 6.0 *

0,10 - 26.6 14,4 *

- 1.00 2802 10,4 *

2,00 o 26,2 7.0 #

-

- D R AR D N R AR L D R R R R AR AR D D DS D D D WD D D W AR AR D D D S AR D AR D AR WD Ee -

O¢-test significance level on difference tetween

control, indicated by: *=p<0,05, **=p<Q,01,

- . -

Percent

deterrency

66.1
45,9
60.3

73,3

treated and
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Table XXIV. Tctal number of =ggs laid by 25 H. antiqua on

cedar leaf oil-treated and untreated oviposition stations. N= 3

replicates per expariment.

R Dy A T GRS WD A A TS D W D D T D WD W WP WS A W D N R D WS D G R ED D WD AN R WD WD e D WD D WS G Gm e W

Experiment No. ccntrol Treated Percent
stations | 'stationsa deterrency
1 i 1660 186 *. 88.8
2 965 j 367 * 62.0
3 1763 162 *x 90.8
Total 4388 715 83.7

t-test significance level on difference between treated- and

control, indicated by: *=p<0,05, **=p<0,01,
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My experiments indicate that cedar 1leaf oil inhibits the

feeding of at least 2 phytophagous insects. These insects, P.

strobi and A., ambiens, must discriminate between I. ica
and their normal  hosts in nature, Howaver, other host

discrimina&icn mecﬁanisns must exist for insects such as E,.
solandriana and E. ovata which are not inhibited by cedar leaf
oil but uhich dc not feed on T. plicata in nature, Feeding
_(and possibly ovipositicn) deterrency may partially account for
the cbser&ed resistance ¢f wastern red cedar to foliage feedsers

in nature. However, the relatively high concentrations required

to elicit feeding inhibition and the lack of absolute deterrency

(Tables XXI-XXIV) suggest that applications of cedar'leaf 0oil or

its components as commercial feeding deterrents are unlikely.

, v
e
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10.0.CONCLUDING DISCUSSION, - .

-

The agar disc bicassay de%eloped guring‘ the course of this .
research was effectively used to stﬁdy the intimate chemical
interactions that determine whether or not a plant is accepted'

or reiécted as food by a phytophagous insect.

Host selec;ion behavior by P. §3£ggi can be cdnsidered' aé a
seriés of éequenfial steps including host tree finding, ICQEEEEP
of the correct feeding area within the tree,"teétihg and™
acceptance of theibark surface as a (feedinq substrate, énd. :

raintenance of feeding,

Il
“

Host finding behavior exhibited by P. strobj in fthe Afieid,
suggests that olfacticn, besides vision (VanderSar‘aﬁd Bo#den
1377a) , may play a‘role in host finding. Hgﬁever, monoié;pené
hydrocarbons, the major volatile compcnents in Si}ka sﬁruce,';-
failed'td attract wvalking p, sf;ogi'in olfactometric‘lstudies.
Defection of olfactory responses in P. strobi ﬁaylneed the

development of novel ol factometric techniques..

After.landinq on tpe tree, the weevils may " be orfénted to
feeding on the bark bj-taciile stiguli. and shorifrange olfactory
stimuli, Feeding deterrents in the needles (Fig, 3) may ‘serve
to rtestrict feeding to the bark surface, once on the bbaxk
surfacé, the insects must initiate the next ster in %he hcst
selection sequence: ‘the biting 'response. feedinq .stilulaﬁté

pr?éent in the cuticle of the leader surface may trigger this
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érucial step (Table XVIII). Chemical analysis currently being
pérforned indicates  that the cuticular feeding stimulant is a
uak or a closely related chemical, It is possible that“ ﬁailure“
to tfiqqer a biting response may be an iﬂportant_factér ih
determining that some conifer species are not harmed by this
insect,
. - . v

Maintenance of feeding fcllows a biting —response <c¢nly 1if the
hixture Jof chemicél feeding stimulants in the inner bark of the
leader is approriate for the weevil, Feeding response stimuli
for P. strobi on -Sitka spruce comprise a complex mixture
coptaining severai chemicals with different properties (Tatbles
| XVIi-and_XVIII, Figs. 9-13), The distribution of the chemiqals
-uithin"sitka spruce trees correlated well uith‘the preferred
sites for feeding by the weevils (Table VIII), i.e. the leader
bark. Chémical feeding stimulants appeared to be present in
larger quanfi;ies or in better blends in the phloem of the
tiees. ,Volatile' BRonoterpenes appear to synergize non-volatile
stimulants in the  bark (Figs; 9-11), Sonme volatile
chemipals, }articularly piperitone, 1limonene, and (+)-camphor

had a deterrent effect on feeding when present above a certain

threshold concentration, .and may play a role in the resistance
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to ipsect attack,

Extensive ‘testing of conifer and non-conifer species
demonstrated that *the‘che@ical stimuli triggering feeding vary
in intensity ;mong the species tested (Figs. 4-6) . The
chemical stimuli are optimal only in the host Sitka spruce and a
few othér conifers (Fig., 5). Since the stimuli in Sitka spruée
are made up of a group of chemicals, apparently acting in
concert, it 1is possible to hypothesizé‘that plants eliciting a
low feedinqg response have an incomplete set of stimulatory
chemicals. The preferred host is probably selected over other
coincident conifer species because it contains a complete array
of stimulants in appropriate concentrations. The identifici{ion
of the various chemicals involved, especially the key cheniégis
determining host specificity, may provide the basis far
developing resistant varieties by removing key chemicals fron;

otherwise susceptible varieties.

This thesis has also shown that Q. strobi is senmsitive to
chemicals that have a feeding dJeterrent actiom (Table VII).
Feeding deterrents exist within Sitka spruce trees (Table XIV, -
Fig. 3) and in several non-host speciegr(Fiq. 6, Tables VII,
XX-XXII). Introduction of feeding deterrents into susceptible

varieties, by inter-specific hybridization with more resistant
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' t ¢
species, (like . Pice omorika), and perhaps selection  for

" deterrents already present may prcve to te productive means of

of developing resistance for the weevil. ._h//////

¢

B. strobi méy Valso be sensitive to variation in
bvipoéitional stimulants and the nutritional qualitybof the host
plant (Table XII). Ovibositional resistance was postulated by
vandersar (1978) as a possible explanaticn fcr the failure of P.
strobi to colonize P. monticola in British Columbia. Removal
of ovipositional stimulants or key nutrients froa suscqptible°
varieties of Sitka sprﬁce may produce lines that do not support

a‘healthy, fecund weevil population,

The process of host selection by P. strobki and of
resistance by host and ncn-host plants is complex and involves
physical ahd morphological factors identified by earlier Horkgrs
(stroh and Gerhcld 1965, VanderSar and Borden 1977a), and coipiex
biochemical interactions between the plant and the insect,
Elucidation of the nature of this interaction may grove to be a
landmark in the understanding  of host selection by

conifer-infesting insects.,
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