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FOREWORD

The white pine weevil, Pissodes sirobi Peck, can be found in nearly all regions
of Canada and the U.S. It causes severe deformity and growth losses by
damaging a tree's leader, which results in reduction of merchantable wood
volume (30 to 40% in serious attacks). These attacks have brought the planting
of Sitka spruceto a stop in coastal BC and are threatening the millions of
spruce seedlings planted in the interior of BC during the intensified reforestation
efforts of recent years. In eastern Canada and theUSA the weevil has limited
the planting of eastern white pine and spruce.
The goals of the white pine weevil workshop, held from January 19-22 1994 in
Richmond (B.C.), were to consolidate current scientific knowledge concerning
this pest, andto map out a strategy for future research and funding
requirements through the formation ofa national R&D network. Organized by
the Pacific Forestry Centre and the
BC Ministry of Forests, the workshop
received financial support from the Forest Resource Development Agreement
in
FRDA 11, and from the Science and Sustainable Development Directorate
Canadian Forest Service (CFS) Headquarters throughthe IFPM Working
Group.
Thirty-three papers were presented on weevil research and management
including biology, damage, genetics, silviculture and control. Total attendance
was approximately 85 people. Participants came fromB.C., Alberta, Ontario,
Quebec, the states of Oregon and Washington, and even from Chile. Affiliations
included government (federal, provincial and state), forest industry, universities
(researchers and students), consultants and private companies. Six the
of eight
CFS establishments were represented.
Participants went on a field trip, where the existenceof resistance to weevil
damage, as well as the consequencesof lack of control were demonstrated.A
second field trip demonstrated the potential for silvicultural control through
spacing trials, as well as by interplanting rows
of spruce with rows of shade
trees.
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The workshop delivered the following important information:

-The weevil problemis increasing in Canada.'Past ecosystem disruptions and
intensification of reforestation efforts has resultedin increased availability of
susceptible hosts (youngand vigorous spruce or pine) forthis pest. This
situation will inevitably leadto dramatic increasesin weevil attacks in these
regenerating forests.
-Considerable progress has been made towards finding solutions
to this
problem, particularlyin the areas of genetic resistance andsilvicultural control.
-Such solutions will require the use of various control methods coordinated
through an integrated pest management(IPM) system that is tailored to each
host tree species and region. Such a management system aims at restoring
ecosystem balance.
-There is an urgent need for national coordinationof research and development
activities byall agencies, so as to ensure maximum efficiencyand to focus
opportunities for success. In particular, the need fora coordinated approach to
obtaining and delivering funding is required.
It was clear fromthis very successful workshop that there
is a need for
additional research on the white pine weevil, and
also for coordination of the

overall efforts in Canada and abroad, so that researchers may learn from each
other and speed progress in light of their past experiences. It wasalso clear that
participants agreed on the need for
an ecosystem-based IPM strategy to deal
with this pest. All participants acknowledged thata National Network would be
an essentialtool to address these needs.
Rene Alfaro
Gyula Kiss
Gerry Fraser
Victoria, July 19th,1994
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The weeviland the foresters
Please Mr. Weevil,
let us plant our trees
Please, all you Foresters,
get down uponyour knees
Go ahead and plant there,
while my thoughtsstill roam,
On reconsideration,
1'11 use themfor a home.
J.H.Borden
20 Jan 1994
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Ministry of Forests Perspectiveson Spruce Reforestation in British Columbia

P. M. Hall
British Columbia Ministry of Forests
Silviculture Branch
3rd Floor - 3 1 Bastion Square
Victoria, B. C.
V8W 3E7
Summary
Spruce, Picea spp., is an extremely important and desirable cor
uferous sDecies in British
Columbia. Stands of spruce contribute greatly
to timber production in &e province, but are
also
closely associated with other resource values such as aesthetics and recreation. Spruce is
of the province as wellas in coastal areas.
extensively used for reforestation in the interior
However, large interior plantations are reaching an age and size that is susceptible
to terminal
to
weevil, Pzssodes strobi Peck., attack. As well, spruce plantations in coastal areas are subject
heavy attack by terminal weevil, often preventing plantations from reaching free growing status.
to weevil related hazard.
Spruce is not planted in some coastal areas due
At present, few,if any, practical options are available
to minimize weevil damage in susceptible
to allow the continued use of spruce for reforestation
stands. An integrated approach is necessary
and to protect those standsalready established, but prone to continued damagefiom weevil
attack. All possible options suchas tree improvement that incorporatesresistkce and tolerance
to weevils, direct control, planting according
to hazard, and others must be incorporated intoa
comprehensive management system. Coordinated research betweenall research agencieswill be
necessary to provide sucha management system in a timely fashion.
Introduction
to the province. Benefits from
The forests ofBritish Columbia provide a wide range of benefits
the forests to the province come fiom stumpage
and royalties from timber production, fiom
and the
tourism and recreation, from cultural heritage, wildlife, watersheds, and more. Forests
Part of the
various valuesfrom the forests are integral to the perception of British Columbia.
values derived from the forests result from the composition and species diversity across the
ecosystems of the province. Tree suitability
to sites, growth rates,tree form, wood quality and
properties, and other attributes determine the respective value
of different tree species.

Spruce, Picea spp., is an extremely important and desirable coniferous species in British
Columbia. Stands of spruce contribute greatly to timber production
in the province. For
instance, in 1990/91, the volume of spruce harvested in the province totaled almost
15 million
cubic metres, which represented approximately20 per cent of the total harvest (Ministry of
Forests 1992). Of this, about 1 million cubic metres came fiom coastal areas and the rest fiom
$8.16.
the interior of the province. The average stumpage rate for spruce in this period
was This
is exceeded only bythe harvest levelfor lodgepole pine,Pims
harvest volumefor a single species
contorta var. Zatifolia Engelm., (Mmnistry ofForests 1992) and reflectsthe wide distribution of the
species inthe province. As well, spruce is also closely associated with other resource values such
as aesthetics, recreation, and wildlife.
is continuing at a
Obviously, with such arate of harvest, reforestation of these sites with spruce
high rate (Table1). In the interiorof the province, there are now thousands of hectares of pure
spruce plantations entering age and size classes that are susceptible
to damage by the terminal
weevil, Pissodes strobi Peck. Approximately 34,000 hectares are judgedto be currently
susceptible in the Prince George Forest Region alone, an
and
additional 100,000 hectares will
likely become susceptible within the next5 to 10 year period ( S . P. Taylor, personal
communication). In many areas, weevil damage has already been detected at varying levels.Such
incidences of weevil are expected
to continue and increase.

Table 1. Number of spruce seedlings planted on Crown land
in 1990/91.
(Ministry of Forests 1992)

George

REGION
Cariboo
Kamloops
Nelson
Pr.
Pr.
Vancouver
Total

Engelmandwhitel

56,6 15,000

114,849,000

Sitka*
0
11,378,000
0
19,394,000
14,606,0000
0

3 73,000
1,523,000
1,103,000
1,896,000

1.P. engelmannii PanylP. glauca (Moench) Voss
2. P. sitchensis (Bong.) Carr.

krther
arethousands
On the coast, where the history of spruce harvesting is much longer, there
of hectares also at a susceptible stage.
History has shown that the threatto spruce plantationsfrom weevil is very real. In coastal areas,
historic damage levels have been very high in many locations are
which
prime spruce growing
sites. In fact, planting of spruce
has been proscribed because therisk of weevil related damage
is
high - older spruce plantations
in these areas are repeatedly attacked
by weevils and frequentlydo
not reachfiee growing status (Heppner and Wood 1984). In two coastal forest districts,
approximately 20,000 hectares were previously stocked with Sitka spruce; however, on
as hemlock, cedar, and alder mixes.
reinspection, many of these plantations are now classified
@. Heppner, personal communication).
Intensive weevil pressure has caused a species change
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The Queen Charlotte Islands represent a special case. Spruce is extensively planted in the
Charlottes and the sites represent some of the most productive spruce sites in the province.
Currently, as far as isknown,terminal weevil is absent fromthe island; spruceis widely planted,
with estimates of up
to 50,000 hectares of spruce plantations now at a stage where they would be
susceptible to weevil damage. Management agencies are very concernedthat the weevil not be
introduced to the Charlottesand will goto some lengthsto protect valuable spruce stands.
Impacts of Terminal Weevil

What exactly does the weevil do?
Why are we concerned? After all, we live with a variety of
potentially damaging organisms and commonly accept certain levels of damage. When damage
increases past some threshold level, we also commonly apply treatments
to reduce thedamage.
w h y can't we deal with terminal weevils
in this fashion? The main issue isthat we have no
options to cope with weevilsat the present time otherthan avoidance of planting spruce in
identified high hazard areas. Avoidance cannot be considered asan integrated approach,
especially when thetree species in question isas widely distributed andas valued as is spruce.
Terminal weevilsare insidious damaging factors. While they do not trees
kill outright, they can
cause serious deformations which, while leaving trees on a site, compromise
the intent of
producing commercially viable stands, particularly for sawlogs. Further, weevils
are not
many of the defoliators such as western spruce budworm,
Choristoneura
"transitory" pests like
occidentalis Freeman, and Douglas-fir tussock moth,
Orgviapseudotsugata (McDuMou~~).
canWhat
start of€
Rather, once weevils arrive on the scene, they stay and increase over time.
with as a relatively minor1 or 2 per cent of stems affected can, within a short span of years,
trees can be reincrease to annual levels of up to 30 per cent of stems affected. Many individual
attacked several times. Couple this with the information that usually the tallest and best growing
trees are infested preferentially,
and'it can be seen that a plantation established
to provide sawlogs
at rotation age can become worthless, requiring additional efforts and expenditures
to start again.
Concerns

As stated above, spruce is not planted in some coastal
areas due to weevil related hazard.
Similarly, the impact of weevil is becoming a growing concern in extensive spruce plantations in
are available to minimize
the interior ofthe province. At present, few, if any, practical options
weevil damage in susceptible stands.An integrated approachis necessary to allow the continued
use of spruce for reforestation and
to protect those stands already established, but prone
to
continued damage from weevil attack.
The range of control options available is substantially smaller than the range of research
few ways:
opportunities. Control, or management, has been attempted in the province inaonly
0
0

0

clipping and disposal of infested leaders;
spraying of insecticides on an annual basis (carried out by the Canadian Forest Service in the
1970's to protect a very small number of trees); and,
avoidance of planting spruce in identified high hazardrisk areas.
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With the possible exceptionof avoidance, these efforts have met with limited success, at best, and
lack a certain levelof coordination and elegance. Clipping proved extremely labour intensive and
- the practice has been discontinued in the Vancouver Forest
expensive with inconsistent results
Region except under special circumstances. Spraying.again seemed
to be impracticalto protect
at expense of
large plantations. Avoidance of planting spruce obviously works, but the
encouraging lesser valued trees on prime spruce sites.
Research efforts into the biology, impact, and management
of terminal weevils has fairly long
this insect also
history in British Columbia and an even longer history in eastern Canada where
Past and current research have looked at a wide
causes damage, albeit on different tree species.
range of issues relatingto weevil biology and management. Someof the topics have included:
0

0
0
0

0

hazard rating based on day-degree requirementsof the weevil for development;
development of damage estimation methods and models suchas theSWAT (Spruce Weevil
Attack) model developed at Pacific Forestry Centre;
direct spray trials to protect leader growth;
enhancement of biological control agents;
silvicultural manipulationsto encourage deciduous overstory; and,
the identification and propagation of resistant or tolerant genotypes.

Some fairly Iarge-scde trials havealso been put in ptace to Iook at the effectiveness
of insecticide
usage, useof biological agents, effectof overstory and shading, and
the useof genetically
improved stock. The resultsof some of these investigationswill be broughtforward during the
rest of this symposium.
While a successhl management system is likely predicated on studying
the biology, population
dynamics, genetics and impacts
of the weevil and host themselves,
it is important
to consider that
the overall objectiveis not to control the weevil. Ratherthe overall objectiveof all lines of
will produce and maintain
research should beto develop forest management practices that
for spruce.
productive spruce stands on those sites most suited
Proposed management practicesmust balance the needto reduce the levelsof weevil-caused
damage while encouraging the maximum growth potential of the site. For instance,
the useof
dense deciduous overstory may substantially reduce levels
of weevil infestation, butat what cost?
Wdl those same levels
of overstory also significantly reduce
the rate of leader growth on the
crop
trees - unduly extending the rotation period or allowing other tree species
to out competethe
intended crop trees? Or is there a balance that can be achieved whereby acceptable
of levels
weevil incidence occur and leader growth is not drastically reduced. Acceptable thresholds of
damage versus growthmust be established.
It must also be kept in mind that no single techniqueor practice is a panacea. For instance,the
development of spruce resistance
andor tolerant planting stock would be a substantial and
important tool for spruce
management. However, what are theplanting strategiesnecessary for
this material- should these clones be planted in pure plantations? Mixed with "sacrifice"
susceptible types? Mixed with other species? Again, development work on
the implementation of
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various options must go hand in
hand with the development of the options themselves. General
planting and stand tending practices that incorporate both overstory shading and genetically
improved stock will have to be developed.
We would prefer a range of options for dealing with spruce weevil including direct control (both
biological and chemical), species manipulation, genetic enhancement, stand manipulation, and
others. It is necessaryto develop an integrated research effort that is firmly rooted in the context
of operational potentials. It is important to keep overall goalsin perspective and not curtail
to fund new opportunities.
"basic" on-going researchwork because of the perceived need
While such issues as biology, population dynamics, overstory manipulation, and genetic selection
of each other, eventually thesewill
are important and must be studied somewhat in isolation
have to be amalgamated. The overriding questions to be answered are: whatare the damage
thresholds and what are themix of treatment, various planting regimes, silvicultural
manipulations, and other tactics that will allow a plantation
to reach free growing
status?

AI1 possible options must be incorporated into a comprehensive management system. Researchers
in the province are extremely talented; however, the overall resources for forest health research
and specifically research on terminal weevilsin the province are limited. Therefore, a coordinated
research program betweenall research agencies will be necessary
to provide such a management
system in a timely fashion.
Conclusion

Spruce is highly
a
desirable and valuable species for reforestation both
in coastal and interior
areas. However, many areas where spruce is most suited are
also those areas where
the successful establishment of spruce plantations is at serious risk to
dueactivity byPissodes
strobi.
Spruce is a highly prized commercial species for production of sawlogs. The value of spruce
to
the forest industry is high, and the uses
to which it can be putare varied. Spruce is specifically
adapted to many sites in coastal and interior areas. Removal of spruce
as a commercial species
for reforestation would mean the purposeful cultivation of species less suitable and productive
over large areas. Growth would be less, wood quality may be less, and resultant value would be
of
less. This must be consideredin the light of decreasing productive forest land base, imposition
alternate silvicultural systems, and a need
to implement ecologically based forest management.
The continued use of spruce, therefore, becomes increasingly important
to allow us to:
1. regenerate the most suitable speciesto a particular site;
2. maintain sustainable yield objectives;
3. maintain the value of the forest products
to the province; and,
4. to ensure thatan important, valuable, and majestic tree species continuesto play a substantial
role in forestry for the long term.
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To accomplish this,the currentand potential impacts of terminal weevils must be accounted for.
There is a very real need for an array of tools and prescriptions which will allow
to bespruce
used
where appropriate. At present, these tools are not available,
or only in the developmental stages.
The delivery of these tools must be encouraged,only
but in an integrated manner.
It is our hope that an integrated and directed research and development program regarding
management of teminal weevils be established that incorporates
the following:
1. studies in the most promising directions,
2. development of decision aids suchas impact models and hazard rating systems;

3. implementation of demonstration sites and operational trials; and,
4. eventual (hopefblly early) implementation of cost effective practices that can
be incorporated

into ourmanagement systems.
This symposium is intendedto examine a wide variety of aspects relating
to terminal weevil. The
final workshop is intended
to at least begin the formation
of a consistent strategy for development
and implementation. I hope that both objectives are met.
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The white pine weevil
in British Columbia: biology and damage

Rene 1. Alfaro
Pacific Forestry Centre
Canadian Forest Service
Victoria, BC
V8Z 1M5

Summary
This paper summarizes the biology, epidemiology and damage caused by the
white pine weevil, Pissodes sfrobi Peck, to spruce regeneration(Picea spp.)
in British Columbia. The process of host selection, i.e.,the various steps by
which P. sfrobi selects and acceptsits host for feeding, oviposition and
larval
maturation, is reviewed in detail with the purpose of identifying
possible
places where sources of genetic resistance could be identified.

Introduction
The whitepine weevil, Pissodes sfrobi Peck, is a serious pest of
reforestation and natural regeneration, causing severe
damage to Sitka
spruce, Picea sitchensis (Bong) Carr., Engelmann spruce, Picea engelmannii
Parry, White spruce, Picea glauca (Moench) Voss, and their hybrids, in
British Columbia, BC. This weevil is widely distributed in North America,
et a/. this volume), in the
being found in most provinces of Canada (Humble
states of Washington and Oregon as well as the eastern
United States. The
pine, Pinus
hosts attacked in eastern North America include eastern White
sfrobus L., Jack pine, Pinus banksiana Lamb., and Noway spruce, Pima
abies (L.) Karst.
The biology ofthe P. sfrobi is as follows (Silver1968). The adults overwinter
in the duff, ussually near the
tree from which they emerged
in the previous
fall. Early in the spring (late March, April), adultsfly or crawl to the terminal
leader of host trees and commence feeding and mating.
Oviposition begins
soon after. Eggs arelaid at the tip of the leader, just underthe apical bud, in
feeding punctures which are then covered with a fecal plug. After hatching,
the larvae orient downwards and begin consuming the phloem.As their
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galleries merge, the larvae form the characteristic "feeding ring",
in which
larvae move downwards in synchrony, consuming all phloem around the
circumference of the leader. This causes
the girdling and destruction of the
leader. Pupation takes placein chambers excavated in the xylem and
covered with wood fibers. New adults emerge from late July to September.
After emergence, thesefall adults feed for a while, disperse,
and when
temperatures dropand photoperiod shortens, they
go into hibernation in the
duff.
Depending on local climatic conditions, there are variations to this life
north coast, or at higher elevations in
cycle. In colder situations, such as the
the BC interior and Rocky mountains, a proportion of the population may
overwinter as pupae, as teneral adults and possibly as mature larvae.
Another variation, known to occur
in interior spruce, is the re-attack of trees
a new leader
attacked in the previous year and which have not yet developed
(Cozens 1987). In this case, oviposition occursin sections of the main stem
of the previous generation. If populations are
under the emergence holes
high, this prows of re-attack can continue
for several years,resulting in topkilling of internodes, to stem diameters of several centimeters.
After successfulattack the tree may take from oneto several yearsto resume
height growth, depending on growing conditions. Fast growing trees,on
good sites, are able to develop a new leaderin one year. In the process of
recovery, branchesfrom the upermost whorl below the damaged terminal
twoor
years with
compete for dominance and the tree remains for one
multiple leaders. Most commonly only one leader will succeed, however,
forks sometimes develop. Depending on the number of internodes
destroyed and the growth characteristics
of the tree a permanent stemdefect
could form at the point of injury. Alfaro(1989a) and Alfaro and Omule (1990)
give descriptions ofthe defects caused bythe white pine weevil. Alfaro
(1989a) found that, of 441 attacks followedfor a period of 9 years at Nitinat
Lk., 36% recovered completely anddid not developinto any significant stem
defect. Out of the remainder, 9% developed into minor scarsand 45% into
minor crooks. Only 7.3 and 2.7% of the defects were major crooksand
forks.

Epidemiology
Being a native insect, P. sfrobiis always present in spruce forests, however,
in natural, undirsturbed stands it is a .rare insect. Biodiversitystudies in the
virgin forests of Carmanah Creek, on South Western Vancouver Island,have
yielded very few specimens ofP. sfrobi (N. Winchester, pers. comm., U. of
Victoria, BC). The rarity of P. sfrobi in natural stands can be explained by
the fact that in these conditions, spruce ussually regenerates underits own
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shade. Taylor ef a/. (this volume) demonstrated that the weevilis negatively
affected by shade. In eastern Canada, Wallace and Sullivan(1985)
concluded that dense, shaded habitats are unfavourable for theweevil and
suggested that adult weevils
may require certain conditions of temperature
and humidity for feeding and oviposition which are sub-optimal
in the shade.

Also, spruce regeneration under shade
grows slowly, producing short,
etiolated leaders which contain less food for the weevils. Food supply
(availability of upright leaders with thick phloem) plays an important
natural
regulatory role in the population of the white pine weevil. Often these
stands contain mixed species which reduce the host density per hectare
forlarvae.
decreasing thenumber of oviposition sites and food supplythe
The capacity of spruce to regenerate under
its own shade (shade tolerance)
with the
is probably atrait that arosein spruce during its long association
weevil. Co-evolution probably favoured adaptations in spruce which
prevented the weevil from totally annihilating its host.
In these natural stands
the whitepine weevil q n be found mostlyin exposed regeneration occurring
in stand edges or in openings, such as those createdby the fall of older
trees. In natural conditions outbreaks developin response to catastrophic
c
ih create anditions for the
events suchas fire or wind storms, wh
development of large patches of open-grown spruce regeneration.
The widespread adoption of clearcutting
in the 60s and 70's and the planting
of single-species stands, created optimum conditions for weevil development.
Plantation of large areas with vigorous regeneration created an enormous
food supply, planted in open stands where heat accumulation is more than
appropriate for weevil development (McMullen 1976). Under these
conditions population explosions or outbreaks developed.
The epidemiology of the white
pine weevil on single-species Sitka spruce
Omule (1990) and
plantations in coastal BC was described by Alfaro and
coincides with the description ofMitchell ef a/. (1990) for coastal Oregon.
5 years
Outbreaks of thespruce weevil begin when plantations are about
then the population grows exponentially
old. First a few trees are attacked,
to ratesof 3040% trees attackedper year (Fig. 1): The rapid increase in this
initial stage is due to the large proportionof trees available for attackand to
c
ih further increase
the fact that many attacks resultin multiple leaderswh
oviposition sites and food supply. After thisperiod of invasion,the rate of
attack diminishes and the percentage of trees attacked each year
estabilizes
at high levels, with annual fluctuations
due to the variable effects of the
mortality factors operating on the population (weather, natural enemies,
larval crowding, and others).This stability phase may last10 to 20 years and
is caused by equilibrium between the weevil population
level and its food
supply: the number of attackable leaders.
In good sites, where vigorous
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growth ensures arapid development of new leaders,the stability level is
higher than on slow growing plantations.
Gradually, this equilibrium givesway to a populationdecline phase, in which
the rate of attack drops to about5% per year byplantation age 30 40
years. This level is considered endemic for the white
pine weevil in coastal
BC. The reasons for the decline are probably multiple.
By this age, the
plantation has passed its stage of mostrapid height growthand inter-tree
competition increases.This brings about a gradualreduction in leader size
of canopy closure,
and food supply. It is also possible that, with the onset
there may be changes in the stand microclimate which may have a
negative
impact on weevil survival.

-

Decline
Equilibrium
increase

40
Trees
Attacked

30

(%/year) 20

10

0

0

5

10 15 20 25 30

35 40 45 50 55 60

Stand age (years)

Fig. 1.Typical course of a whitepine weevil outbreakon open-grown Sitka
of rapid increase, a
spruce in BC. The population passes through a stage
phase of insect-host equilibrium and a decline
phase.

In addition tofood supply, climate also plays regulatory
a
role in the
population dynamics of the white pine weevil. For Sitka spruce,
the highest
hazard areas are the interior of Vancouver
island and mainlandlocalities
away fromthe ocean. The weevilis gradually less frequentin close proximity
to thecoast where the cooling influence of the ocean prevents
the
accumulation of sufficient heatfor development. McMuElen (1 976) calculated
that a minimum heat accumulation 888
of degreedays above 7.2C was
necessary for completion of weevil development.
Food supplyand climate gradient regulation indicate that outbreaks of the
white pine weevil are pulse gradient, as defined by Berryman(1987). In
these outbreaks populations do not spread from
local epicenters to cover
in sifu, in response to changesin the favourabiiity of
new areas but increase
the environment,in this case theavailability of vigorous leaders. Pulses
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originate by sudden environmental changes which increase the number
of
available oviposition sites andfood supply for the larvae, such asplantation
of single-species stands, the release of young trees from brush competition
and fertilization. These outbreaks are limited by climate gradients.
of Hylobius abiefis L., which breedsin tree
Berryman (1987) cites outbreaks
stumps, as being typical pulse gradient.In this case the key regulatory factor
is the number of stumps available after logging.

Intra-stand dynamics
Attacks bythe white pine weevil donot occur at randomin a plantation.The
dynamics of attack and spreadwithin stands is determined bytwo
characteristics of P. sfrobi : preference forthe most vigorous leaders
(longest and thickest) and population aggregation.

In Sitka spruce, P. sfrobi has a definite preference for attacking
the longest
leaders (Silver 1968, Gara efal.1971, McLean 1989, Alfaro 1989b). This
behaviour is of high fitness valuefor P. sfrobi. Oviposition on vigorous
leaders ensures abundantfood supply and therefore, higherlarval survival.
Calculations on the 9-year record presented by Alfaro (1989b)
for a Sitka
spruce stand near NitinatLake, on Vancouver Island, indicate that, over
the
31% longer than those that remained
entire period, attacked leaders were
unattacked. Alfaro( I989b) developed equations to describe
the increasing
probability of attackwith increasing leader lenght and population level.
This
behaviour is also manifested in interior'spruce (Table 1).
Table1. Lenght (cm)of interior spruce leaders attacked and not attacked
by
the white pine weevil in an interiorspruce plantation near Clearwater,BC.

erence Not Attacked Year

1990

33
39

1991
1992

21

1989
25

attacked
27
30
20
15

(%)

22
30
20
40

Dispersal studies using mark and release techniques (Harman 1975, Mehary

et al., this volume) indicated that, within a plantation, P. strobi does not fly
very far. After oneyear, most weevils remained close to the point of release.
This induces population aggregation and
the development of infestation foci
in a stand. Most attacks occur within a short distance tree
of a attacked in
the previous year (Fig. 2).Alfaro and Ying(1990) and Alfaroef a/. (1 993)
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compared the distribution of the numberof attacks per tree with predicted
values from a Poisson distribution and concluded that attacks
do not occur
independently from each other
but that attack on a tree increasesits
chances of re-attack.

I

50
45

--t Nitinat

-IG. Timbers

40

35
Attack (%)

30
25
20
15

IO

5

0
1.5

3

4.5

6

7.5

9

10.5

12

13.5

15

16.5

Distance from previous attack (m)

Fig. 2. Percentage of Sitka spruce trees attackedin a year versus distanceto
the nearest tree attacked in the previousyear. Data fromtwo plantations with
several years of observation: Nitinat Lake, on Vancouver Island and Green
Timbers, near Surrey, BC.

Natural enemies
Weevil populations are subjected to parasitism and predation by a complex
of natural enemies (Alfaroet a/. 1985, Silver 1968) which include insects,
arachnids, birds and mammals. Thedipteran predatorLonchaea corficis is an
important predator ofP. &obi larvae and pupae (Alfaro and Borden 1980,
Hulme 1989, 1990). These natural enemies may play a
role in maintaining
populations at the endemic levelin natural stands, however, they seemto be
In an
insufficient to bring about control under epidemic conditions.
experiment where natural enemies where excluded from attacking
the
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weevils, Alfaro and Borden (unpublished), calculated that natural enemies
were responsiblefor only a6% reduction in the population offall-emerging
of adults emerging pertree
weevils in the plantation studied. The number
was more related to leader size. However, enhancement ofnatural
of
enemy
a
populations, in combination with other control techniques, could beuseful
addition to an Integrated Pest Management system.

Host selection, larval development and sources of resistance to weevil
attack
Namkoong (this volume) stressed the need to base breeding programs
for
weevil resistance onmore than one (hopefully several) resistance
we must focus ontwo
mechanism. In searching for sources of resistance
aspects of the weevil/host interaction: the process
of host selection, whereby
P. strobi, searches for the host, and accepts
it for feeding and oviposition,
3).
and the process of larval feeding and maturation (Fig.
Invasion of a .new plantation requires that overwintered adults (spring), or
host is
newly emerged adults (fall), migratefind
to suitable habitats where the
found. These are open, unshaded sites with sufficient heat accumulation
for
completion of weevil development. Initial long-range dispersal
is probably at
random, aided by prevailingwind currents. Observations by the author, of
fairly isolated stands which became infested, indicate thatP. strobi is
of non-host species, or
capable of migrating several kilometers. Interplanting
planting spruce under a nurse crop (shading), are silvicultural
interventions
which aimat modifying the habitat to make
it less suitable for weevil
survival
and development. These procedures operate at the stand rather
than at the
tree level andprovide only environmental resistance.
Similarly to many other insects, it is likely that,within a plantation the
to directional movement, in
behaviour ofP. sfrobichanges from random
response to cues emanating from the host. The weevil must locate
the tree
leader, initiate and sustain feeding and
finally lay its eggs. Quickand
accurate host selection is of high fitness value for the weevil
which seeks to
minimize predation and maximize food quality for survival
its of
progenie.
Weevil genotypes with inadequate host-searching
habilities or susceptible to
resistance mechanisms in the tree,will be eliminated from the population.

P. strobi must differenciate the hosttree
Within a plantation, a dispersing
from other sympatric conifers and non-conifer trees.
This process seemsto
in to the host trees without
landing
be very precise as weevils appear to cue
on other mixed non-host trees occurring on the site. Examination
of tree
beating records collected by the Forest insect and Disease Survey (FIDS)
This
indicate that P. strobi has rarely been reported on non-host trees.
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Host selectionprocess and

resistance sources
Stimuli

Behaviour

References

*Temperature

selection

McMullen 1976

*Photoperiod

* v i s u a l :silhouette
E-magnetic spectrum
Chemical :smell, kairomones
-Geotaxis and + phototaxis

Selection of host

landing on leader

I

Arrestance and
biting

I

4

Acceptance and
feeding

*Chemkal: feeding stimulants
absence of repellents
*Physkal: resin c a n a l size anddensity
resinandbarlccha~*

*Chemical: oviposition stimulants,
absence of repellents and
juvenk hormone analogs

Oviposition
I

Anderson 8 Fisher 1956,1960
VanderSar 8 Borden 1977

Harris et a/. 1990

Alfaro et a/. 1980
Tomlin 8 Borden Thisvo1.
Plank 8 Gerhold 1965
Gara et 81. 1971

VanderSar 1978
Sahota ef a/. This ~01.

*Physical: resin canal size
bark chaacterlstics

I
I
Lawal feeding &

*Chemlcai :arrestants, biting
8 feeding stimulants,
absence of repellents
*Thigmotactic: d
l
edensity

VanderSar 8 Borden 1977

I

1

Chemical: appropriate nutrition,
presence of tanins and phenolics
*Physicai: resin flow and resin
Santamour 8 Zinkell977
characteristics
See Figs 5 8 6

Figure 3. Process of host selectionin the white pine weeviland stimuli that
trigger successor failure of each stage. Possible resistance mechanisms
whc
ih could be useful in breeding programs are indicatedby "*'.
suggests the existence of visual or cheq$al primary attractantsw
h
c
ih the
and Borden (1977a)
weevils use to find and settle on the host. VanderSar
adult P. sfrobi are attracted to vertical or
showed in laboratory bioassays that
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near-vertical black silhouettes which resemble the leaders of Sitka spruce
and postulated that vision could play arole in selection of the host tree.
of
However, it is unlikely that silhoutte alone could allow for differenciation
the host from other conifers on the site with similar leader profiles. One
in the
aspect that has been overlookedso far is the study of color perception
weevil and ofthe electromagnetic wavelength reflectance from the host trees.
Many insects, most notably pollinators, are attracted to particular
1992).
wavelengths emanating from their host plants (Chittka and Menzel
Selection of the tip of the leader for oviposition seems
to be in response to to
the combined action of negative geotropism and
positive phototaxis
(VanderSar and Borden 1977b).
Most insects posess magnificently developed chemical sensory capabilities.
There is little doubt thatP. sfrobi also has well developed chemical sensors.
Mehary et a/. (this volume) report attraction of females to traps
baited with cut
spruce twigs and attraction of males to females. AndersonFisher
and (1956,
1960), Alfaro ef a/. (1980, 1981, 1984)and Alfaro and Borden(1982, 1985)
demonstrated that feeding response
in P. sfrobi could be altered by the
presence of naturally occurring chemicals with repellent or deterrent activity.
(1985)concluded that
After extensive experimentation, Alfaro and Borden
close-range acceptance or rejection of a tree as awas
host
determined by a
complex mixture of volatile and non-volatile chemicals present
in the tree
(1985) proposed
phloem and surface of needles and bark. Alfaro and Borden
that susceptible trees would be those having
an adequate amountand
diversity of feeding stimulants and low
amounts offeeding deterrents.
Several host terpenes were synergists
of feeding at low concentrations but
acted as repellentsat higher concentrations (Fig.4).

O
n addition to feeding detenency, chemicalresistance tooviposition could
also occur. In choice experiments, VanderSar(I
978) concluded that
oviposition response depended on chemical
or physical cues present onlyin
the host (Engelmann spruce) and absent
in the non-host (western white
pine). Sahota efa/. (this volume) hypothesized that resistant Sitka spruce
could contain chemicals with juvenile hormone activity which
could cause
ovary atrophy in P. sfrobi.

The capacity of trees to produceresin to block insect galleries
is a resistance
work has been
mechanism presentin most conifers. Fairly conclusive
completed to demonstrate that theresin canal system of pinesis a major
cause of resistance in pines to bark-infesting beetles. The resistance may
be due to highresin flow (Nebeker et a/. 1992) or to the resin properties,
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Figure 4. Feeding response (no. feeding punctures)
of P. sfrobi to feeding
diet treated and untreated with various concentrations the
of monoterpene
limonene, in choice bioassays. .

particularly its ability to remain fluid (van Buijtenenand Santamour Jr. 1972,
Santamour andZinkel 1977, Bridgen et a/. 1979). However, this mechanism
is highlyvariable. Resin production varies widely during
the growing season
with tree phenology, growth characteristics (includingsilvicultural treatments)
and environmental factors suchas air temperature and soil water deficit
(Blanche efa/. 1992, Matsonefa/. 1987).
Tomlin and Borden (this volume) demonstrated that resistant Sitka spruce
contained significantly higher density of phloem
resin canals than susceptible
trees. This observation andthe finding that P. sfrobiavoids puncturingresin
canals duringfeeding and egg-laying (Stroh and Gerhold1965),suggests
that the resin canal system of sprucesis an important defense mechanism
against the white pine weevil. Observations made by the author in Sitka and
white spruce indicate that certain trees can produce copious
resin which can
kill theeggs and inundate the galleriesof young larvaebefore feeding ring
formation (Fig. 5) or of the maturelarvae .(Fig. 6). In the first two cases, only
minor leader deformation results.In the last case, the leader is partially
destroyed (Fig. 6). The resistance response consistedin the formation of a
resin soaked necrotic tissue aroundthe feeding young larvae or
below the
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feeding ring. This reaction is very similar to the description of the resistance
ef a/. 1985).
response of pines to the southern pine beetle (Paine

Figure 5: Resistance responsein a Sitka spruce tree to early larval feeding
by resin. All larvae
by P. sfrobi. Galleries of the young larvae were inundated
were killed. The tree produced callus tissue which healed the wounds
created by larval feeding. The leader survived but sustained reduced growth
and developeda slight curvature

Fig. 6. Resistance response in an interior spruce tree to late larval feeding by
P. sfrobi. The resistance response consisted in the formation
of a resinsoaked necrotic tissue below the feeding ring. The leader was partially
destroyedmd the entire weevil brood killed.
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Variation in the nutritional value of the host tissue for insect development
is a
resistance mechanismin many insect/host interactions. Insects reared on
suboptimal hostfail to develop or are smaller and less
fertile. Zou and Cates
(1993) found that in western budworm, adefoliator of Douglas-fir, survival
and growthwas significantly lower in diets containing excess amounts of the
carbohydrate galactose.

Damage

I

Assessment of the impacts ofthe white pine weevil
is a critical prerequisite to
determining the levels of expenditures tobe commited for weevil
management and research. Alfaro (1992) developed a stand simulator
(Spruce Weevil Attack or SWAT) capableof assessing the effects of
different levels of weevil damage on Sitka spruce
plantation productivity.
Recently, this model has been integratedinto the Tree and Stand Simulator
BC Ministry of Forests (Mitchell 1975). TASS
(TASS) model developed by the
is a single-tree, distance-dependent model which calculatestree volume
growth based on height and branch growth and inter-tree competition.
The
SWAT addition to TASS simulatesthe effects of userdefined scenarios of
weevil attack on crown development. Attacked trees develop stem defects of
various types, accordingto probabilities observedin field studies. Resultsof
a run of the TASSBWATsystem are presented in Table 2.
Table 2. Percentage volume reductions in Sitka spruceplantation after
(% attawyear) and duration.
simulated weevil attacks of varying intensity
Losses werecalculated using the Tass and SWAT models
and correspond to
the merchantable volume (between stump and tree top) at 80,
ageafter
removal of major stem defects induced by weevils. The plantation was
initiated with 1327 treesha, planted at 2.74 m spacing, on a site index 30 m
at 6.
(base 50 years). THe weevils invaded the plantations age

Attack
%/year
0

5
10

15
20
25
30
35
40

45

so

Duration of weevil attack (years)
10
15
20
25
30
0.0
0.0
.oo
0.0
0.0
0.0

5

2.6
4.2
5.8
8.1
10.9
12.3
10.9
10.6
11.5
11.1

3.8
7.8
11.7
13.5
14.6
18.0
16.6
16.0
18.7
16.2

5.0
10.3
14.1
16.1
20.0
24.8
22.6
20.6
24.9
22.5

6.0
13.1
16.8
21.3
24.6
28.9
29.3
25.8
30.7
27.7
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7.2
14.6
19.5
23.8
27.9
32.6
32.8
28.8
33.4
31.5

7.9
15.7
19.7
25.6
31.3
35.3
35.4
32.2
36.4
34.6

'

.

.oo

40
0.0

8.5
16.6
20.6
27.2
32.4
37.2
37.9
36;O
39.3
36.8

9.0
17.0
21.6
28.2
33.9
38.5
39.6
37.6
40.8
38.6

35
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Summary
Growing degree day-data for climate stations of the Environment Canada network
are used to assess hazard for spruce weevil development. The procedure is based
on McMulien's finding that 785 growing degrees above 7.2OC was required for
the development of weevils from the interior of British Columbia. Growing degree
totals for May to September (heat sums) were determined from the 1951-80
normals. The British Columbia Ministry of Forests' Biogeoclimatic Ecological
Classification system and elevational gradients of heat sums were used to assign
hazard t o areas of vegetation. Allowance was made for inter-annual variations
(coefficient of variation 10%) in heat sums, and for exposed spruce leaders
averaging 1 OC or more above air temperature. The predictions compared well
with ground survey data in the Robson Valley Forest District, British Columbia. It
appears that recent climatic warming in the region has resulted in infestations
occurring at higher elevations than would be expected based on long-term climatic
data. The Sub-Boreal Spruce and Interior Cedar-Hemlock zones of the forest
district are considered susceptible to infestations of greater than 5%. The
Engelmann Spruce-Subalpine Fir zone ispredicted to have a low risk to infestation.
Introduction
The spruce weevil is a serious pest of white (Picea glauca (Moench) Voss) and
Engelmann (Picea engelmanii Pary) spruce plantations in the Prince George Forest
Region (Taylor et a/. 1991). The weevil lays its eggs in the terminal leader from

the previous year and the larvae mine downwards consuming the phloem and
killing the terminal (Stevenson 1967). Lateral branches below the attacked leader
turn upwards to become the new leader resulting in the formation of .stem defects
such as crooks and forks which reduce wood quality (Alfaro 1989). Growth loss
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also occurs since the laterals typically take two years t o assume dominance.
Identification of potentialareas of hazard can reduce management costs through
targeting infestation surveys and application of control treatments.
Probably the major environmental factor affecting the weevil's life cycleis summer
heat. McMullen (1976a) found that 785 growing degrees above a developmental
threshold temperature of 7.2OC are required between oviposition and adult
emergence from the leader in the interior of British Columbia (B.C.). McMullen
(1976b) used climate station data to assess infestation hazard in coastal B.C.
Applying this technique in many areas of B.C.is difficult since the climate station
network is sparse and the terrain mountainous. However, the recently completed
vegetation classification of B.C.'s forests (Meidinger and Pojar 1991) links
vegetation zones and subzones to macroclimate. A subzone is an area where
macroclimatic conditions ti.e., the temperature and precipitation regimes) are
assumed relatively uniform. Aerial and ground surveys of the vegetation are used
t o delineate the subzones, not climatic data.
All Environment Canada climate stations in B.C. have been cross referenced to the
biogeoclimatic subzones (Reynolds and Meidinger 1993' 1. This is aiding the
development of a hazard assessment procedure for the Prince George Forest
Region and its application to the whole province (Sieben 1994). In this paper we
present a preliminary assessment of the procedure by comparing the climatically
derived hazards with infestation data from the Robson Valley Forest District of the
Prince George Forest Region. From this we infer the potential hazard for subzones
in the whole Region.
Methods

Calculation of heat sums
McMullen (1976a) found that oviposition required temperatures greater than 14OC
and had an optimum between 20 and 26OC. After the eggs were laid, 785
growing degrees above 7.2OC were required for the emergence of adults from the
leader in the interior of B.C. He found that fluctuating daytime temperatures,
rather than a constant daytime temperatures, did not significantly change the
threshold value. Daytime temperatures suitable for oviposition do not usually
occur until late April or early May in the central and northern interior of B.C., and
less than 5% of the annual total of growingdegrees above 7.2OC usually occur in
April. Daily average temperatures for the latter part of September onward are
generally below 7.2OC. Consequently, the May-September period was chosen as
the accumulation period. The 30-year-average values (normals) were used as the
baseline for determining hazard.

lReynolds, G.; Meidinger, D.V. 1993. Climatic data summaries for the Biogeoclimaticzones of British
'49 p.
Columbia, Ver. 3. Unpubl. Rep.,Res. Br., B.C. Min. Forests, Victoria, B.C.
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The growing degree data used (Anon 1984) are from the 1951-80 normals for the
B.C. climate stations in the Environment Canada network. Environment Canada
calculates the daily growing degrees using [(Tmax+Tmin)/Zl-Tb, where Tmax and
Tmin are the daily maximum and minimum air temperatures (OC) at 1.5 m in the
shade and Tb is the base temperature. If a value less than zero is obtained, it is
set to zero before summing each day in the month. The normals are values for
each month averaged over a 30-year period. Stations with a shorter record are
adjusted based on comparisons with long-term stations. A few stations not in the
normals were used by comparing them with stations in the normal record and
adjusting as necessary.
May to September growing degrees totals above 7.2OC (heat sums) were
calculated by linear interpolation of the tabulated values (Anon 1984) for base
temperatures of 5 and 10°C. This saved considerable time and cost compared to
calculation and normalization from daily data, and gave values within 3% of the
value obtained by using daily temperature data. Ninety-two stations were
available for the 21 subzones that occur in the Prince George Region, though only
39 stations are in the Region. Three subzones do not have a representative
climate station and 7 have only 1 station. Subzones that did not have a climate
station were assessed using elevational gradients of heat sums in the adjacent
area. The mid elevation of the subzone was chosen as a reference point.
Subzones with a large elevation range were split into upper and lower bands if
they encompassed t w o hazard ranges. Daily data from selected stations were
used to assess year-to-year variations in heat sums.

Determination of hazard ranges
Broad class ranges were developed to account for a number of climatic reasons.
There may be substantial variation in the quality of the climate data since most of
the data are collected by volunteer observers. Stations may also be subject to
specific site condition, such as frost pockets, making them atypical of the general
climatic regime. The data were screened for obvious inconsistencies. Site factors
such as south slopes possibly being warmer than north slopes within a subzone
are not addressable at the broad scale of mapping considered here. The
subzone/station cross-reference (Reynolds and Meidinger 19931) was also
reviewed for possible mis-classification.
Heat sums vary from year-to-year (Figure l ) , with a coefficient of variation of
10%. Adult weevils live for more than one year (McMullen et a/. 1987). Thus,
we assume that a large population can be maintained as long as no more than two
consecutive years have less than 785". This occurs for stations with an average
heat sum greater than 820".
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Figure 1. Typical annual variation (solid line) in May to September growing
degrees above 7.2OC (heat sum) and 30-year average heat sum (dashed) for
1951-1 980 in the Prince George Forest Region.

Table 1. Preliminary heat sum hazard ranges

e

range 1 : >820° - there is sufficient heatindependent oftheeffectsof
shading or tree height on leader temperature, and of annual variations.
range 2: 750-820° - unshaded leaders, and shaded leaders in some years,
will have sufficient heat.
range 3: 660-749O - unshaded leaders are likely to have sufficient heat in
most years. Shaded leaders cannot have sufficient heat.

e

range 4: <660° - insufficient heat even for unshadedleaders.
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Leader temperatures are usually warmer than air temperature during the daytime.
Sullivan (1 959)and Spittlehouse et a/. (1994)found that leaders exposed to the
sun can have maximum temperatures 5OC above air temperature. On sunny days
the daily average leader temperature was about 2OC above air temperature. On
cloudy days, and for shaded plants, the leaders were close to air temperature.
Over the growing season the exposed leaders of 2 m tall trees averaged 1 OC
above air temperature resulting in 15% more degree days than in the air
(Spittlehouse et a/. 1994). Taller trees will be in a slightly cooler environment than
that of the reference climate stations.
Based on the above, we determined the following preliminary heat sum hazard
ranges shown in Table 1. These ranges are subject to change based on further
comparisons with survey data (Sieben 1994). The hazards presented relate only
to the availability of summer heat. Other factors such as winter climate, predator
densities, and tree susceptibility will regulate the final infestation hazard.
Each subzone was classified based on the majority of the stations in the subzone,
and there was generally good agreement between stations within a subzone.
Stations that disagreed with the majority were usually at the edge of the elevation
or latitude range of the subzone.

Infestation surveys
Ground data on weevil infestations were collected from three sources: surveys of
current attacks conducted in 1990 and 1991 on up to five, 10-m-wide strips
(Fletcher 19862)in each plantation; informal walk-throughs where attack
incidence was not recorded; and observations on silvicultural surveys where attack
incidence was not normally,recorded. In all sources, the percent incidence was
calculated by dividing thenumber of current attacks by the totalnumber of
susceptible trees. Susceptible trees were defined as any that were at least ten
years old or greater than 1.3 m tall. A plantation was considered susceptible if it
had a current attack rate of 5 % or more.

Results
The Robson Valley Forest District has about 15000 ha of spruce plantations
(History Records 19913 ) in six subzones. These are the Engelmann SpruceSubalpine Fir moist mild (ESSFmm) and wet cool (ESSFwk), Interior Cedar-Hemlock
moist mild (ICHmm) and wet cool (ICHwk), and the Sub-Boreal Spruce dry hot
(SBSdk) and very wet cool (SBSvk) subzones. The ICHmm subzone does not have
a representative station. The District is one of the warmest areas of the Prince

2Fletcher, V.E. 1986. Development of sampling guidelinesfor estimating the portionof weeviled trees
on a plantation. Internal Rep. PM-PG-5, B.C. Min. For., Victoria, B.C.
History Records. 1991. B.C. Min. Forests, SilvicultureBr. History Record System, Prince George, B.C.
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George Region. Infestation surveys were available for the ESSF and ICH
subzones.
The hazard assessments for the Robson Valley District are presented in Table 2.
Heat sums for the iCHmm and upper elevations of the ICHwksubzones were
obtained by interpolation from Figure 2. Three of the stations in Figure 2 are from
outside the District. The fit indicates that the climate data are reliable and this is a
good approach for determining heat sums as a function of elevation. However,
the regression is area specific, and the intercept appears to decrease westward of
McBride, e.g., Dome Creek and Prince George have values about 20% lower than
at similar elevations in the Robson District.
Infestation data generally agree with the hazard ranking. However, the higher
elevations of the ICH subzones have a greater level of infestation than might be
expected. We combined these data with the climate data to produce the map of
susceptible and non-susceptible areas shown in Figure 3. The ICH and SBS
subzones are considered susceptible and the ESSF subzones are non-susceptible.

Table 2. Hazard ranges based on climate data and infestation of spruce
plantations from ground surveys in 1990-91 in the Robson Valley Forest
District. Subzone designations are explained in the text. Hazard ranges
are explained in Table 1. Plantations classed as high have infestation
levels of between 5% and 35%. $ indicates plantations with a high
species diversity in the southern part of the district. # survey data not
available, but significant infestations exist in these subzones.
Climate
Hazard
Subzone
Elevation
Heat
m

ESSFmm
ESSFwk
ICHmm
ICHwk
SBSdh
SBSvk

Sum

Range

> 1250
> 1200

>510
> 550
1050-1 2505 10-660
> 1050 660- 1000
1050-1200 550-660
> 1050 660- 1000
> 900
780-900
> 1050 670-800
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Figure 2. Influence of elevation on the 1951-1980 average heat sums for stations
in and near the Robson Valley Forest District. BA is Barkerville, CL is Cariboo
Lodge, RP is Red Pass Junction, MR is Mount Robson Ranch, MN is McBride
North, MC is McBride 4SE, VA is Valemount, BR is Blue River and MD is Mica
Dam. Figure 3 shows the location of all stations, except BA, BR and MD. The
regression line is Heat Sums = 1484 - (0.78[-cO.O4]*elevation),R2=0.986,
n = 9,std. err. = f 23O, and the elevation is in metres.

Discussion
The Robson District ground surveys generally agree with the hazard ranking
from climate data. The warmer subzones show greater infestations. Figure
2 indicates that infestations should be low above 1050 m. The survey data
in Table 2 show that there are infestations of greater than 5% up to 1250
m. This discrepancy at the higher elevations of the ICH subzones might
relate to site factors. However, a more likely explanation is a large variation
in climate from normal during the survey period that is not accounted for in
determining the hazard ranges. At the Prince George Airport (220 km
northwest of the Robson District), the April to September period in 1987 to
1992 was, respectively, 1.2,0.4, 1.2,I .3,1.2, and 1.2OC above the
normal temperature. This is the longest sustained period of above normal
temperatures in the station's 50 year record. Consequently, growing
degrees averaged 20% above normal. Such a warming is likely to be over a
large area of the interior of B.C., and corresponds to a general increase in
air temperature in Canada (Gullett and Skinner 1992)and globally (Karl e? a/.

1993).
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Figure 3. Susceptible subzones, climate stations, and areas of known weevil
infestation in the Robson Valley Forest District and Mount Robson Park. The
dotted line bounds the susceptible subzones (SBSand ICH). Outside this are the
ESSF subzones and the Alpine Tundra zone.
We will be determining the degree of warming in the Robson District and
calculating the heat sums (Sieben 1994). We can approximate the effect of a
1.2OC warming by determining the elevation where the lower limit for unshaded
leaders (heat sum of 660O) would occur for a 6OC base temperature
(i.e., 7.2-1.2OC). The heat sums for 6OC were calculated as for 7.2OC and
regressed against elevation as in Figure 2. The equation gives an elevation
threshold of about 1220 m for a heat sum o f 660O.
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The comparison of climatic hazard with infestation surveys needs to be done for
other areas of the Prince George Region. The extent and size of the warming
trend and the sensitivity of the hazard zones to climate change will also be
assessed lS.ieben 19941,. In the me.antime.,.we can cons.w-vatiuely estimate l b e
susceptible and non-susceptible areas in the Prince George Region. The latter.are
the Engelmann Spruce-Subalpine Fir, Sub-Boreal Pine-Spruce and Spruce-WillowBirch zones. The former are+""the Boreal White and Black Spruce, Sub-Boreal
Spruce and Interior Cedar-Hemlock zones. The infestation surveys (Table 2)
indicated that about 25% of the ICH plantations surveyed are not infested. These
stands are either near the upper limit of the ICH ( 1250 m), or are from the
southern part of the district and have considerable species diversity. Silvicultural
treatments; such as overshading to reduce heat, may reduce hazard in subzones
with a heat sum of'greater than 750°, and eliminate it in cooler subzones. A
reversal of the present warming trend in summer air temperature will also reduce
the area of hazard.
The vegetation classification of the province along with digital elevation data are in
a geographic information system. The climate stations have elevation, latitude and
longitude data associated with the climate data and are easily added to such a
system. Consequently, our approach to hazard mapping could be used in a
geographic information system. It may also be suitable for assessing other pests
and diseases that have climatic limitations to their range.
In conclusion, the hazard mapping system is feasible for a broad scale analysis of
risk. However, it does need further comparisons with ground surveys and should
be used in conjunction with such surveys in making silvicultural decisions. Interannual variations in summer weather need to be considered in forest management
activities to address the threat of the spruce weevil.
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Summary
Techniques for assessing the hazard of spruce leader weevil infestation have been
developed. These techniques use air temperature data from regional climate stations to
estimate heat accumulation sums for weevil development.
It is known that leaderswill
In order to determine howto correct air
warm above air temperature on sunny days.
temperatures from regional stations, measurements of leader temperature were made
in conjunction with detailed measurements of microclimate. Spruce leaders were found
1 'C
to be 3 to 5 "Cwarmer thanair temperature on sunny days and approximately
cooler at night. On cloudy days
the leaders were close to air temperature. An energy
balance modelof spruce leaders was formulated which adequately simulated
the
trends in leader temperature as a function of weather conditions. Research
is
continuing to improve the model.

Introduction
Infestations of spruce plantationsin British Columbia, Canada,by the spruce weevil
(Pissodes strobi (Peck)) can resultin significant reductionsin growth and timber quality
(Stevenson 1967; Tayloret a/. 1991). The weevil lays eggsin the tree leader during the
spring andthe larvae kill the leader during their development over
the summer. It is
thought that insufficient summer heat is a major limitation
thetospread of theweevil.
et a/.
This knowledge has been used to develop a hazard rating system (Spittlehouse
1994) based on climate station air temperatures. Sullivan (1959) showed
that leaders
depart from ambient air temperature suggesting that these data dofully
notrepresent
the temperature experienced bythe developing larvae.The objective ofthis study was
to use measurementsof the microclimateof real and artificial leaders and a
mechanistic modelof leader energy balance to assess possible adjustments
to the
climate station dataused in hazard assesement.
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Spruce Leader Energy Balance
The model uses short and longwave radiation, air temperature, wind speed and leader
physical characteristics to calculate the
diurnal trend of leader temperature. A similar
analysis for an emerging maize plant is presented in (Cellier d.1993). The leader is
treated as a semi-infinite
vertical cylinder of uniform temperature with needles
protruding fromit. Only the stemof the leader is consideredin the energy balance
calculations. The loss of energy dueto transpiration fromthe leaves is not modelled
and it is assumed that evaporation the
by bark is negligible.The needles are treated as
a source of shade.

the leader is:
The energy. balance of

where K* andL* the are net solar and longwave radiation, respectively,(W m-*), H is
the sensible heatloss (W m-z), and Q is the rate of heat storagein the leader (W rn-2).
Sensible heat transferis calculated from

where TL is leader temperature( X ) , Ta is the free stream air temperature("C) at the
height of theleader, and hHis the heat transfer coefficient(W m-*K-1) calculated using
Hilpert's relationship (Gates,1980):
hH = (Wd) 0.62
V

where d(m)is the diameter ofthe stem, u, (ms-1) is the free stream wind velocity, isk
the thermal conductivity of air (W m-zK-l), and v (m2s-1) is the kinematic viscosityof
dry air. k and v are slightly temperature dependent. Hilpert'srelationship is for a bare
cylinder and itis known thatthe presence of needleswill affect the heat transfer from
the stem by modifyingthe windspeed and level of turbulence at the surface ofthe
shoot. Experiments are currently being conducted using heated
model shoots with
needles attached to improve estimates
of heat transfer coefficients.
Since the current leader temperature is unknown, the
rate of heat storage between
times ti-1 and ti is obtained from

-

-

where D? is (TL,i Ta i), D5-q is determined in the previous time step, DTa
is (Ta i
Ta i-l),hQ is Cd/Dt, (Wrn-*K-l), C is the heat capacity ofthe stem (J m-3K-l), anb Dt
is (he time step(s).
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Direct and diffuse solar radiation must
be treated separately in determining K*. The
direct irradiance depends on the anglethe
of solar beam to the leader, whereas
diffuse
radiation canbe assumed to be isotropic. A correction is made for shadows cast by the
needles, but the radiation they reflectto thestem and multiple reflectionsare neglected.
The solar radiation absorbed by the leader (KL) is

(Kine = &ir + &if + &,sur).
where a~is the albedo of the leader, and incident solar
The direct solar irradiance (Qir) is

In (5) Kb is beam solar radiation(W m-z), An is the relative verticai projected area of
and
the needles, N is the mean angle of the needies measured fromthe horizontal
6 is the solar altitude from the horizontal
(') given by
(O),

-

8 = arcsin((sin 8 sin 6) + cos 6 cos 6 cos (15(ts 12)))

(7)

where 8 is the latitude
6 is the solar declination for a particular dayof the year
(DOY) given by 0.403 sin(O.O172(DOY 81)), and ts is solar time
(0 to 24 h). The term
l/(z tan(8)) is the projection factor for a semi-infinite cylinder (Monteith and Unsworth
1990).
( O ) ,

The incidentdiffuseradiation(&if)is

( O )

-

.

is the diffuse radiation from the sky, Siso
is a view factor for isotropic

Ks2

radiation ( imensionless) varying from0 (no blockage) to 1. Siso is about 0.4 for a
where
needle angle of 70'. The incidentradiation reflected from the surroundings (&,sur) is
also isotropic andis

where hefl
is the radiation reflectedfrom the surroundings. The0.5 in (6) and (7) is the
view factor for a vertical cylinder in a semi-infinite
medium. it also occurs in the
longwave radiation balance.
The solar radiation absorbed by
the leader is
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Longwave radiation receivedby the leader (Linc) comes fromthe sky (Lsky), from the
surroundings (Lsur) and from
the needles (Ln), i.e.

Lsky is measured andthe other longwave termsare calculated as a functionof the
( E , dimensionless) using L = E 0 (T + 273.2)4,
object's temperature and emissivity
where 0 is the Stefan-Boltzmann constant(5.67 x 10-8, W m-2K-4). Ln is calculated
assuming the needles are at air temperature. The leader temperature
is anunknown,
but as it is within 10°C of Ta it can be approximatedas

to hH (W m-2K-1) given
where hRis a coefficientof radiative heat transfer analogous
by

Substituting the above equations into (1)
and rearranging for the temperature difference
between the leader and the air
at time i, (DTi) gives

Methods
Three intensive (June,July and August 1992) andone long-term experiment (April
1992 to October 1993) were conducted
in forest clearcuts onreal and artificial leaders.
Fine wire thermocouples wereused to measurethe temperature of leaders, under the
bark, at N, E, S, and W directions, 1.4 m above the ground. Solarradiation on the
horizontal, air temperature, humidity, and wind speed were measured
in all
experiments. Net, sky and surface longwave, diffuse, and reflected radiation,and wind
direction were measured in the intensive experiments. These experiments
also had
leaders continuously shaded, or without transpiration, and a black, nylon
model without
needles. Sensors were monitored every10 s using a data logger and summarized as5
or 30 minute averages. Leader diameter, average needle angle and needle
vertical
projected area were determined. Reported leader temperatures
are an average of the
4 cardinal directions.
Results
On sunny daysthe temperatures of exposed leaders were upto 5°C above air
temperature. A typical diurnal trend fortwo clear days is shown in Figure 1. Typically,
the temperatures at the four cardinal positions were very similar at night.
The leader
1"Ccooler thanair temperature. At dawn
were almost isothermal and approximately
the leaders warmedrapidly and were several degreesC warmer thanair temperature
within 30 minutes of sunrise. The northern and eastern sensors were warmestin the
36

afternoon; the southern sensor was usually warmest
in the middle ofthe day. On the
second day shownin Figure 1, windspeed increasedin the afternoon; the leader was
cooler andthere was less difference between the sensors at the cardinal positions.
of the four
Experiments showed that leader temperature calculated from the mean
. cardinal positions sensorswas very similar to that measured bya sensor in the centre
of the leader. The shaded leader was at or about 0.5'C below air temperature. The
leader withno transpiration was at the same temperatureas the transpiring leader,
indicating that the latent heat flux from transpiring needles does not significantly affect
leader temperature. The blackmodel was 2 to 4°C warmer than the leaders during the
day, but was at the same temperature at night.
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Figure 1 Diurnal trendsin leader temperature on two clear days.The upper panel
shows the temperatures measured beneath the bark at the four cardinal positions (solid
= N, dotted = Dlchained = S, and broken = W). The lower panel shows windspeed
measured at a height of two meters.
The diurnal trendin the solar radiation load is the major factor controlling leader
temperature. Solar irradiance on the leader peaks relatively earlyin the morning, as
the decrease in the projection ontoa vertical surface compensates for the increase
in
2).
solar intensity during the late morning and early afternoon (Figure
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Figure 2: Measured shortwave irradianceon a horizontal surfaceon a horizontal
for
surface and irradiance for a vertical cylinder calculated from the measurements,
23 25 June, 1993. The solid line shows solar irradiance, the dotted
line shows
reflected solar irradiance, the dotted line shows the diffuse solar irradiance. The
chained line in the upper panel showsthe incident longwave irradiance fora vertical
cylinder ((Lsky + Lsur)/2).
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Daily mean temperatures reflect daily weather conditions.
On sunny days, mean
temperatures average about2°C above air temperature. The daily mean temperature
difference (DT) of a 0.01 m diameter leader was relatedto daily mean wind speed
U, ms-1) and the ratio (daily total solar radiation/maximum possible)
(F). For the period
May to Sept. 1992, DT= 2.30 F + 0.33 U - O.l,
0.3"C,
& R2 = 0.798,n = 140.
Table Ipresents the characteristicsof the nylon model and leader used
in the
temperature simulations. The former is usedto test the model withoutthe effect of
needles on the radiation balance and wind flow. The air temperature and windspeed
data are presentedin Figure 3,
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Table 1: Values of parameters and coefficients used in simulations. Model refers to
the nylon model of the leader without needles. The simulations were forto23
25 June
1992 at 54'02'N 122'40'W.
Units
Leader
Model
Term

0
2 x 106
0.01
0.026

0.3
3.5 x 106
0.007
0.026
70
0
0.4
900
S
900
1.55 X 10-5 1.55 x 10-5 m*s-1
0.05
0.25
5.67 x 10-8 5.67 x 10-8
0.97
0.97
"

Air Temperature
I

1

2030

430

2030

1230

430

1230

Time (PST)
Figure 3: Air temperature and windspeed measured at the height of themodel and
- 25 June.
instrumented ieader for the period 23
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Trends in modelled and measured temperatures forthe nylon model and leader are
shown in Figures 4 and 5.
..
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4
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I

I

I

I

1230
430

Time (PST)
Figure 4: Measured and modelled temperature differences between
the nylon cylinder
and air temperature(Tmodel- Ta). The solid and broken lines show modelled and
measured cylinder temperatures respectively. The
time period is the same as shownin
Figures 1 and 2.
f

At night there are only small differences between
the predicted values andmeasured
values for both the leader and nylon model (Figures3 and 4). During the day the
predicted values tendto follow the trendsin measured values. However, the-model
fails to predictthe large decrease in (TL Ta) observed during the middle portion of the
day. This decrease in temperature difference was also observed in another leader. In
the nylon model, predictions of
(Tmodel- Ta) were lower than measured.

-

Discussion
Although trends in temperature differenceare well predicted there are discrepancies.
The leader was cooler than predicted by
the model during the middle of
the day,
suggesting that the model overestimatesthe radiation absorbedby the leader and/or
overestimates rH,the latter is unlikely as this would resultin overprediction of
temperature difference for the nylon model. Figure 3 shows the opposite. At present,
the most difficult assumptions to test are those regarding
the effect ofthe needles on
heat transfer and absortion of radiation.Errors probably also occurin the calculation of
the longwave irradiances from net-radiation and surface temperature measurements.
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Figure 5: Measured and.modelledtemperature differences betweenthe instrumented
leader andair temperature (TL- Ta). The solid and broken lines show modelled and
measured leader temperatures respectively. The time period
is the same as shownin
Figures 2 - 4.
The surface belowthe leaders consists of low herbaceous vegetation, exposed
mineral
soil and other youngtrees of similar height. Even with accuarate measurements
of the
temperature of the various surfaces,it is difficult to accurately calculate
the upward
longwave irradianceat the leader.
of leaders with needles attached
are being
Experiments using heated models
performed to determineif heat transfer coefficients differ from those calculated by
Hilpert's equation and how needles shade the stem
at various solar elevations.

The results indicate that climate
station data need tobe modified for use in weevil
hazard assessment. Furthermore, forest management activities that
are aimed at
clearing vegetation that shades
trees may increasethe likelihood of weevil infestations
by increasing leader temperature. Surveys
of plantations indicate that shading
decreases weevil attack. This may be partially due
to the cooler thermal environment of
shaded leaders.
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Host Selection Behavior ofPissodes strobi and Implications to Pest Management
T. Meharyl, R.I. Gara2 and Judith Greenleaf2
University of Washington, Seattle, WA 981 95

Summary
Field studies carried out on the Olympic Peninsula showed that white pine weevil
(Pissodes strobi)
females responded to cut Sitka spruce (Picea sitchensis) terminals in the spring. Barrier traps
baited with mated females consistently caught more weevils than traps baited with either males,
unmated females or unbaited controls. Significantly more males than females were caught in traps
baited with mated females (PcO.05); females showed no significant preference among the four
treatments. In late summer and early autumn, significantly more emergent females than males
dispersed from brood stems (P<0.03). The weevil-reinfestation pattern of a Sitka spruce plantation,
whichwasclearedofattacksin1978,wasfollowedduring1979
- 1983.Wefoundthat
reinfestation rates from an adjacent outbreak were exceedingly slow;
500 at
m there was only a 1%
increase in attack during five years. Preliminary studies with Sitka spruce growing under red alder
showed that the spruce remained unattacked by weevils in moderate risk sites, and outgrew the
hardwood in about five yrs.
Results of these studies could form the bases for an IPM program that would greatly expand the
areas planted to Sitka spruce in Washington State. The central concept would be to significantly
delay the buildup of resident weevil populations that cause economic damage to plantations
growing in moderate risk areas as defined by Warkentin
et a/. (1992). This delay could be done by
separating plantations in space and time; by reducing weevil populations through treating with
sustained-release selective pesticides; and by modifying site microclimates for the thermophilicP.
strobi. Applied treatments could be done both during autumn dispersal and spring aggregations.
Microclimatic modification would be accomplished by growing spruce under red alder canopy.
Introduction

The white pine weevil, Pissodes strobi (Peck) is the most destructive pest of young Sitka spruce,
Picea sitchensis (Bong.) Carr., in the Pacific Northwest (McMullen 1976, Alfaro 1982, Mitchell
eta/.
1990). In susceptible areas, trees as young as
4-5 yrs-old are attacked. Infested trees may be5 to
20 cm. in diameter and 1.5 to 8.0m. tall. Thirty to 40% of the trees in susceptible areas may be
infestedperyear(McMullen1976,Mehary1981,Alfaro1982).
In WashingtonStateand
Vancouver Island, British Columbia, the most susceptible trees occur in coastal areas with reduced
penetration of low-level marine air (Warkentin et a/. 1992). As a result of the high infestation rate
in
and subsequent productivity loss, the planting of Sitka spruce has been drastically curtailed
these areas (McMullen 1976). Variable environmental conditions and ecological considerations
preclude using chemical control alone to control this insect (Warkentin et a/. 1984, Alfaro and
Omule 1990). We have been studying the host selection behavior of the weevil
in order to find
exploitable weak links that could be used
in an integrated pest management (IPM) scheme.
Host Selection-- The biology of the white pine weevil was described by Silver
(1968), who showed
that adults emerge in early fall, whereupon they begin feeding on subcortical tissues found
in
lateral branches of brood trees. Most weevils overwinter on brood tree laterals, in'the duff at the
base of brood trees, at the bases of nearby stems
or as larvae in dead terminals; fall weevils also
can fly and a few may disperse (Silver 1968, Garaet a/. 1971, VanderSar 1977). In early spring,
overwinteredweevilshavebeenobservedtocrawlfromlateralstoterminals.Thisupward
movement is influenced by positive response to ligtit and temperature regimes as well as by
negative response to geotaxis (Sullivan 1959).

1 Dept. of Biology KB-05
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During most of the year, males and females readily feed on laterals (Gara et a/. 1971), however,
of
spring feeding activity on spruce leaders is a physiological prerequisite to sexual maturation
emergentfemales(GaraandWood1989).Whenspringtimeambienttemperaturesriseabove
19'C, the weevils fly to the terminals of the spruce trees (Silver 1968, Gara et a/. 1971, VanderSar
and Borden 1977, Overhulser and Gara 1981a), selecting the tallest and straightest leaders within
a stand (Gara et a/. 1971) probably based on visual cues. In lab studies VanderSar and Borden
(1977)demonstratedthatweevilspreferredverticalsilhouettes.Althoughfemale
P. strobi fly
tonger distances than males (Harman 1975), the weevils commonly disperse only short distances
( McMullen et a/. 1987) with maximum observed flight distance to be about 90 m ( Barnes 1928,
Harman 1975). P. strobi fly at the level of the terminal tops, which in open-spaced plantations is
generally lower than the level of susceptible host leaders of fast-growing trees (Barnes 1928).
Harman (1975) noted that weevils fly along plantationrows and avoid shaded trees (Sullivan 1961,
Harman and Kulman 1969, Stiell and Berry 1985). Arriving weevils avoid the current leader and
alight on either the upper part of the bole or the laterals
( Barnes 1928, Overhulser and Gara 1975).
Volatile host chemicals in the terminals are evidently important in establishing oviposition sites on
l-yr.-old leadersofselectedtrees.Laboratoryolfactometerstudiestotesttheeffectsof
monoterpenes onP. strobi adult klinotaxis showed that myrcene was highly repellent and limonene
was rather attractive (Carbon 1971). Hrutfiord
et a/. (1974) .found that myrcene was the only
monoterpene that varied quantitatively from April to July
iri buds and newly extending leaders and
decreased significantly by July; Brooks et a/. (1987) reported similar trends. Myrcene level in the
previous-year terminal is lower than the current year's level and remains constant (Hruffiord
et a/.
1974) (Figure 1).
Moreover, 1-yr.-old terminals of fast-growing .trees
have significantly less myrcene than slowgrowing l-yr-old terminals. Compared to previous-year leaders, the myrcene level of new leaders
2).
is consistently higher in both slow- and fast-growing trees (Hrutfiord and Gara 1989) (Figure

Current-yr. Terminal

0

Apr. 25

May20

June 9

Previous-yr. Terminal

July 6

July 19

Figure 1. Seasonal variationin oil composition from current-yr terminal growth as
compared with previous-yr terminal growth (from Hrutfiord
et a/. 1974).
There is evidence that P. sfrobi select terminals that serveas foci for mating aggregations. During
the first three weeks of May, as many as 15'weevils have been observed on individual leaders
(OverhulserandGara1975).Matingbeginsasstemtemperaturesreachabout
18.3OC with
maximum activity when temperatures reach 29.4OC. (Gara et a/. 1971). Since mating is infrequent
on brood trees, aggregations on leaders selected early in the flight season ensures that females
find mates and that host material is available for both rapid sexual maturation and oviposition.
While the largest number of trees are infested from earlyApril through mid May, some new trees
are aftacked until the end of June. Male numbers on leaders decrease rapidly in late May and, at
that time, mated, mature females disperse throughout the stand to select new hosts (Overhulser
and Gara 1975). Adult weevils can survive up
to four years (McMullen and Condrashoff 1973).
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Figure 2. Percent of myrcenein volatile oils foundin current and last year terminals
from fast and slow growing Sitka spruce( from Hrutfiord and Gara 1989).
Older females reach sexual maturity more rapidly in the spring than new females (Harman and
Kulman 1967), and are thus capable of attacking their hosts earlier. Two-year old female weevils
can produce viable eggs (Carlson 1971) without remating (Overhulser 1980): Gravid females start
oviposition at the leader-apex below the terminal bud cluster and, in susceptible trees, cortical
resin canals that border ovipositional cavities are occluded (Overhulser and Gara 1981 b). The
number of daily oviposition punctures increase up to 29.4'C bark temperature (Gara eta/. 1971)
with majority of the eggs laid on the northeastern aspect of the terminal (Johnson 1965).

-

Objectives--- The' general objective of this paper is to report additional studies done at the
University of Washington that further clarify the host selection behavior of P. strobi, as well as to
propose ideas on possibleIPM strategies. Specific objectives are as follows:
(1) To present evidence that weevils aggregate on terminals
in the spring;
(2) To describe weevil activityin autumn;
(3) To describe weevil dispersal patterns and;
(4) To discuss ideason an IPM scheme for the Olympic Peninsula of Western Washington.
Materials and methods

Study Site" The studies reported here were carried out in an isolated (there were no other major
plantations within a 2 km radius), heavily infested plantation at Axford Prairie,
8 kmsouthof
Humptulips, Washington. Survey of the plot in 1971, indicated 44% of the 12-yr-old Sitka spruce
hadbeenattackedbytheweevilthepreviousyear.
A north-southpath in themiddleofthe
plantation divided the area into approximatelytwo 1.6 ha. parts (see Overhulser and Gara 1975,
Mehary 1981, Warkentinet a/. 1992).

Trapping-- Because of the attractiveness of simulated weevil punctures in eastern white pine to P.
strobi (Harman and Kulman 1967) we tried similar tests with spruce terminals at the Humptulip site.
Despite several trials, it was difficult to produce cortical resin flow. Accordingly, the attractancy of
host material was tested in 1974, 1975 and 1979 by establishing 20 barrier traps made from 76 X
76 cm squares of hardware cloth coated with an insect-trapping adhesive, Stickem-specialm.
A
canister placed at the center of each trap contained either an 18 cm piece of freshly cut spruce
terminal or remained empty (control). Tests were run only on days during the flight season when
temperatures were 21°C or above. Traps were checked at the end of each day. Traps alternated
as either controls and treatments on succeeding days to reduce positional effects.
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Spring Weevil Behavior -- The attractancy of weevils caged on spruce terminals was investigated
in 1974, 1975, 1978 and 1979. Starting in March of each year the following tests were replicated
four times: two maleslterminal, two unmated femaleslterminal,two mated femalesherminal and one
control. The control consisted of a caged terminal(i.e.. mosquito netting placed over terminal) but
without weevils. Terminals with caged weevils and the controls were surrounded by hardware
cloth cylinders, 40 cm in diameter and 88 cm in length, supported by
two metalstakes.Each
cylinder was coated with Stickem-specialm. Weevils were collected daily from the traps and the
sex of each specimen determined by the method described by Harman and Kulman
(1966).
Autumn Weevil Activity -- The extent to which emergent weevils disperse in autumn was studied
between Aug. 20th-Oct. 23rd, 1979. Five fast-growing Sitka spruces were selected and pruned to
leave one branch per whorl. Every week five marked males and five marked females were placed
on each of these trees. The undispersed marked weevils were easily located on the sparsely
branched test trees at the end of each week, counted and their numbers replenished by adding
newlymarkedweevils.Markedweevils
(50% males/50%females)werealsoplacedonfive
unpruned trees. A total of 100 marked weevils were placed on the pruned trees (50 males and 50
females).

Potential autumn aggregating pheromones of P. approximatus Hopk. and P. strobi ( grandisol and
grandisal, found in males) (Booth et a/. 1977) weresent to usbyDr.G.
N. Lanierof SUNY/
Syracuse for field testing at the Humptulip site. On Sept. 4th and 18th, 1979, the material was
tested in barrier traps coated with Stickem-specialm. Each bait consisted 5ofmg of grandisol and
10 mg of grandisal in an ice cream cup in the center of each trap. There were five replications of
each test.
Population Dispersal -- During May 6-8, 1978, the eastern half of the Humptulips study site was
sprayed with oxydemeton-methyl (Orthenem)in a polymer carrier(1:6 Q 2% a.i.) and the western
half was unsprayed ( see Mehary 1981 and Warkentin et a/. 1984). A 0.25 ha plantation directly
east, and 500 m away was also treated with the pesticide/polymer. In addition, all infested leaders
of the eastern half of the Humptulips site were cut and removed from the site. In this manner, the
untreated western half of the Humptulips site provided the only source of weevils that would most
likely reinfest the eastern half of the site as well as the more easterly 0.25 ha plantation. The
reinfestation rate of the treated areas was determined by surveying for newly infested leaders
in
1979, 1980 and 1983. During these periods, the average infestation level of the untreated stand
was, 44%, 43% and 40% respectively.

Results and Discussion
Spring Activity- Figure 3 shows that significantly more females than males were caught on traps
containing cut terminals( t-test, P c.001) and females are more likely to land on traps containing
host material rather than on controls. Males, on the other hand, showed no preference between
traps with or without cut terminals. The cumulative data from four years of trials with weevil-baited
traps found more males than females were consistently caught on traps baited with either unmated
or mated females (Table l), but only mated-females bait was statistically significant (Pc.05). The
female weevils showed no preference among the four treatments.

Evidently, females are able to detect host material suitable for sexual maturation as well as for
brood materialin different ways. The low number of weevil catches on bait traps implies that visual
cuesmaybetheprincipalwayterminalsareselected(VanderSarandBorden
1977) and,
subsequently, the levels of allelochemic repellents (synthesized from the myrcene pool) determine
whether the materialis suitable for sexual maturation and/or oviposition (Hrutfiord et a/.. 1974), On
the other hand, Alfaro et a/. (1980) and Alfaro and Borden(1982) proposed that limonene may be
involved in selection of terminals as this monoterpene may synergize weevil response to feeding
stimulants. In contrast to findings of Booth
et. a/ (1977), our data suggests that once females select
a host there may be a short range attraction for males that result in aggregation of the sexes
(Overhulser and Gara1975) and Table1.
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Table 1 Number of male (M) and female (F) f . strobi caught in traps baited
with: 2 maledtrap, 2 unmated femaledtrap, or2 mated femaledtrap; control
had no weevils.
ReDlicm
13 1974 15
1975
1978
1979

x=

Fem,
Unmated
Mated
Males
Control
Fern.
M
F MM
7
3
4 13 8
5
58
7
3
1
4
3
4
5

18

14

24

F

M

F

10
8

3

6

5
2

5

98

13

1729
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F
4
3 2
2
7
15
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Autumn Activity -- Of a total of 100 weevils(50males and50 females) placed on the pruned trees,
52% dispersed by the end of the study (32 females and 20 males). Almost twice as many females
thanmalesdispersed,whichwassignificantatPc.03.Peakdispersal(42%)occurredaround
Sept. 15th. After Oct. 4th the weevils remained on the trees until spring. No insects were caughtin
tests using grandisol and grandisal as baits to attract fall-dispersing weevils.In spring 1980, eight
of the ten test trees that had had weevils placed on them were attacked. The two unattacked trees
had leaders under 0.5 m, while the others had leaders between 0.65 and 1.O m. Marked weevils
could not be located on the test trees, but since more females disperse in the autumn' than males,
there is the possibility that trees suitable for sexual maturation of females in the following spring

g1

Cut T&minal

control

Figure 3. Distribution of male and female
P. strobi caught on barrier traps baited either with
freshly cut spruce terminals or unbaited as controls.
maybeselectedbyfall-dispersingemergentfemales.OverhulserandGara(1975)previously
found that proportionally'more males than females flew
in early spring and the peak flight periods
of females and males differed. The catch of females in traps peaked during the fifth week of the
springflightseason,whilethepeakformaleswasaweekearlier.Theautumnmale:female
emergence ratio was 1.57 in 1973 (Overhulser and Gara 1975). This shift in sex ratios between
autumn emergence and spring flight was further evidence of differential fall dispersal patterns
betweenthesexes.Autumnhostselectionbyfemalesmaybeanimportanthost-selection
component as fall weather conditions are milder and more predictable than those of spring.
.
Popuration Dispersal -- In agreement with McMullenet a/. (1 987), the white pine weevil population
disperses through a host stand at a slow rate. We found that between 1979 to 1983, the Sitka
spruce adjacent to a weevil source (Le.the untreated portion of the plantation) increased from
about 20% of the trees infested to
28%, 200 m from the source the infestation increased from about
8% to 22%, and 500 m away the outbreak only increased 1% (Figure
4).
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Pest Management-- A principal tenet of IPMis to permanently reduce the resident population level
of key pests. To achieve this goal we propose to exploit weak links
in white pine weevil-host
relationships of the Olympic Peninsula based on the following:
(1) Host resistance: develop a risk rating system based on information that there are sites
where Sitka spruceis relatively resistant to weevil attack;

(2) Insect behavior: use host selection behavior and dispersal ratesslow
to weevil spread:

(3).insect vulnerability: apply control measures at appropriate time to maximize mortality.
Overhulser (1980), McMullen (1976) and Warkentin et a/. (1992) reported that there are planting
sites resistant to or infrequently attacked by the weevil. Delineation of these areas would provide
planting sites where white pine weevil problems would be minimal and would not require direct
control. As shown by Johnsey
(1-971) (unpublished: cf. Warkentin et a/. 1992) these weevil-free
areas in the Olympic Peninsula generally are within 2 km of the coast. Further inland (up to about
10 - 15 km) spruce plantations are moderately attacked. Beyond these zones of onshore marine
airDenetration.SitkasDruceshouldnotbeDlantedbecauseweevilinfestationratesare
unacceptably high. Waring and Pitman(1980) suggested that stressful environmental conditions,
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Figure 4. Reinfestation rate of a 12-yr-old Sitka spruce stand by the white pine weevil
as
adults dispersed from an infested stand into an adjacent stand that was treated with a
pesticide and all attacked leaders removed
in 1978.
such as may be experienced by Sitka spruce beyond the influence of marine air flow, may lead to
reduced C02 fixationandreducedsynthesisofdefensechemicals.
Infact,Sitkaspruces
undergoing weevil attack in these stressful sites, are unable to prevent occlusion of principal resin
canals (Overhulser and Gara 1981b). A risk rating system and map based on meteorological
conditions could be developed to identify these zones.
Another element in resistance of Sitka spruce stands to weevil infestion
is stand age. Overhulser et
a/. (1972) observed that as Sitka spruce is repeatedly attacked, subsequent weevil emergence
decreased.Thismaybeanexampleofinducedresistance(Rhoades
1983) and, in part,may
explain why P. strobi attacks diminish as stands become older. Consequently, older plantations
could function as white pine weevil dispersal barriers. White pine weevil flight, as well as sexualmaturation feeding, mating, and oviposition depend on high ambient temperatures. Alteration of
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microclimates around the trees’ terminals during crucial spring and early summer months could
reduce the level of weevil attack. Mehary (1981) and McClean (1 989) found that the young Sitka
spruce trees grow well under an -Ahusrubra Bong. overstory. Sitka spruce is shade tolerant and
commonly is associated with red alder and eventually grows above the hardwood (Burns and
Honkala 1990). Similar growth results were observed during natural succession of spruce under A.
incana Moench in Belorussia (Gel’tman and Parfenov1961). Mehary (1981) showed that an alder
overstoryeffectivelyloweredambienttemperaturesandreducedflight,feedingandmating
opportunities. Using methods described by Stubblefield and Oliver
(1978), we reconstructed the
life histories of Sitka spruce growing under alder cover.
We found that the spruce were unattacked.
and outgrew the red aldersin about five years (Figure 5). Thus, an alder overstory could be used
to lowerunderstorytemperaturesanddecreaseweevilattacksonaSitkaspruceunderstory
without appreciably affecting conifer growth (Figure
6).
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Figure 5. Comparative diameter growth of a Sitka spruce and a red alder growing within a
red alder/Sitka spruce mixture of ca.
3 ha near the Humptulis-Copalis Rd. junction,
12 km
north of Humptulips, WA.
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Figure 6. Schematic of Sitka spruce growth patterns growing with red alder at various
spacings (based on field reconstruction studies, Mehary
1981): Hardwoods at wide
spacing allow Sitka spruce emerge
to
through the canopy and be constantly attacked P.
by
strobi (A); Hardwoods atan ideal spacing allow for fast spruce growth, but
not fast enough
to emerge above the canopy and become liable to weevil attack (B); Hardwoods at
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We propose the following scheme to establish spruce in the moderately infested areas:
Establish spruce plantations at varying distances apart based on estimates of infestation
levels and risk ratings of the sites. Since weevils disperse only short distances, the distance
between plantations would delay the reinfestation of treated areas from untreated areas
(Figure 7).
Create a multi-aged mosaic across the landscape because older stands outgrow attacks
and may act as dispersal barriers (Figure7).
Reduce f? strobi populations by spraying plantations with a selective pesticide formulated
with a sustained-release carrier (Mehary 1981). Treatments would be done during periods
weevil populations are concentrated in fall when females may be selecting large terminals
for sexual maturation the following spring or in spring during weevil aggregations. Autumn
treatments would be preferable while the females are sexually immature.
Plant Sitka spruce and red alder together at optimal densities to modify the site
microclimate in order to hamper weevil activity (see Figure
6)(Mehary 1981, McClean
1 989).
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Figure 7. A contiguous Sitka spruce plantations, growingin a moderate risk area
(Warkentin et a/. 1992) would have to be treated regularlyin order to keep P. strobi
infestations below some acceptable level
(A). When plantations are spaced across the
landscape in space and time, the necessity for treatment would substantially decrease
because weevil populations disperse only short distances each year
(B).
Silvicultural and weevil behavioral studies during the last
20 years indicate that economically
feasible spruce plantations can be established in areas moderately susceptible to
P. strobi attack if
anintergratedpestmanagementprogramwerefollowed.Theproposedschemecouldgreatly
expand the areas planted to Sitka spruce in Washington State.
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Summary

Over two years, under greenhouse conditions, 5- 'and 6-year-old white pine (Pinus strobus
L.) were subjected to white pine weevil (Pissodes strobi [peck]) feeding and oviposition and,
thereafter, grown under dry, medium and wet watering regimes. Leaders were harvested
regularly and larval development was followed. Also, spring and fall adults of the white
pine weevil were exposed in two-choice tests to bark from water-stressed (dry) and nonwater-stressed (wet) white pine that were infested or not infested by larvae.

Soil and plant water potential were affected by the different watering regimes but no
differences were observed in the rate of development
and number of larvae per leader under
the different watering regimes. Plant water potential was lower under the dry watering
regime. However, feeding preference tests demonstrated that the weevils could discriminate
between bark from water-stressed white pine and preferred bark from the non-stressed plants.
The weevils also preferred bark from non-stressed plants that were previously exposed to
weevil damage. These results suggest that insect attack modifies bark chemistry and the
resulting feeding preference and the fitness of the weevil will be better in vigorous growing
plants rather than in stressed plants.
Introduction

Host plants play an important role in the population dynamicsof phytophagous insects, and a
number of studies have demonstrated theeffect of biotic and abiotic stresses on plant insect
interactions (White 1976; Barbosa and Wagner 1988). Drought, one of the most studied
factors, can modify tree physiology and increase or decrease the nutritional quality of
foliage, and thus possibly promote insect performance and lead to outbreaks (White 1978,
1984; Mattson and Haack 1987a,b; Louda and Collinge 1992). Drought may also weaken
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the chemical defenses of trees and increase susceptibility to insect outbreaks (Mattson and
Addy 1975; Rhoades 1983, 1985; Mattson and Haack 1987a,b; Louda and Collinge 1992).
However, evidence for the stress theory is largely circumstantial and there is little direct
experimental data on the responses of insects to plant water stress (Mattson and Haack
198%; Louda and Collinge 1992; Waring and Cobb 1992).
Among the phloem feeding insects, weevils have received little attention, even though some
species have been specifically associated with host growing conditions or vigor (Warren
1956; Finnegan 1958, 1959, 1962; Giblin-Davis and Howard 1989). The white pine weevil
(P.strobi (Peck)), a significant pest to pine and spruce reforestation, attacks mostly young
and vigorous plantations rather than older ones, and it prefers trees with the longest terminal
shoots and larger leader diameters (Plummer and Pillsbury 1929; MacAloney 1930; Prebble
et al. 1951; Kriebel 1954; Holst 1955; Connola 1965; Wilkinson 1983; Alfaro 1989;
Lavallie et al. 1990). Recently, Lavallk et al. (1993b) demonstrated that the adult weight
of this insect was affected by the bark quality of its host and reported better insect
performance on vigorous well-hydrated white pine leaders. Also, site characteristics have
been associated with weevil damage (Maugham 1930; ConnoIa and Wixson 1963; Dirks
1964; Connola and Birmingham 1978; Warkentin et al. 1992; Archambault et al. 1993).
However, these studies were concerned with the level of damage in plantations and do not
give any information on the biological performanceof the weevil.
White pine trees can grow in a variety of soil types (Sims et al. 1990) and are particularly
adapted to tolerate drought conditions (Lopushinsky 1969). However, no studies have
examined the influence of white pine growing under hydric stress on white pine weevil larval
was to
development and adult feeding preference. Hence, the objective of this research
compare the development of weevils reared on plants exposed to different watering regimes
and to determine if adults are sensitive to bark quality when modified by watering regime
extending from well-watered to dry or near the permanent wilting point of the plant. The
hypothesis is that white pine weevil developmentcan be better on water stressed white pines
and adults will prefer the stressed trees.

Materials and methods

Tree collection
In 1989 and 1990, white pine plants (5 and 6 years old, respectively) were obtained from the
Canadian Forest S,ervice nursery located near Valcartier. Plants were removed from soil and
planted in 6-L perforated plastic pots before the resumption of growth in early spring (May
17, 1989; May 19, 1990). Soil mixtures were
a sandy loam in 1989 and sand in 1990. The
soil was water saturated and the plants stored in a cold room at 5°C until being used in the
greenhouse experiments.

Insect collection and rearing
Overwintered adults (spring adults) were collected from white pine leaders in two plantations
(Saint-Luc-de-Champlain and Sainte-3eatrix) during the first weekof May prior to

55

oviposition. Adults were sexed according to techniques described by Lavall& et al. (1993a)
and kept at 2°Con fresh material or artificial diet (Trudel et al. 1994) until future use. In
July, white pine leaders infested during the spring were harvested at the Saint-Luc plantation
and stored in cages at room temperature (20°C). The insects that emerged from these leaders
were then placed on an artificial diet (Trudel et al. 1994) and kept at 5°C. These insects are
subsequently referred to as fall adults.

Tree treatments and water monitoring
In 1989 and 1990, white pine plants were subjected to insect feeding and oviposition and,
thereafter, to three watering regimes. Plants were placed in the greenhouse by the end of
May and watered every day for 2 weeks. An automatic drip watering system provided
approximately 200 mL twice a day to each seedling to maintain soil moisture until the
beginning of treatments. Half of each watering treatment were subjected to insect attack, and
half were left as controls. Each year, 96 trees were arranged in 4 randomized blocks, with
or without insect attack, 3 watering regimes, and 4 sampling dates. On 4 randomly selected
plants per block and per watering regime, two male and two female weevils were allowed to
feed, copulate and lay eggs over two weeks.
Gypsum blocks (Hoskin Scientific, Montrd) were used to estimate daily the general water
status of soil under each water regime and more details are given in LavaU6e (1994). In the
dry treatment, we tried to maintain soils around -0.15 MPa; in the medium treatment around
-0.08MPa; and in the wet treatment less than -0.03 MPa. Plants in the dry and medium
treatments received 100 or 200 mL of water as necessary to raise their soil water status.
Plants in the wet treatment received 300 mL or more of water daily.

Measurement of xylem water potential and bark collection from greenhouse plants
Every two weeks, over an 8-week period, 24 white pine trees were removed from the
greenhouse for bark collectionand measurements of midday plant moisture stress (PMS).
Total shoot water potential was measured with a pressure chamber in the manner described
by Lavalike (1994).
Each year, one- and two-year-old sections of the main stem were ground in a Wiley Mill at
20 mesh and kept at -20°C. Bark from the 1990 experiment was gathered according to its
respective treatment and consequently used in feeding tests.

Insect observations
Harvested leaders were dissected under a binocular microscope and the number of insects
was determined. Instars were evaluated according to Harman (1970).
A developmental
index which represented the mean instar was calculated for the insect population found under
the bark of each leader.
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Statistical analysis

Treatment effects were compared using the GLM or MIXED procedures (SAS Institute 1990)
after using the appropriate transformation to achieve variance homogeneityand normality of
the residuals. If significant differences were found between treatments, the Waller-Duncan
(WALLEWSAS Institute 1990) test or probability values (PDIFF/SAS Institute 1990) were
calculated to determine where differences occurred.

Feeding preference tests
The feeding preference tests were run with bark from two-year-old leader sections from the
1990 greenhouse test. Feeding tests were completed using a design presented in Lavall6e et
al. (1994).
Before a feeding preference test, insects were starved for24 h at 25°C under a 16-h
photoperiod. For each test, two females or two males, previously sexed according to
Lavall6e et al. (1993a), were placed per Petri dish during 24 h under the same light and
temperature conditions. The number of feeding punctures made by the insects, which has
been shown to be a good indicator of food preference (Alfaro et al. 1979; Piskornik et al.
1989), was used to compare insect response to bark from the different treatments.

Preference for bark from water-stressed and non-water-stressedplants
Under two-choice tests, spring or fall adults of both sexes were exposed to barks from waterstressed and non-water-stressed plants. We used bark from plants with or without insects
from the first (20 June) or last (30 July) harvest. .Each test was repeated twice, fora total'of
240 observations per test. Numbers of feeding punctures were transformed to their square
root to achieve variance homogeneity and normality of the residuals. All analyses were
performed using the GLM procedure (SA$ Institute 1989).

Results
Soil water potential
During the egg-laying periods, no significant differences were observed between soil water
tensions for the different treatments (PIgg9=0.36; Prm= 0.67) (Figure 1). However, during
the larval development periods, all soil tensions were significantly different (P < 0.01).
Plant water potential

In 1989, for each sampling date, values between treatments were significantly different for
all the sampling days except on day 166 when medium and wet treatments did not differ
(Figure 2). In 1990, for each sampling date, the treatments were significantly different, but
dry and medium treatments differed only at the last sampling period. However,
dry and wet
treatments were always significantly different.
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Figure 1. Soil water potential ("Pa) during the egg laying and larval development of the white pine weevil
in 1989 and 1990.
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Figure 2. Midday water potential (".Pa) of white pine during the sampling periods in 1989 and 1990.
*Means for the same date followed by the same letter do not differ significantly according to Waller-Duncan test
at P < 0.05
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Insect development
Larval development showed no effect of treatment in 1989 (P =0.60) and in 1990 (P =
0.55) (Table 1). Also the number of larvae per leader was not affected by the watering
regime (P1989= 0.64;P 1990= 0.87) (Table 1).

Table1.Mean

(+SEM) number of larvaeperleader (A), and mean (+SEW
development index of larvae (B) according to the different watering regimes.
Treatments
~~

Wet

-

Medium

1989

'29.6 f 5.3

25.1 -t- 7.6

33.7 f 5.3

1990

22.8 & 3.8

20.9 & 4.6

19.9 +, 4.1

B)
Year

DW

Medium

1989

4.4 & 0.1

4.4

* 0.2

Wet
4.6 2 0.1

1990

5.3 & 0.1

5.2

0.2

5.1 & 0.1

Preference for bark from water-stressed and non-water-stressed plants
With bark from non-infested plants, the feeding response of adult weevils was affected by the
watering regime and by the period when bark was harvested (Figure 3). With the first bark
harvested (Julian date 171) from plants without insect damage, spring adults did not
differentiate between bark from wet and dry treatments (P = 0.87) (Figure 3a). There was
no sex difference in the number of feeding punctures (P = 0.75) and there was no
interaction between sex and treatment (P = 0.73). However, fall weevils preferred bark
from non-water-stressed plants over bark from water-stressed plants but the difference is nonsignificant (P = 0.07) (Figure 3a). Again, there was no difference between sexes in their
preferences (P = 0.24) and there was no significant sex*treatment interaction (P = 0.33).
With the bark last harvested (Julian date 211) from non-infested plants, spring and fall
weevils of both sexes showed a significant preference for bark from wet treatments (Figure
3b). The spring and fall weevils made, respectively, 38% and 43% more feeding punctures
on bark from the wet treatment than on bark from the dry treatment (Pv+ = 0.01; Pfa =
0.01) (Figure 3b). For both ages, there was no difference between sexes m the number of
feeding punctures (Pq* = 0.33; Pfd = 0.33) and the sex*treatment interaction was also
non-significant (Pq- = 0.55; Pfd = 0.76).
With bark from infested plants, spring and fall weevils made 26% and 60% more feeding
(Pqrins< 0.01; Pfd < 0.01) (Figure
punctures, respectively, on bark from the wet treatment
4a). Female'spring adults ate more than males (P < 0.01) but there was no sex*treatment
interaction (P.= 0.22). With fall adults, males and females performed similarly (P = 0.11)
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Figure 3. Mean (+95% C.I.) number of feeding punctures on bark of non-water-stressed (Wet) and water-stressed
(Dry) plants madeby spring and fall white pine weevil adultson first harvested (Julia date 171) (a) and last
harvested (Julian date 211) (b) bark from greenhouse-grown white pines that were not Dreviouslv infested
by insects;
for each pair, values followed by different letters are significantly different(P<O.O5).
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Figure 4. Mean (+95% C.1.) number of feeding punctures on bark from non-water-stressed (Wet) and waterstressed (Dry) plants made by spring and fall white pine weevil adults on first harvested (Juliandate 171) (a) and last
harvested (Julian date211) (b) bark from greenhouse-grown white pines that were previouslv infested by insects;for
each pair, values followed by the different letters are significantly different(P<O.OS).
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and there was no significant sex*treatment interaction (P = 0.69). Also, if we consider the
bark first harvested, using plants infestedby weevils, the preference for bark from the wet
treatment was more pronounced (Figure 4a) than for bark from plants without insect damage
(Figure 3a). With bark from the fourth harvest, spring and fall adults preferred bark from
< 0.01; Pfa < 0.01) (Figure 4b). There
the wet treatment over the dry treatment (Psprinp
was no significant difference in the number of feeding punctures between sexes of both ages
(PV* = 0.96, Pfan= 0.89). There was no sex*treatment interaction (Psprinp
= 0.16, Pfa =
0.47).

Discussion
The different watering regimes used in these tests affected the physiology of white pine as
revealed by the xylem water potential. Though the effect of water stress on precise
physiological processes was not evaluated, a major impact on the plant is suspected. For
ponderosa pine seedlings, photosynthesis was slowed or stopped at water potentials between
- 1.O and -2.0 MPa, at values between-2.0 and -5 .O MPa seedling vigour declined andat
levels below -5.0 MPa seedlings died (Cleary and Zaerr 1980).
However, during the two years, the development of the white pine weevil was unaffected

when the watering regime of its host tree ranged from hydrically stressed to well watered.
White pine trees are adapted to dry sites (Sims et al. 1990; Lopushinsky 1969), thus the
levels of water stress used in our experiment may not have been enough to influence weevil
larval development. Wagner (1986) mentioned that water stress greater than -2.0 MPa in
Pinus ponderosa Dougl. Ex. Laws might be necessary before affecting the pine sawfly,
Neodiprion autumnalis Smith. In a previous test, Iavall& et al. (1993b) demonstratal better
weevil development on well watered leaders than on severely water-stressed ones (-4.0
MPa), which were much lower water potentials than in this experiment.

The period when water stress was imposed on the young larvae was difficult to control. For
a number of insects, the quality of the nutritionis more important during the first instars than
the later instars (Scriber and Slansky 1981; Montgomery 1982;Lavallk and Hardy 1988).
According to White (1978), it is-a shortage of nitrogenous compounds for juvenile larvae that
limits insect abundance. During our two years of tests, water stress may not have affected
the young larvae at the same time. Lavallk et al. (1993b) 'observed that when weevil larvae
had finished part of their development, they were less sensitive to subsequent imposed stress.
Field observations related to more pronounced weevil damageon inadequate sites for white
pine growth (Maughan 1930; Connola and Wixson 1963; Dirks 1964; Connola 1965;
Connola and Birmingham 1978) are difficult to explain without biological data on the insect.
More damage does not necessarily indicate more significant feeding and oviposition on trees
growing under stressful conditions. Because the female can lay her eggs on one or more
leaders (Plummer and Pillsbury 1929; MacAloney 1930), it is possible that on sites where
tree growth is reduced, the smaller size of the previous year's leader could cause females to
oviposit on more trees and, in so doing, contribute to an increase in the number of trees
attacked yearly. Also, it is possible that because the tree is stressed, the same amount of
feeding may result in more damage. Other experimentations on the effect of water stress on
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the white pine weevil should consider the effect on the weight of emerging adults and the
number of insects emerging per leader.
Feeding preference tests demonstrated that the white pine weevilcan discriminate between
bark from water-stressed and non-water-stressed white pine plants, with a preference for the
latter at a certain period of the year. This is in agreement with a number of field
observations that suggest that the most vigorous treesare preferred by the weevil (Graham
1926; Plummer and Pillsbury 1929; Kriebel 1954; Hoslt 1955; VanderSar and Borden 1977).
The possibility that some herbivores could attack the most vigorous hosts was suggested
by
Price et ul. (1987a,b) and Price (1989) for several gall-forming sawfly speciesand their
willow host plants. Other studies on herbivores have also shown that more vigorous growing
plants can have positive effects on insect performances or susceptibility to insect attack
(Miles et al. 1982; Craig et al. 1986, 1991; Wagner 1986; Bultman and Faeth 1987;
McCullough and Wagner 1987; Kimberling et al. 1990). If we consider the limited
resources available for larvae under the bark of the leader, a careful selection by the
ovipositing female appears biologically sound. Craig et al. (1989) mentioned that when the
offspring of an insect complete all their subsequent development.at the oviposition site, the
females are under strong selective pressure to optimize oviposition site selection. Females of
the white pine weevil can also select for vigorous growing trees with larger leaders to assure
abundant food resources for their brood, as observed with gall-forming insects (Price and
Clancy 1986; Craig et al. 1989; Price 1989).
The lack of significant feeding response with early season bark from non-infested plants may
reflect the similar physiological conditions of plants under the different treatments,
considering that the watering treatments are just starting.
The feeding performance was accentuated with bark from infested plants (Figure 4a) relative
to bark from non-infested plants (Figure 3a) with the first harvested bark. We can
hypothesize that weevil attack will modify bark chemistry and could lead to an increase in
feeding activity by other attacking weevils. b w i s (1979) mentions that Me1anoplu.s
dznerentialis (Thomas) nymphs frequently feed on portions of leaves affected by previous
insect feeding. For another weevil species, Ericsson et al. (1988) also observed that
Hylobius abietis (L.)prefers to attack wounded Scots pine seedlings. For the white pine
weevil, if sufficient oviposition is done by a number of females, the formation of a feeding
ring under the bark will efficiently kill the leader (Wallace and Sullivan 1985). For the
insects, the biological advantages of this situation could be a reduction in the oleoresin
exudation pressure on larvae consequent to death of the leader or simply to be more
numerous'to feed on bark with resin extruding from canals.
Our results and other data available on the white pine weevil suggest that the population
dynamics of this insect may be more related to the plant vigour hypothesis, as has been
shown for a number of other insect species (Price 1991) than the stress hypothesis (White
1969, 1984; Mattson and Hack 1987a; Larsson 1989). Lavallk et al. (1993b) did not find
significant differences in the weights of adult weevils emergirig from intact field leaders or
previously cut leaders kept in water. In this context, the weevil may look for vigorous trees
that are suitable in terms of physical setting, and the relation with the host may be based
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primarily on food availability and to a lesser extent on bark nutritional quality. Better insect
performance on non-stressed trees has been demonstrated for a number of insect species
(Wagner 1986; Price 1989; Ellsworth et al. 1989; Wagner and Frantz 1990). Consequently,
females of the white pine weevil may select for vigorously growing trees with large leaders
to assure an abundant food supply for their brood.
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Canada
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Summary
Distribution mapsof the white pine weevil,P. strobi, based on collection records
accumulated by the Canadian Forest Service's Forest insect and Disease
Survey (FIDS) since 1948 are presented. Records of damage caused by white
pine weevilon pine and spruce hostsin forest stands are summarized by region.

Introduction
The whitepine weevil, Pissodes strobi (Peck), is a transcontinental species,
which causes serious damage by feeding and ovipositingthe
onprevious years
leader's of its pine and spruce hosts. In spite of its importance as a forest pest,
its distribution across Canadais poorly know, andis often reported onlyas
occurrence data for a province (O'Brien and Wibmer 1982; McNamara 1991).
More detailed distribution information
is needed for the identificationof the
potential rangeof the weevil in Canada's forests.
During annual detection and monitoring surveys for important forest the
pests,
Forest Insect and Disease Survey (FIDS) regional units across Canada have
of survey records forP. strobi (Peck). The
amassed a considerable number
data associated withthe survey records collected since 1948 have been
computerized in a national database (INFOBASE) developed by
the FIDS Forest
Pest Management Group atthe Petawawa National Forestry Institute.
Maintenance of and accessto the survey datais controlled by the regional FIDS
units. In this paper we presentthe distribution of the white pine weevil and a
brief summaryof the breeding hostsutilized'by the pest in forest stands across
Canada.
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Methods
The information presentedis derived from location, stand, host and sampling
data recorded by regionalFlDS staff on nationally standardized survey forms at
the time the field collections and/or observations are made. Each record
of a pest species on one host
tree species.
represents a point source collection
For whitepine weevil these locality and host specific records include collections
of the insect or damage samples definitely attributable
to the weevil (e.g. leader
as
with two years of dieback containing multiple chip cocoons), as well field
observations of the presence of the weevil made byFlDS rangers. All survey
records for white pine weevil and
its synonyms, Sitka spruce weevil(P.
sitchensis Hopkins) and Engelmann spruce weevil
(P. engelmanni Hopkins)
(Smith and Sudgen 1969), collected between 1948 and 1992 were used to
produce the national distribution maps. The Universal Transverse Mercator
(UTM) grid reference associated with each collection was
used to map their
distribution (by 10 km2 UTM cell).
The FIDS data contains recordsof white pine weevil collected from a variety
of
stand types including ornamental plantings, natural and exotic plantations,
shelterbelts, hedgerows, woodlots, natural forest, treed swamp and scattered
weevil
individuals. As well, the data contains host associations for white pine
collected by sampling techniques
(e.g. tree beatings) which are not indicative of
the host species actually attacked.To ensure that the host data presentedin
P. strobi in forest
this paper is representativeof the hosts actually attacked by
on ornamental trees, shelterbelts and
stands, all records from collections made
hedgerows, and all records collected by beating have been excluded from
the
regional summaries of damageon pine and spruce hosts.

Results
Since 1948, almost7 000 collections of the white pine weevil or
its damage,
have been made across Canada byFIDS. The intensity of collection varies
(4 700) being
regionally, with more than half
of the white pine weevil collections
from the Ontario Region alone. There are718 collections fromthe Maritimes
Region (New Brunswick, Nova Scotia and Prince Edward Island), 631 from
Pacific and Yukon Region (British Columbia),557 from Quebec Region, 382
from Northwest Region (Alberta, Saskatchewan and Manitoba) and six from
Newfoundland and Labrador Region (Newfoundland).

Distribution
The Canadian distributionof all FlDS collections of white pine weevilis shown in
in the
Figure 1. In western Canada, it has been found as far as 600 N, while
east the most northerly collection records
are from the southern boreal forest of
Ontario and Quebec. The weevilis present throughoutthe Maritimes Region
and limited collections have been madein Newfoundland. Collections from
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I

Figure 1. The distributionof FIDS collection records
of white pine weevilfor all
hosts, 1948-1992. Symbols designate the number of collections per
IO km* UTM cell: o =I ; A =2-5; &-IO; and A = >I 0.
spruce (Picea spp.) and pine (Pinus spp.) are shown in Figures 2 and 3.
Regional differences are apparent
in the distribution of collections between
the
two host genera.
Hosts

~~

The Forestinsect and Disease Survey data includes
6 461 records of white pine
weevil attacking pines and spruce
in forest stands across Canada (Table
1) since
1948. In eastern Canada, collections from pine predominate, while
in the west
the majority of collections are from spruce. Pines are
the primary hosts recorded
for the weevil in the Maritimes (81.4% of the collections), Quebec(65.2%) and
in Newfoundland
Ontario (80.8%) regions, while species of spruce predominate
(1OO%), Northwest (94.8%) and Pacific and Yukon(97.1 %) regions.
Seven species of each host genus have been recorded as breeding hosts
P. of
strobi in forest stands (Table I). The pine hosts include four native species,
eastern whitepine (Pinus strobus L.), jack pine (P. banksiana Lamb.), lodgepole
pine (P. contorta Dougl. var. lafifolia Engelm.), and red pine (P. resinosa Ait.),
(P. nigra Am.), Mugho pine(P.
and three exotic pine species, Austrian pine
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Figure 2, The distribution of FlDS collection records of white pine weevil on
spruce, 1948-1 992. Symbolsas in Fig. 1.

Figure 3. The distribution of FlDS collection records of white pine weevilon pine,
1948-1992. Symbols as in Fig. 1.
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TABLE 1. White pine weevil damage collectionsin forested stands on pine and
spruce hosts (in percent)in each FIDS region.

Number of collections
Native hostsa
Eastern
white
pine
Jack pine
Red pine
pine
Lodgepole
spruce
Black
spruce White
Engelmann
spruce
spruce Sitka
spruce
Red

Exotic hosts
Scots pine
Austrian pine
Muhgo pine

Norway spruce
spruce
Colorado

Nfld.

Mar."

Que.

Ont.

NW

P&Y

1

558

541

4517

290

557

0.0
0.0
0.0

64.5
9.3
1.8
0.2

38.8
16.6
3.1

34.3
36.6
3.0

0.3
2.4

0.2

2.1

2.7

100.0
3.6
0.0 7.6 5.2

5.0

11.1

9.7
78.3
4.5

0.7
37.3
24.8
32.3

-

-

-

-

-

7.2
-

0.2

-

4.7

0.2

0.2
0.3

0.2

nr

6.0
0.2
0.4

nr
nr

nr
nr

0.3

0.9
0.2

t

nr
nr
nr

6.3 4.3
0.4 0.5
0.4

nr
nr

3.6

22.0

0.6

0.4

nr

t

-

1.o

-

a Regional percentages exclude hosts identified to genus only, thus total percentage for
each regionmay not sum to 100%. An ' - ' indicates thatthe native host does not
or
occur in the FlDS region; 'nr' indicates that no damage records noted, species may
may not be present in exotic plantations; 't' indicates damage recordsfor the species
are e 0.1%.
mugo Turra) and Scots pine (P. sylvestris L.) . The spruce hosts includefive
native species, black spruce(Picea mariana (Mill.) B.S.P.),Engelmann spruce
(P. engelmannii Party), red spruce(P. rubens Sarg.), Sitka spruce
(P.sitchensis (Bong.) Carr.) and white spruce(P. glauca (Moench) Voss), and
two exotic species, Colorado spruce(P, pungens Engelm.), and Norway spruce
(P, abies (L.) Karst).

The distributionof the accumulated FlDS records of P. strobi on eachof the
native coniferous host species attacked
in British Columbia are presentedin
Figure 4 to assist cooperatorsin identifying new distribution
or host recordsin
the province. Cooperators are encouragedto submit collectionsof white pine
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Figure 4. The distribution of white pine weevil collections on native conifers in
British Columbia:a, Sitka spruce; b, Engelmann spruce; c, white
spruce; d, black spruce; ande, lodgepole pine.
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weevil from localities or hosts which are not noted on these distribution maps to
the Forest Insect and Disease Survey regional office.

Discussion
Since 1948, the Forest Insect and Disease Survey has compiled a national
database of more than 450000 survey collections containing more than 1.4
million host associated and geographically defined records
of insect and disease
occurrences in the forests of Canada. The records are useful as a readily
accessible sourceof geographic and biological data
of distributions of Canadian
forest pests. The distribution maps in this paper summarize the known range
and hostsof P. sfrobibased on historicalFlDS collection records. These maps
of existing distribution and host information for
are intended as a summary
researchers andforesters managing the white pine weevil problem.
Nine native and five exotic species
of spruce and pine have been recorded as
hosts of P. strobi across Canada. Because FlDS surveys are conductedto
provide annual overview assessments
of the pest conditionsin economic forest
stands, survey collections are biased towards
the economically important
species of each region. Thus, the proportion of each host species attackedin a
region does not represent
the absolute host preferences ofthe white pine weevil
within that region. However, the data do demonstrate trends in the host species
attacked acrossthe country. With the exception of the single coniferous damage
record on black sprucein Newfoundland which biases the proportional
occurence for that province, white pine weevil damage
in forest stands occurs
almost exclusively on sprucein western Canada (British Columbia andNW
region). Five percent or fewerof the damage records from the two western
regions occur on pine hosts. In the east (Ontario, Quebec and Maritimes
regions) the white pine weevil damage
is recorded predominately from species
of
pine andonly 20-35% of the damage records are associated with spruce hosts.
The mapped northern distribution limits
of the white pine weevil (Fig. 1) are
within the Boreal forest region as denoted by Rowe (1972).All of the collection
in British
localities for P. sfrobi, except for the two most northerly collections
Columbia, are found between the 1000 and 1250 growing degree-day isoclines
(degree-days above50 C) (Energy, Mines and Resources Canada 1981).The
two exceptions from British Columbia (Fig. 4a), each of which consisted
of a
single attacked white spruce leader,
are found betweenthe 750 and 1 000
degree day isoclines. Isolated records of P. sfrobj, such as thosein northern
British Columbia, indicatethe potential for damage by
the weevil in more
northerly immature stands once they reach susceptible
age.
Limited informationis available on the frequency and severityof white pine
weevil attack in British Columbia. The incidence and intensityof P. strobiattack
for the province was summarized by Wood.and Van Sickle (1983) for the period
if a
from 1967 to1 982. Surveys are currently being undertaken to determine
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relationship exists between biogeoclimatic subzones and damage intensity.In
cooperation withthe British Columbia Ministryof Forests, the Pacific and Yukon
FlDS unit has undertaken a survey ofthe distribution, damage and host species
of P. strobi within the biogeoclimatic subzonesof the Prince George forest
region. The data fromthis survey will be usedto develop a riswhazard rating for
white pine weevilin the various subzones. The recent northern distribution
records for white pine weevil
in the Prince Rupert and Prince George forest
regions, andthe scarcity of records on some host species, indicates
that the
distribution limits and host range
of the pest may be incompletely known
in
British Columbia.
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Summary
The most common major defect
resulting from weevil attackis a crook. The incidence of
attack and number of attacks per
tree is most severe in the Interior Douglas-fir and
Montane Spruce zones with significantly more multiple attacks occurring
in the Interior
Douglas-fir zone than either the Montane Spruce
or Engelmann spruce-subalpinefir
zones. The stem defect formed as a result of P. ferminalisattack usually expresses
itself by the third growing seasonfollowing attack. Therefore,it iscritical to evaluate
trees for past attacks when manipulating stand density and remove
trees with defects in
the process. Weevil attack causes reduced height increment for two growing
seasons, reducing potential height growthby approximately one third and one fifth
in the year of attack and the year following attack, respectively. The selection of
hosts byP. ferminalis appears tobe mediated by anumber of factors: relative tree size
(height, dbh); growing space(APA); and genetic factors.The spatial pattern of host
pines influences the attack pattern. The attack pattern
of P. ferminalis is highly
aggregated when host trees are
highly aggregated. Whenthe pattern of the host
becomes more regular, because juvenile
of
spacing or planting, the attack patternP.of
ferminalis also tends to be more regular or random
in pattern.
,

'
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Introduction

The lodgepole terminal weevil, Pissodes ferminalis Hopping,
is one of the most
commonly encountered insectsin regenerating lodgepole,Pinus conforfa var. latifolia
Engelm., or jack pine, Pinus banksiana Lamb., stands in western Canada. Therelative
incidence and impactof P. ferminalis have notbeen quantified despite increasing
records from surveys done
in young stands. Thepotential impact ofthe lodgepole
terminal weevilincludes minor volumeloss due to height growthreduction and a lower
grade of lumber as a result of
grain aberrations at the site of a crook, to increased
rotation age for the stand due
to reduced height growth, and
finally to greatly increased
logging and manufacturing costs.resulting from small-dimension, deformed logs from
forked and staghead trees (Maher 1982).

P. terminalis hasan extremely flexible life history (Cameronand Stark 1989) and
causes a range of growth defects that apparently depend on geographic
location and
host parameters including genetics, age, size, andrelative growing spaceavailable to
the tree. In southern British Columbia, this weevil is typically bivoltine but occasionally
in areas with longer, warmer growing seasons, for example
in the Interior Douglas-fir
zone (IDF), it occasionally switchesto a univoltine life cycle. The adult feeds and
oviposits on the expanding terminal shootsitsofhosts (Stark andWood 1964).
immediately after hatching,the larvae feed in any direction in the phloem and cortex of
the new growthfor a brief period before becoming clearly negatively geotropic and
mine upward towardthe apical bud (Drouin et a/. 1963). During the third instar they
move into the xylem and pith to preparepupal chambers. In many leaders all the larvae
die before completing development, but duetheir
to spiral feeding pattern in the leader
and mining ofthe pith the leaderis killeddespite unsuccessful weevil emergence, thus
causing defectsin the main stem ofthe tree. Immature P. ferminalis have a very high
mortality rate but dueto the longevity ofthe adult (Maclauchlan 1992) many terminals
can be attacked during a weevilslife span, plus in one season a femaleis capable of
ovipositing in, and killing, more than one terminal.

P. terminalis hasbeen especially damaging to young lodgepole pine stands
in the
southern interior of B.C. that have undergonesilvicultural treatments such as spacing
pine isan
very early in the lifeof the stand. In the Kamloops Forest Region, lodgepole
of theforest cover, totaling
important crop tree species, as it accounts for almost 65%
1,357,405 ha. Of this area, approximately 430,562ha isimmature pine forest,
accounting for 25.5% of the total immature forest areain the Regionl. Lodgepole pine
(MS), and
is primarily found growing in the Interior Douglas-fir, Montane spruce zone
Engelmann spruce-subalpinefir (ESSF) zones, but little isknown ofthe relative
the severity of attack.
incidence of terminal weevilin these biogeoclimatic zones and
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British Columbia forest industry fact book. 1989. Council of Forest industries,
Vancouver, B.C.

Host density influences the severity of defect (Maher 1982),
it isbut
debatable whether
P. ferminalis prefers stands of low or
high density (Keen 1952; Stark and Wood 1964;
In a study ofP. sfrobi (Peck) in
Stevenson and Petty 1968; Stevens and Knopf 1974).
Sitka spruce, Picea sifchensis (Bong.) Carriere, plantations, denser plantations
sustained a lower intensity
of attack than the more open plantations, although stands of
different densities had the
same number of stem defects per tree (Alfaro and Omule
1990).
Our objectives were to describe the morphological attributes of the
thathost
may
influence its probability of being attacked byP. ferminalis; to quantifythe incidence and
spatial dynamics
severity of attackin three biogeoclimaticzones; and to elucidate the
of attack. One method of investigating spatial dynamics
is to comparethe unique area
APA is also the space
potentially available (APA) to each tree (Brown 1965). The
available to the insect seeking a host and
may influence choice between hosts. Greater
space around one host than another
may indicate to the colonizing insect a more
favourable microsite forthe next generationof developing insects because of increased
radiant energy, as well as a more succulent and nutritious host that has a larger
growing space. On the other hand, densely growing hosts may suffer stress from
competition, increasing their susceptibility to infestation.
This paper describes the spatial attack dynamics and impacts
'of P. ferminalis in 8 plots
in the IDF, MS and ESSF. The study is based on
established between 1987 and 1991
6 of these plots from establishment
detailed annual records of attack obtained from
through 1993.

Materials and methods
Fixed area plots were established in young lodgepolepine regeneration in three
biogeoclimatic zones(IDF, MS and ESSF). Stands were selectedon the basis of stand
age and density (Table I).
The objective was to establish plots in each biogeoclimatic
zone covering a range of stem densities
in stands of comparableage. Only oneplot
in this ecosystem.
was establishedin the ESSF due to a very recent logging history
to the
The target number of trees per
plot was 250 to 350 trees. However, due
differences in densities among ecosystems, and between spaced and unspaced
stands, tree numbers variedin each plot.At the time of establishment measurements
and observations recorded for each tree
were: total height; incrementalheight growth;
or dbh); year(s) of weevil attack;height to
diameter at 1.3 m (diameter at breast height
attack; defect (crease, crook, fork or staghead) and any other pertinent observations.
in
increasing severity, the defect types, modified from Maher
(1982) andAlfaro (1989),
little or no stem
are: 1) crease, minor defect comprised of a linear indentation, but
a
assuming
curvature at point of attack;2)crook, a major defect, defined when lateral
dominance is offset fromthe main stem by at least112 the stem diameter; 3)fork, a
major defectresulting when two laterals assume dominance; and staghead,
4)
a major
defect resulting from three or more laterals assuming dominance. Each subsequent

78

Table 1. Location, biogeoclimatic zone classification, and summary statistics
for 8
permanent sample plots establishedin the Kamloops Forest Regionfor long
attack dynamics and impact. Data
is from the
term monitoring ofterminalis
P.
1993 assessment unless otherwise stated.
Geographic
Size
Density
(sph)
Mean
Attacks
location
(ha)
BECa
Okanagan Falls-I IDF
0.220

% stems
attacked

age
18

per ha
1,091

1989
51.4

Okanagan Falls-2 0.035
6,400
IDF
1,429

18

943

44.6
12.1

Ketchan
Creek
IDF

17

1,740

21-4

MS

Dillard Creek-;!

MS 23,500
0.023

Ellis Creek

MS 2,263
2,688
0.168

Beblow
Road

1993
1,077

0.096
3,820
3,640

Dillard
Creek-I

Conkle
Lake

1989
1,291

0.250
1,636

1993
59.9

30.5

1,592

18

-

18

7.0
1,645

-

17

1,450
31.4

47.0

15

381

41.57.8

17

52

4.4

12,354
919
0.045
MS

-

ESSF 0.250 1,I
80

41.2
22.3
888

-

a BEC=biogeociimatic ecosystem classification (Lloyd et a/. 1990).

assessment examinedtree height, diameter at1.3 m, new attackand the defect status
of all past and new weevil attacks.
The (x,y) coordinates of each
tree were recorded to create stem maps from which
Voronoi polygons were constructed
using SYGRAPH (Wilkinson 1988). Each Voronoi
polygon was measuredwith a digital planimeter, giving the APA for each tree.A
program waswritten using LOTUS 1-2-3R(A.J. Stock and L.E. Maclauchlan,
unpublished) which took one
tree at a time, calculatedits distance to every other tree in
the plot (attacked or unattacked), determined the nearest neighbour distance,
and then
calculated the modified Clark-Evans-Donnelly
statistic (CED) (Clark and Evans 1954;
Donnelly 1978)on all the calculated nearest neighbour distances
(Sinclair 1985;
Matlack and Harper 1986). The
CED statistic describes thespatial pattern of trees in
the study plots. The same procedure was
followed for trees whichhad been weeviiled
one or more times, excludingall other trees from the calculation, to examine the spatial
pattern of attacked treesin the plots. Therelationship between tree APA (m*) and host
attributes such as height,
dbh, attack status and growth defects was analyzed
using
Chi-square analysis and t-tests (Zar 1984). Data from
plots within each ofthe three
biogeoclimatic zones were then pooled,
and the numberof attacks per tree and defect
severity was analysedusing a Chi-square analysisand Tukey's multiple comparison.
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By measuring the height at which a weevil attack occurs, trees can be monitored over
time to study how tree form, or defect, changes over time. Kendall's coefficient of
in defect over time.
concordance (Tau-b) was used to test for change
Results

Okanagan Falls Plots
Attack was firstnoted in the two Okanagan Falls plots when the mean tree height was
1.3 f 0.1 m and average tree age was 6 years. The Okanagan
Falls-1 plot was first
spaced in 1984, and thenin 1993 both plots were spaced. Prior to the 1993 spacing,
but in terms of
the per cent stems attacked was significantly less
in plot 2 (Fig. I),
attacks on an area basis (attacks per ha), the attack level
in the two plots was not
PcO.05). Following the 1993 spacing,the
significantly different (Chi-square analysis,
to 1,430 stems per ha and the
stem densityin plot2 was reduced drastically from 6,400
12.1% to 44.6% (TableA).
per cent stemswith one or moreweevil attack rose from
This indicates that during the spacing process care
was not taken to remove damaged
this time period,
trees. The attacklevel in plot 1 did not change significantly during
having 51.4% stems attacked in 1989 and 59.9%in 1993.
At higherstem densities the per cent
stems attacked remainedlow and multiple attacks
1). Multiple attacks per tree more than doubled
in the
per tree were infrequent (Fig.
lower density scenario(Fig. I), with multiple attacks per
tree increasing from14.4% to
29.1 % and 4.4% to 12.5% in plots 1 and 2 , respectively. On average,tree form and
growth was goodin plot2 prior to the 1993 spacing. By lowering the number of hosts
available to the weevil a higher proportion of trees
will be attacked andas seen in
the 1993 assessment, over
Figure 1, more treeswill be attacked more than once. By
50% of the defects causedby P. terminalis attack were major defects, crooks, forks or
stagheads (Fig.2). Plot 2 had a higher occurrenceof multiple tops (Fig.2) than Plot A ,
which formed more crooks. The reasonof this abundance of multiple tops in Plot 2
could be that in the more "crowded" environment prior to spacing, the competition
for
growing spaceand light was high andthis competition may have forcedboth competing
laterals to assume a more vertical orientation. This extremely dense scenario
is
following fire or
common on MS and IDF sites which have naturally regenerated
clearcut harvesting.
At this early stage in the life of the standit isdifficult to assessthe end result of attack
definitively, butsome trends are evident. Upon casual observation
it appears that
in severity. To test this
defects change over time
as the tree grows, usually lessening
hypothesis, in 1987, each weevil attackin plot 1 was assessed and assigned a defect
category. The plot was evaluated annually, and at the 1990 assessment,
all weevil
a defect category. There was no significant
attacks prior to 1987 were again assigned
in 1987 (Tau-b=0.602)
change in defect in 1990 from the original assessment done
some minor fluctuations.
(Table 2)although there were
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no attack

1 attack

4 attacks

50

40
30
20
10

0

noattack

.

1 attack

2 attacks

3 attacks

4 attacks

Attacks per tree

Figure 1. The per cent of trees in each of the
two Okanagan Falls plots having no attacks,
1,2,3or 4 attacks per tree.
The upper graph shows attacks to
up1989 for plots
1 and 2. The lower graph shows plot status in 1993. The per cent of total in
trees
is shown above each bar.
each plot in each attack category

Crook

39%

29%

Plot 1

Plot 2

Figure 2. Frequency of four defect categoriescaused by Pissodes tennjndis attack from
1982-1 993 in the Okanagan Falls plot
1 (N=l42)(left) and from 1980-1 993 in the
Okanagan Falls plot2 (N=33)(right).
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Number

Table 2. The distribution of defect categoriesin Okanagan Falls plot 1, expressed as
total trees as assessed in 1987 and thenagain in 1990. The Tau-b statistic is
0.602 indicating little change in defect category over time
Distribution of 1987 defectsin 1990
1987 defect assessment
TvDe
Staahead
Fork
Crook
Crease
Crease

9 61

46

Crook

30

6

Fork

59

11

Staghead

11

0

2

4

2

22

0

2

8

38

1

1

9

Impact was alsoquantified in terms of growthloss. The annual height increment
was
of 22 treescut near the 2 Okanagan
Falls plots. Of the 22
analyzed from a subsample
trees randomly selected, 17had been weevilled 1 or more times
and 5 had no weevil
(fS.E.)
was 1.4 f 0.2, with 70% of the
attacks. The mean number of attacks per tree
attacks resulting in major defects (12 crooks,8 forks, 1 staghead). There was no
and unattacked trees
significant differencein mean height increment between attacked
in the growing season prior to attack occurring (Table
3).Both in theyear of attack and
the yearfollowing attack, the height increment of the compensating
lateral of attacked
trees was significantly less than leaders not attacked
the previous year (Table3). This
in terms of per cent of potential height growth
difference in height growth was quantified
height
(Table 3). In the year of attack, the heightloss was 31.4% of the annual potential
still only 83%
increment. In the following growing season, the incremental growth was
the potential of unattackedstems (Table 3). Cameron (1974) approximated 10% height
reduction in trees less than 3 m tall and 25% in trees 3-6 m tail when the longest lateral
assumed dominance. West (1990) observeda 25% loss in dominant shoot growth due
to spruce bud midge, Rhabdophaga swainei Felt (Diptera: Cecidomyiidae), damage.
Similar to the our results,the effect of midgeinfestationwas significant for onlytwo
years (Cerezke 1972; West 1990). The western
pine shoot borer, Eucosma sonomana
Kearfott (Lepidoptera: Olethreutidae), which mines
the pith of elongating terminal
Pinus ponderosa Laws., also causes lossesof about 25%
shoots of ponderosa pines,
et al. 1988). For
of oneyear's vertical growth per attack (Sower and Shorb 1984; Sower
trees which are only weevilled once or twice
in their rotation, this height reduction
is
minor. However, if a tree sustains multiple weevilling, the cumulative height
loss could
increase therotation age as well as decrease the
quality of the stem due
to defect
formation.
Many plant species including lodgepole pine naturally growin a clumped distribution.
The CED value of -1-43 (P=0.08) generated for treesin plot 2 (Fig. 3) prior to 1993,
described a clumped distribution. The spatial distribution
of trees in plot 1 before and
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Table 3. Data from a random subsample
of trees cut near the OkanaganFalls plots
comparing mean incremental height growth
in the year of weevil attack and
in
the years immediately beforeand after weevil attack. Height
loss is expressed
as aper cent (in brackets) of the total height increment potential of unattackad
growth years.
Increment

f S.E.a
Mean annual height growth (cm)
1 vear before attackYearofattack
1 vear after attack

status

N

Attacked

30

43.2 f 2.9a

30.7 & 1.6a (31.4%)

41.O f 3.5a (7.2%)
I

34

41.6 f 2.6a

45.2 f 2.5b

49.5 f 2.3b

Unattacked

,

a Means in each column followedby the same letter are not significantly different, t-test,
Pc0.05.

after the 1993 spacing was very regular
(CED=3.14, P=O.OOl and CED=I .985,
P=0.008,respectively) whichin turn influences the spatial distribution of weevil attack,
which was also more regular
than aggregated having a CED=I .43 (P=0.076) in 1989
and CED=3.59 (P=0.003)in 1993.The distribution ofattacked trees in plot 2 was very
aggregated prior to spacing (CED=-1.61, P=O.O5), with weevil attacksdistributed
around the perimeterof natural clumps of the host. After the 1993 spacing,
the
distribution of all trees, and of attacked treesin plot 2 approached a randomto regular
distribution, CED=0.435 (P=0.044) and CED=5.305 (P=0.013), respectively (Fig.3). As
cumulative attack levels increasein a stand, the attack pattern changes from very
or regular in situations of high attack intensity (Maclauchlan
aggregated to random
1992).

in Figure 3 representthe area potentially
The blank and shaded polygon areas
APA values for trees
available to unattacked and attacked trees, respectively. The
remains static over time unless trees
are removed, die, or new trees establish, butthe
for attacked and
status of "attack" changes yearly; therefore, the mean values of APA
unattacked trees change over time as does
the spatial relationship of attacked trees to
one another.The mean APAof all attacked treesprior to 1993 was significantly
different (t-test,P<0.05) from the mean APAof unattacked treesin plot 1. On average
weevils were choosing larger,
taller trees with ample growing area,often situated on
the edges of more denselyclustered hosts (Table4). Annually, attack occurredin small
clumps, perhaps suggestingthe "working range" of one female weevil.
Spatial attack dynamics and impact among biogeoclimaticzones
Differences in attack incidence among zonesis suggested but thevariability among
sites and density of trees makes interpretationdifficult (Table 5). The attack dynamics
of P. ferminaliswas similarto that observed in the Okanagan Falls study site with high
density plotshaving aggregations of both the hostand attack, and lower density plots
and dbh of
indicating a moreregular distribution of both. In all plots, the mean height
attacked trees wassignificantly greater than thatof unattacked trees(Table 6). Height
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0

CED, all trees = -1.434
P = 0.076

17.5 0
17.5
CED, attacked trees = -1.614
CED, all trees = 0.435 CED, attacked trees = 5.305
P = 0.054
P = 0.044
P = 0.013

Figure 3. Spatial arrangement ofall trees, both those attacked at least once (shaded
in Okanagan Falls plot
2
areas) by fissodes terminalis and those not attacked,
prior to spacing (left) and following spacing (right). Eachis tree
defined bya
Voronoi polygon which representsits "area potentially available"(APA). The
for "all the trees"
Clark-Evans-Donnelly statistic(CED) is given below the figure
or e0 approach a clumped
in the plot and for "all attacked trees". Values to
equal
pattern, and>2 approach a more regular pattern, with intermediate values
indicating randomness.

and diameter of trees
is highly correlatedso dbh was used as
a parameter to compare
MS zones. For each stand, dbh was converted
to percentiles
hazard between the IDF and
and the numberof attacked and unattacked trees falling into each percentile range was
to produce an overall view of the trends
in the IDF
observed. The plots were then pooled
and MS zones. Trees attacked byP. terminalis in the IDF had a mean dbh percentile of
56.2 compared to 33.0 for unattacked trees. In the
MS the mean dbh percentile of attacked
.l,
respectively.
and unattacked trees
was 60.3 and 31
Early in a stands life, when the incidenceweevil
of
attack is building, at a rate of about
5%
annually, the trees with the largest
APA are attacked (Table 6). However, as a stand ages,
weevil populations build, and stem density
is manipulated (lowered)the attack patterns
in a
stand are more random than dispersed, tending
to a regular pattern as most
of the crop
It is of adaptive advantageto the weevil to choose these
trees sustain one or more attack.
superior hosts, especially at the early stage of an infestation, because more weevils
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Table 4. Comparison of area potentiallyavailable (APA), total height anddbh between
in the two Okanagan Falls plots. The data
attacked and unattacked trees
presented reflects the status oftrees prior to the 1993 spacing.

Plot No.
Plot I

Nb

Tree
status

Mean f S.E.a
Height
(m)c

APA
(m2)

Attacked
116
7.20

f 0.21a
4.22

Unattacked
156
Plot
Attacked
2
40
Unattacked196

DBH (cm)C

f 0.07a
6.7

f 0.2a

5.50 f 0.23b
3.47

f 0.25b
4.9

f 0.2b

1.82 f 0.19a
4.56

f 0.27a

1.58 f 0.11a3.22

f 0.09b
3.3

'

6.7 f 0.6a
f 0.2b

a Means followed by thesame letter in thespaced or unspaced plotsare not significantly
different, t-test, PcO.05.
Some trees not included due to proximity to plot boundary.
Height and dbh measurements were
made in 1989 for the spaced plot and1991 for the
unspaced plot.

Table 5.Comparison amongthree biogeociimatic zonesbefore and after 1993 spacing,
ha and the
defect
of the number ofP. terminalis attacks per tree, attacks per
type resulting from the attack. The defects were coded 0,1,2,3
or 4 according
to thedefect exhibited,with O= no attack, l=crease, 2=crook, 3=fork and
4=staghead.
Mean
Biogeoclimatic
zone
1990

IDF
MS
ESSF

N

No. attackdtree

f S.E.a
Attacks/ha
Defect

0.37
890
1969
303

f 0.02a
0.16 f 0.01
436
b
0.04 f 0.01
44 c

369 f 120a
f 123a
f 9b

664
0.52
892

0.67 f 0.04a
1,451
f 0.03b
906

type
0.62 f 0.034a
0.38 f 0.02b
0.27 f 0 . 0 3 ~

1993

IDF
MS

f 147a
f 309a
2.05

1.87 f 0.09a
f 0.14a

a Means followedby the same letter are not significantly different, Chi-square analysis and
Tukey's multiple range test,PcO.05.

successfully developand emerge fromthe longer thicker terminal shoots (Maclauchlan
1992) which are foundon the dominant, more open growntrees in the stand. Part of the
selection process by P. terminalis may be associated with the weevil perceiving the
leader silhouette against other
trees (in a dense stand or clump
of trees) vs. perceiving
~

a5

Table 6. Comparison betweenP. terminalis attacked and unattacked trees (plots from
same zone pooled)in three biogeoclimatic zones. Data represents tree status
prior to 1991.
Biogeoclimatic
zone

Attack
status
Height
(m)

Means (fS.E.)a
DBH
(cm)
APA
(m*)

IDF

Attacked
Unattacked

4.13 f 0.13a
3.21 f 0.13b

6.6 f 0.3a
4.2 f 0.2b

3.79 f 0.22a
3.11 f 0.15a

MS

Attacked
Unattacked

3.75 f 0.02a
3.04 f 0.08b

5.0 f 0.2a
3.6 f O.lb

3.05 f 0.15a
2.64 f 0.10b

ESSF

Attacked
3.01 f 0.22a
4.5
f 0.05b
3.3
Unattacked
2.49

f 0.5a
9.57
f O.lb
8.19

f 1.OOa
f 0.94a

a Paired meanswithin columns followed by the same letter are not significantly different,
t-test, P<O.OS.

the leader silhouette against open
sky (low density standor tree in opening). The
female may work from host to host within a relatively small area,
ovipositing in the
larger moreopen grown hostsuntil her egg complimentis depleted.

’

In 1990, the number of attacks per tree was significantly greater
in the IDF thanin the
MS or ESSF (Table 5). Similarly, in 1993 the attacks per tree arestill significantly
greater in the IDF than MS, 0.67 f 0.04 and0.52 f 0.03 attacks per tree, respectively.
This may indicate some genetic susceptibilityor resistance among trees, or that sele
ction of morphologically superior
hosts by the weevilsis more pronouncedin the IDF.
On an area basis, there wasno difference in attack incidence between
the IDF andMS,
but there were lower attack ratesin the ESSF (Table 5). The samplesize was very
small in the ESSF and it is predicted that the incidence
of attack will increase as stands
in this ecosystem age (Maclauchlan 1992). By the 1993 assessment, stem density
had
tree on average had
been loweredin 6 of the8 plots and the number of attacks per
doubled in the IDF and MS. The attacksper ha increased four-foldin the plots in the
IDF zone over a three year
period (Table 5). The most noticeable changeis stem form.
Mean defecttype increased significantly during the three year
period in both the IDF
and MS zones (Chi-square analysis,PcO.05). This statistic is anartifact of removing .
trees with good form and leaving
behind many trees with attacks
and defects, therefore
increasing the relative frequency of poorly formed treesin the plots.
Discussion

In summary, there is a difference amongthe IDF, MS and ESSF in the number of
weevil attacks pertree and the defect caused by attack. The highest incidence of
in these zones
weevilling occursin the IDF and MS biogeoclimatic zones and trees
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also developthe most severe defects as
a result of P. terminalis attack. The spatial
arrangement of lodgepole pine influencesthe patterns of attack observed
in the
different stand densitiesand biogeoclimatic zones. Treeshaving larger available
growing areashad the highest probability ofbeing attacked byP. ferminalis. P.
ferminalisyearly and cumulative attack approachesa clumped pattern in the early
stages of stand development, except
in those stands which havebeen spaced toa very
rigid intertree distance and low stem density. Growth'loss occurs asa result of weevil
attack whetheror not a stem defect develops.Up to 31% of potential height increment
is lost the year of attack and17% in the following growing season.
The IDF and drier MS sites promote thehighest weevil populationsand suffer the
greatest impact. However, the hazard
is intensified when stem densityis brought down
to very low levels especially when attacked trees are not removed during
the spacing
process. The defect severityon an individual tree basis changeslittle over time, and
usually the stem form has been determined by the
third growing seasonfollowing
attack.
The defect created because of weevilling
can be quite accurately assessed
by the third
growing seasonafter attack. By this time the tree has determinedthe orientation of the
laterals and only minor changeswill .occur over time(Table 2)(Maclauchlan 1992).
Therefore, if stands areinitially left at higher densities, and are brought down
to target
density in two to three entries, trees which have been weevilled more thanthree
growing seasonsprior to the spacing and which are only exhibiting
a crease could be
left. Conversely, treesweevilled three or more seasonsprior to spacingand which bear
major defects, such as crooks,forks and/or stagheads, shouldbe removed during the
spacing operation as they most
likely will not outgrow for their defects. The high risk
years for a lodgepole pine stand in terms of P. ferminalisattack, is from age6-25 years,
or when meanstand height is between 1.3 m to 5 m.
During spacing,attention should be given to the spatial arrangement of stems,as well
as attack levels; Yeathering" the edgesthe
of "clumps" of trees and removing attacked
the quality of theresidual stand.
stems with defects in the process, may greatly improve
"Feathering" a stand is a process which removes trees at varying intertree distances,
leaving a range oflarge and small APA to trees in a stand ratherthan spacing to a rigid
intertree distance. This style of initial spacing treatmentwill leave some clumpsof
lodgepole pine withinthe stand. If further attack by P. ferminalisoccurs afterthis initial
spacing, these host aggregations could
be spaced a second time, creatinga more
regular pattern of trees later in the stands life and remove attacked treesin the
process.
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Introduction

.

A cooperative project between the BCFS and Canadian Forest Service Forest Insect
and Disease Survey was initiated
in 1993 to monitor spruce weevil (Pissodes
strobi) populations in the Prince George Forest Region. The objective was to
estimate the proportion of weevil infested trees
in susceptible spruce stands
across different biogeoclimatic subzones
(BGCSZ). The stands are to be
remeasured(annually) to obtaininformationonpopulationfluctuationsandto
determine if there were any differencesin susceptibility of attack between
spruce in different biogeoclimatic subzones.

Summary
Parameters for site selection included stand composition, age, biogeoclimatic
subzone and site accessibility. Sites were surveyed between July
15th and
September 15th using randomly placed circular plots. Fifteen suitable stands
were locatedin 8 different biogeoclimatic subzones with
an additional 4 sites
to be added in 1994. An estimated13% of the white spruce were currently
attacked by the spruce leader weevil. The highest level of current attack,
25%,
occurred at a site along the McGregor River
in the SBSf biogeoclimatic subzone.
No attack was found at one site
in the SBSk3 or either site
in the BWBSal
biogeoclimatic subzones. It is recommended that surveys continuein 1994 with
additional sites placedin biogeoclimatic subzones that were not represented
in
the 1993 surveys.
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Methods
Site Selection
Stands were selected from forest type maps, using tree species, stand
composition, stand age, biogeoclimatic subzone
and site accessibility, as the
parameters for selection. While sites were selected
at random it was decided
that 2 sites in each subzone would be desirable. The preferred stand age was
between 10 and 15 years with white spruce as
the dominant species.
Accessibility to sites was also important
as the sites areto be remeasured
annually for the next10 years.

Survey Methodology
The sites were surveyed between July
15th and September 15th by the
two Prince
George FlDS rangers. All tree species were tallied and current
(1993) and old
spruce weevil attacks were recorded on
the white spruce. Other tree species,
some not commercial, were included as it is thought that mixed stands or stands
with a deciduous overstory are less susceptible
to weevil attack. Defects such
as major forks, crooks or multiple
tops that may have been caused by previous
weevil attacks were recorded separately from definite weevil attacks.
A minimum of 10 stocked, circular plots with a minimum total of
100 trees were
established at random at each site. The most common plot radius was 5.64
m but
3.99 m and 4.99 rn were also used. The same radius was used forall plots in a
stand. The minimum interval between plots was 50 m, but the interval length
between stands variedto accommodate opening size. Larger plantations usually
required longer plot intervals
to ensure that as much of thestand as possible
was covered.

Plot Location and Biogeoclimatic subzone
A total of 15 suitable sites were locatedin 8 different biogeoclimatic subzones
in 5 different Forest Districts(Map 1). Attempts were madeto have at least 2
sites in each biogeoclimatic subzone.This was accomplished in all but the SBSj2
and thelCHk subzones, where only one site was locatedin each. An additional
site will hopefullybe added to these subzonesin 1994.
Three locations were surveyed
in the SBSf mainly because of ease
of access; one
of these locations may be deleted
in 1994. The two locations in the BWBSal
subzone are heli,copter accessed. Dueto inaccessibility,. no suitable sites were
located in the BWSc subzone; attempts willbe made in 1994 to establish2
helicopter accessed sitesin this area.
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PRINCE GEORGE
FOREST REGION
SPRUCE WEiEVL
PLOTS
LEGEND

Map 1. Locations and biogeoclimatic subzones and variantsof white pine
1993.
weevil monitoring plots, Prince George Forest Region,
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Results
An estimated average 13% (range
0 - 23%) of the white spruce were attacked
by
the spruce leader weevil in the 15 stands
in 1993 (Table 1). Old attack
(pre-93) was recorded on an average9% (range 0 16%) of the stems and3% of
the trees had bothold and new attacks. Defects representing possible previous
attacks were noted on an average4%
of (range 0 20%) of the white spruce.
Attacks vaned widely between biogeoclimatic subzones and even between stands
within subzones.

-

Very Wet Cool‘Sub-Boreal Spruce(SBSf)
The highestlevel of current attack occurred
in this subzone, with 25% of the
spruce attackedat a site along the McGregor River. Average
old attack was 18Yo
in the three stands. The second highestlevel of old attack (21%) and stem
Rd. Levels of current
defects (19%) were reported at a site on the Bowron
attack at the Humbug Cr. andBowronfRd. sites were very similar15%
at and 14%
white spruce only
respectively. Tree species cornposition vaned widely with
making up 29% of the treesat Humbug Cr. compared with 100% at Bowron Rd.

Mossvale-Moist Cool Sub-Boreal Spruce (SBSe2)
Weevil attacksat the Davie Lake Rd location were estimated at
Yo for
21 current
attack and3
4%for bothold and new attacks. Current attacks at the Davie
Muskeg site was considerably less with only
%1
of 1
the leaders currently
infested. Again species composition varied
at the two sites with only
64% of
the trees white spruce at Davie
Lk. compared with92% at Davie Muskeg. The
total weevil attack showed an even greater difference 34%
with of the trees
attacked at Davie Lk. and 14% at Davie Muskeg.

FinlayiPeace WetCool Sub-Boreal Spruce (SBSjP)
The one sitein this subzone had20% of the leaders currently attacked
and 32%
of all stems had either current,old or both attacks. Spruce made up 77% of the
stand composition, only slightly more than the 74% average
for the fifteen
stands.

-

Slim Very Wet Cool Interior CedarHemlock (ICHf)
Current andold attacks were less in the stand with the higher spruce
composition in this subzone. Total attack was 33%
at Lunate Creek whichhad 47%
white spruce stems and
26% at Sugarbowl Cr. where spruce was80% of the stand.
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-

Willow Wet Cool Sub-Boreal Spruce(SBSjl)
Spruce weevil populations were relatively constant
in both standsin this area
with current attackat 16% (Vama Vama#1) and 14%at #2. Total weevil attack
was the same at both sites with30% of the stems affected. Spruce composition
was also relatively constant between stands with only a 4% difference noted.

-

Goat Wet Cool Interior Cedar-Hemlock(ICHk)
Current attackin the one stand surveyed in this subzone was recorded
at 12%.
While approximately half the trees
in this stand were hemlock or cedar, these
species were naturally regeneratedand less than half the height
of the spruce.

-

Stuart Dry Warm Sub-Boreal Spruce (SBSk3)
Weevil attack levels were very lowthe
at two sites in this subzone with no
attacks recorded at the
#2 site at Jack PineAlley and only3% current attackat
the #1 site. White spruce was more than50% of the stand at both locations.
The other tree species matched the spruce
in height and may have contributed to
the lower levels of attack often associated with mixed stands.

-

Fort Nelson Moist Warm Boreal White and Black Spruce
(BWSSal)
No weevil attackswere recorded during the weevil surveys
of these two stands.
Further assessments were able to determine
that spruce weevil were present
in
the standsbut at such lowlevels thatit was not detected during original
survey. The low levelof weevil attack couldbe due to lack of suitable host,
extreme climate and/or fluctuations
in populations.
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Table 1: Location, biogeoclimatic subzone,s t a n d composition, weevilaitack and

defect in sprzcce weevil monitoringplots, Prince George Forest Region,
F D S , 1993.

Location Biogeoclimatic Tree
Species1 $% Smuce Weevil Attack %Defect2
subzone
% of s t a n d
OM New Both
McGregor R

Humbug Cr.

Bowron Rd

Davie Lk Rd

SBSf
It

It

SBSe2

WS - 83
alF- 17

9

23

2

3

- 29
WB - 32
4- 32
alF - 7

4

13

2

0

w s - 100

15

8

6

19

SA lP -

13

14

7

4

w s - 92
lP- 8

3

10

1

0

-

12

16

4

1

4

0

ws

ws

bCo2

Davie-Muskeg

'I

Gagnon
SBSj2
Cr.

64

tA - 12

ws

11
11

77

tA - 18

lP- 5
WB - 8
Lunate Cr.

ICHf

- 4716
WB - 31
ws

13

alF- 11

wrc-

WH-

Sugarbowl Cr.

"

10
1

WS - 80

tA- 7

wrc-

bCoDf -

9

315

7

5

1

....
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2

Location Biogeoclimatic
subzone
Vama Vama
Cr. I
vamavama
Cr. 2

Goat R

SBSj1

11

Tree Species' &
! Snruce Weevil Attack %Defect2
Old New
Both
% of s t a n d

-

ws
82
WB - 15
lP- 3

WS
16
86
WB - 12
l P . 1
alF- 1
A

ICHk

ws

-

SBSk3

54 8

d42
wH-

Jackpine
Alley 1

14

12

4

0

6

8

5

4

3

16

4

- 54
- 15
1P - 8

4

3

0

20

ws

-

57

0

0

0

0

ws

-

100

0

0

0

0

ws

-

100

0

0

0

0

9

10

3

4 -

ws
SA

alF" 8
tA- 5

Jackpine
Alley 2
Ft.Nelson R

Muskwa R

It

ll? - 36
tA- 7
BWBSal
VI

AVERAGE

WS- white spruce
- alpine fir
Wrc - western red cedar
WH - western hemlock
Df - Douglas fir
IP - lodgepole pine
tA - tremblingaspen
WB - white birch
bCo - black cottonwood
SA - Sitka alder
alF

2

Defect is forks, crooks or multiple.tops thatmay be caused by spruce weevil
attack.
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Conclusions and Recommendations
1.

The surveys shouldbe expanded to include two additional standsin the BWBSc
and one eachin the SBSj2 and lCHk biogeoclimatic subzones.

2.

That height of competingtree species be recorded during surveys
to enable a
better.analysis of the effectsof mixed stands onlevel of weevil attacks.

the level of weevil
3. Continued weevil surveys are important to monitor
attacks within the region by biogeoclimatic subzone.
4.

Funding bythe BCFS for the surveys
be continued with the Canadian Forest
Service supplying the personnel to ensure continuity of sampling methods
and
surveys.

5. Other cooperators, with interestsin spruce weevil, should be encouragedto
participate in the surveys with input on
data collection, survey methodology
or additional experiments or trials
to be carried out at these sites.
6.

These standscould also be used as damage appraisal sites to monitor the
level of weevil damageto stands, to assess how the trees recover from
attacks, and the effects of weevil attack on growth
and yield.
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Summary

Provenance differences in resistance to weevil attack in terms of percent and number of attacks
remained unchanged over the testing period. Early selection for resistant seed sources can be
effective. The resistant provenances are Haney, Big Qualicum, and those from the hybridization
zone (Figure 1). Weevil attack records during the recent period (1989-93) indicated that
provenances from the hybridization zone may eventually outperform those from the south coast
(e-g., Big Qualicum) atmidcoast sites. In operational use of resistant sources, we recommend
Haney and Big Qualicum as the primary seed sources for high-hazard sites on the south coast,
whereas at north-coast sites we suggest the spruce hybridization zone (along the mid-Skeena and
mid-Nass river drainages in the Interior Cedar Hemlock [ICH] zone) as the seed source target
area.
Introduction

Destructive damage caused by the white pine weevil
(Pissodessfrobi) to plantation Sitka spruce
has frustrated both entomologists and silviculturists who have been searching for effective ways to
reduce the impact of this insect (Smith and McLean 1993); ofnone
the control techniques,
including shading, clipping, and insecticides, has proven to be sufficiently effective and practical
(Cozens 1983). The white pine weevil has virtually prevented the use of Sitka spruce
in
of weevil attack is low (MacSiurtain
reforestation on the coast, except in the fog belt where hazard
1981; Alfaro 1982,1989). However, the discovery of significant provenance differences in
resistance to weevil attack (Ying 1991) has added an important component to battle this damaging
insect, and also has helped revive the interest
in a concerted control effort, as shown during the
1992 spruce weevil symposium (Ebata 1992), and again in this workshop.
Large differences among provenances and trees in weevil attack, and high repeatability
of these
differences (genetic resistance) are detailed in the previous report (Ying 1991). This paper updates
provenance differencesin amount of weevil attack since the last report. We focus on time trend in
amount attackedin the last5 years (1989-93) compared with that recorded before 1989.
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Pacific Ocean

British

Columbia

FIGURE 1. Location of Sitka spruce provenances; the approximate boundaries
of low, medium,
and high weevil hazard zones; and Sitka-white spruce hybridization zones.
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Background Information

Details about the Sitka spruce provenance testing program and historical accounts of weevil attack
and its assessment are described in the 1991 report (Ying 1991). Only a brief background summary
is described below to facilitate the presentation of results in this report.
2) (Figure
Sitka spruce provenance tests were established from 1973 to 1975 at 14 locations
involving a totalof 43 provenances (Figure 1). Four tests have been heavily weeviled
- Sayward,
Head Bay, Kitmat, and Nass (Figure
2; Table 1). Weevil attack was recorded as early as 1974 at
Sayward, but was not systematically assessed until 1988 when total number of weevil attacks at
Sayward was assessed according to the presence of stem defects (Alfaro and Ying 1990). Similar
assessment was conducted in 1989 at three other tests using the same method as described by
Alfaro and Ying (1990), but only the total number of attacks from 1984 to 1989 was recorded.
Weevil attack has since been recorded every year at all four tests.

In 1984, a pilot study to test the repeatability (genetic control)
of provenance differences in weevil
attack was initiated, which led to the establishment of a clonal test at Fair Harbour. This test
contains 32 clones originating from sample trees from 8 different provenances representing the
range of provenance variation in weevil attack at the Sayward test (Figures 2;
1 Table
and 1).
Each clone was represented by
16 ramets (grafts) in16 blocks of single-ramet plots (Table 1).
Weevil attack has been recorded yearly since its establishment and thus the record
is the most
complete of all the tests.
Weevil attacks were summarized and compared on a provenance basis
in this report.

TABLE 1. Site.information about the four provenance tests with heavy weevil attack and the clonal

test (Fair Harbour)a
Test site

Latitude

Nass
Kitimat
Head Bay

55" 26'
540 14'
499 48'

Sayward
Fair Harbour
a

Soil
10

15
1 00
15

10
10

50" 13'

129" 26'
128" 33'
126" 28'
125" 45'

75

38

50"03'

127O 04'

20

a

Alluvial, deep, dark brown silt loam
Deep silty clay loam over loamy sand
Marine clay overlying glacial
till
Sandy loam with gravel bottom
Alluvial, deep, silty loam

The same 10 provenances were tested at Kitimat and
Head Bay, but only6 in common withNass; only results fromthe 8 provenances
at Sayward (the same provenances tested
at Fair Harbour) are reported.

100

60'

Pacific 'Ocean

British
Columbia

IProvenance
test sites
A Clonal test at

Fair Harbour

Miles

0

Bo

100

80

0

100

Kilometres

160

200

Washington

d

FIGURE 2. Location of Sitka spruce provenance trials and the clonal test
for
genetic resistance to the white pine weevil.
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Results
Site Differences

At the Fair Harbour clonal test, weevil attack was first noticed the third year after planting (three
58% after 6 years (Figure3); amount of attack varied from
22 to
grafts weeviled) and peaked to
42% in the past 4 years (Figure
3).
Time trend in weevil attack varied at provenance tests. Nass was the first heavily weeviled
- site
80% of the trees were attacked in 1984,
10 years after planting.(Figure 4). Attack in the last 4 years
levelled off to 32-47% (Figure
4). Time trend followed a similar pattern at both Kitimat and Head
Bay - amount attacked increased steadily and peaked in 1992 after 18 years (Figure 4). The
amount attacked was considerably higher at Kitimat.
The peak attack at Nass was about the same as at Kitimat
(80vs 73%), but occurred at a much
younger age at the former than at the latter (Figure 4); thus the impact on growth and stem quality
was more severeat Nass than at Kitimat. Fifteen-year height at Nass was 4.0 m compared to
4.2 m at Kitimat, although the former is a more productive site. At Nass, only the few trees that
escaped or quickly recovered from the attack will grow
to harvestable timber trees, whereas the
majority of trees at Kitimat will have the first sawlog free of weevil-caused defect. The Nass
test
is
on a rich alluvial soil
- an ideal site for early growth of Sitka spruce. Large and thick leaders at a
very young age may have attracted the damaging attack earlier. Both biotic and abiotic factors can
contribute to this site difference
in age trend of peak attack. Site differences
in age trend can offer
a useful clue to minimize the damage
if the underlying cause(s) can be identified.

80

58

60

42

I

40
28

22

20

3
(1986)

5

6

7
Year

8

9

10
(1 993)

FIGURE 3. Time trendin percent of attacks at Fair Harbour.
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100

80
73

65

48

7

19

18

17

16
6
1980

10
Year

1993

FIGURE 4. Time trend in percent of attacks at Head Bay, Kitimat, and Nass.

Provenance Differences

Relative provenance differencesin amount of weevil attack remained the same between the two
periods - from 1989 to 1993 and before; the most resistant provenances always had the lowest
attack. At the Fair Harbour clonal test, rankings
in provenance resistancein terms of number of
attacks per graft from 1990 to 1993 were identical in
tothe
thatprevious period (Table
2). Haney,
70% of the plantation average attacks. The
two
the most resistant provenance, had less than
provenances from the hybridization zone (Cedarvale and Kitwanga) (Figure 1) remained the next
least attacked.All other coastal provenances were susceptible (Table
2). Rankings between the
two periods among the same eight provenances at Sayward also did not change, although the
differences among provenances were not as large as at Fair Harbour (Table
2).
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TABLE 2. Cumulative number of attacks per tree (graft) over time at Fair Harbour (clonal trial) and
Sayward
Sayward

Harbour

IUFRO

Local

UBC 63
Haney,

29

36

18

64

Cedarvale,
Nass

15 64

Fair 32
59Harbour,
36
52

1990-93

128

0.09

0.11

0.20

64

0.36

0.61

0.97

0.41

0.85

1.26

51

.

Q.C.I.
Cr.,
Tasu

Moresby
37

Comp.,
Q.C.I.

66 Cr.,Muir 30
574
1.35
Mean (total)1.5

V.I.
1041

2.02

’

No. of
trees

No. of attacks
Total

1988’

1989-92

136

0.8

0.70

1.50

134

0.9

0.81

0.71

117

1.1

0.81

1.91
2.54

1.08

1.62

2.70

131

1.2

1.34

64

1.25

1.95

3.20

251

1.7

1.63

3.33

64

1.16

1.86

3.02

110

1.5

1.49

2.99

62

1.37

2.05

3.42

98

2.2

1.75

3.95

64

1.34

1.90

3.24

64

1.5

1.46

2.96

1.21

0.81

Nass
Aberdeen,
V.I.

Total

1989

Nass
Kitwanga,
06
32
45

Fair
No. of attacks

No. of

Provenance
Location
code

2.85

a Cumulative number of attacks per grafts from 1986
to 1989.
b

Estimate basedon stem defects before 1988 (Alfaro and
Ying 1990).

At Head Bay, Kitimat, and Nass, Big Qualicum and the provenances from the hybridization zone
(Usk Ferry and Kitwanga) were the least attacked during this and also the previous period, but the
3). All other coastal provenances were
differences between provenances were not large (Table
susceptible.
To further illustrate the consistency in amount attacked between resistant and susceptible
provenances, we plot yearly records of percent attacks for three provenances (the most resistant
one, one of the most susceptible from the Queen Charlotte Islands [Q.C.I.], and one from the
hybridization zone) at each test (Figures
5 to 8). Yearly attack of individual provenances fluctuated
3 and 4), but the resistant provenances had
in the same pattern as plantation average (Figures
consistently the least attacked and the susceptible ones the most attacked year
every
(Figures 5

to 8).This consistency gives strong evidence aofgenetic componentin resistance to weevil
attack.
The Haney provenance maintained its superiority in resistance to weevil attack at the Fair Harbour
clonal test, with significantly lower percent (Figure
5) or number of attacks (Table
2) than other
provenances, including those from the hybridization zone. This superiority was also seen at the
Sayward provenance test (Table
2). The Big Qualicum provenance had significantly lower attack
than the susceptible ones (e.g.,Q.C.I. provenances), but the difference between Big Qualicum and
6 to 8). Attack recordsin recent
those from the the hybridization zone were not significant (Figures
years at the north-coast sites (Nass and Kitimat) indicated that hybridization zone provenances
may show a higher level of tolerance than Big Qualicum in the long run (Figures
6 and 7). This
further reinforces the suggestion of using hybridization zone seeds for planting at high-hazard sites
on the mid-coast (Ying
1991).
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FIGURE 6. Time trend in percent of attacks among provenances at Nass.
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FIGURE 8. Time trend in percent
of attacks among provenances at Head Bay.
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Discussion and Conclusions
5 years (1989-93) have further reinforced the conclusion of
Weevil attack records in the last
genetic differences among provenances
in resistance to weevil attack (Ying 1991). The resistant
provenances are Haney; Big Qualicum, and those from the hybridization zone (mid- and upper
Skeena and Nass rivers in the Interior Cedar Hemlock
[ICH] zone); all other coastal provenances
are highly susceptible (Figure 1). Not all provenances from the hybridization zone are equally
resistant; those from the western end of the zone tend to be less resistant.

In terms of operational use of resistant seed sources, it is evident that Haney and Big Qualicum
should be considered as the primary sources of seeds for high weevil hazard sites on the south
coast. For sites on the mid-coast, seed sources from the spruce hybridization zone. may be the
better choice. .Haney and Big Qualicum provenances grow faster than those from the hybridization
zone, but are more vulnerable to frost injury. Results (Figures
6 and 7) suggest hybridization zone
provenances may eventually outgrow Big Qualicum trees.
6 to 8 )
Consistency in time trend in attack between resistant and susceptible provenances (Figures
suggests that decisions on selecting resistant seed sources can be made
a relatively
at young age
as soon as the plantation grows
to a height attracting weevil attack. Because of circumstances, we
were not able to analyze attack records at the individual tree level. We do not know the
of individual trees. There is no reason to doubt the effectiveness of
consistency level in time trend
selection of genetic resistance at the individual tree level.

Short- and long-term use of genetic resistance was discussed in the previous report (Ying 1991).
Genetic resistance is no panacea for control of weevil damage.
No genetic resistance can last
forever; insects will evolve to overcome genetic resistance eventually. Deployment of resistant
materials in silviculture mustbe considered in the context of integrated pest management.
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TOWARDS AN UNDERSTANDlNGOF SITKA SPRUCE RESISTANCE AGAINST
PISSODES STROBI

T.S. Sahota, J.F. Manville, E.White and A. lbaraki
Natural Resources Canada
Canadian Forest Service, Pacific Forestry Centre
506 West Burnside Road, Victoria,B.C. V8Z 1M5
Summary
Evidence is presented to show that resistant Sitka spruce trees can inhibit or block
reproductive processesof Pissodes strobi and are ableto survive a forced-attackof the
weevils. Resistant trees can be identified within one growing seasonby their effects on
,weevil reproduction. Progress and planned research for understanding how resistance
works and what causes it are outlined.
Introduction
Being newto the field of host resistance against the white
pine weevil, Pissodes strobi,
may carry both negative as well as positive implications for the authors
of this
communication. On the negative sidewe may not possess specific knowledgeof the
various aspectsof the host or the pest.On the positive side, we maybe able to look at
of
this subject in a manner that
is somewhat different from the main theme and thoughts
contemporary workers. The main aimof this communication is to present our approach
and a short progress reporton our work on weevil reproductionand progeny
development in relation to host resistance. We will also present our outlookon the
future directions emanating from this work. Within this format, we will examine three
main objectives: 1. developing an understanding of how resistance works,2. finding
what causesit, and 3. developing tools that canbe used for practical forestryand also
in aid of other research directed toward practical'solutions for the weevil problem.

Approach
Discovering and identifying resistant treesand seedling expeditiously isof obvious
value to tree breedingand reforestation programs. This is particularly important here
because P. strobiis not readily accessible for many of the control measures due to the
cryptic nature of its life cycle (Brooksand Borden 1992). The British Columbia Ministry
on the basisof
of Forests (BCMoF) have a continuing program to select for resistance
weeviling history of provenances, familiesand individuals (Alfaro and Ying
1990; Ying,
1991; Kiss and Yanchuk 1991). Borden and associates have used host characteristics
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based on tree morphology, chemistry, resin production,
and semiochemical signalsto
develop a multicomponent resistance indexto select resistant trees directly from
among the unknowns (Tomlin and Borden, these proceedings). The
tree
or those
characteristics used are considered to be either those that cause resistance
that are somehowlinked to resistance.
In our approach, we have not presupposed the causes of resistance. We have
proposed a process about how resistance could work.In examining the available
information on the subject, we have tried
to look for a process or processes that weevil
needs to carry out to kill a leader. It must also bea life cycle process thatis sufficiently
of the treeso that weevils' ability to
kill resistant leaders
affected by resistance factors
do to a tree, but
is noticeably.reduced. Thuswe must look not only at what weevils
also at what a tree does to the weevil (adults, eggs and larvae).We have taken the
affects weevils'
view that feeding onthe leaders of susceptible and resistant trees
physiology differently. In this view, the effectof a tree on a weevil's metabolic and
reproductive processesis of main importance. It differs from the widely held view of
host resistance basedon host acceptanceor rejection resulting froma weevil's direct
response to host produced signals.We have also taken the view that resistant trees
inhibit or block weevil reproductive processes, and detrimentally affect progeny
development andsurvival sufficiently to reduce a weevil's ability tokill resistant
of a
leaders. The degree andtype of the inhibitory effect depend on the magnitude
tree's resistance as well as the reproductive state
of the weevil.
.

Of a fundamental significanceto our approach has been the
field trials set upby the
BCMoF. Here we makea particular reference tothe clonal trial near Fair Harbour,B.C.
which has shaped ourthinking and where our own field work has been done. This
plantation containsSitka spruce trees belonging tonine different provenances. Each
provenance is represented by a variable number of families which, in turn, are
comprised of variable numbers of clones or genetically distinct trees. Alfaro and Ying
(1990) and Ying (1991)have reported thatthe different clones differ markedly
in the
frequency of weevil attack . Even a casual walk though the Fair Harbour plantation
reveals that trees belongingto some of the provenances have been attacked
repeatedly while others standing beside them have been attacked less frequently or
have remained unattacked.It is on the basis of this background and other published
information that we wereled to view resistance to weevilin terms of its metabolic
effects on weevil reproduction and
we were in a position to predict most of the results
we have obtained to date.
In order to detectpossible effects of resistance on weevil reproduction and progeny
development, we electedto work with treesfrom'the Haney provenance as they appear
to be the least attacked (Alfaro and Ying 1990) and, thus, were most likely
to show
significant effectson weevil reproduction and progeny development. Indeed, most of
our work wassubsequently done with one particular genotype, selected for its effects
on weevil reproduction, onthe basis of our initial experiment in 1991. Fair Harbour
trees were used as susceptible tree.
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Progress
In a recent communication, Sahotaet a/., (in press) have comparedthe effects of
resistant and susceptible leaders on feeding and oviposition by weevils caged
on them,
and the fate of the leadersso infested. The experiment was carried out from the middle
and oviposition
of May to the middle of June to coincide with the natural field mating
period of the weevil. Twelve females and six males were caged on individual leaders
of trees designated as resistant and those that were clearly susceptible as indicated by
their weeviling history. The results revealedno significant difference in the numbersof
feeding punctures on the two host types, but oviposition
was drastically reduced on the
resistant leaders (Table.l). Because of the reduced oviposition, distributionof feeding
and oviposition punctures on
the two host types presented distinctly different patterns.
Resistant and susceptible leaders were clearly recognizable, onbasis
the of such
patterns, without having to count the punctures (Fig. 1). Ovipositionon the resistant
if the females weevils contained mature
leaders occurredto a small extent and only
eggs at thetime of caging. All the susceptible leaders were
killed whereas all the
resistant leaders survived.

feeding puncture
oviposition purxture

b

a

Fig. 1. Feeding and oviposition punctures made on resistant (a) and susceptible (b)
leaders by caged weevil containing mature eggs
at the timeof caging.
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Table 1. Feeding, ovipositionand leader mortality causedby Pissodes strobion
resistant and susceptible Picea sifchensis.
Host
type

No. Trees
Mean
feeding
Mean

% Dead

punctures
oviposition
leaders
punctures
Resistant
Susceptible

9
10

1OOa
106a

1

20b
80c

Od
OOe

e (p
Numbers followed by different letters within a column are significantly different
0.001, two sample t-test). Table reproduced from
The Canadian Entomologist (Sahota
et al. 1994).

Our recent laboratory experiments show that the weevils fed equally well on samples
of
lateral branches taken from third whorl
of both host types in a no-choice situation
corresponding with our field experiments.A set of six female weevils was allowedto
feed upon a branch sample for one day. The same set of weevils was then allowed to
feed upon another sample
of the same host type for three more days, and then on
similar samples for two additional six-day periods.
The experiment was runin triplicate
on both host types. Results showno significant difference in the number of feeding
punctures during any time period
on the two host types (Table2). The weevils were
not ready for reproduction
at this stageand only two weevils showed indications of
ovarian maturation; thus possible effects of weevils' reproductive status on feeding
were minimized.
Table 2. Mean numberof feeding punctures madeby Pissodes strobion cut lateralsof
resistant and susceptible trees.
Lateral
Day
type
Day
1
Resistant
Susceptible

2-4
38 (14.7)
23 (0.58)

24 (3.5)
24 (8.1)

Day 5-10

Day 11-16

26 (3.5)
24 (9.2)

18 (18.3)
16 (5.3)

We are in the processof determining the volume of the feeding cavities
in this
experiment to compare feeding on that basis. However, we have indications from a
preliminary experiment that the volume consumed
by reproductively inactive weevilsis
not relatedto the host type. These data support
the view that the reduced oviposition
on resistant leadersin our field experiments is due most likely to the effect
of
resistance on the weevil's reproductive processes rather than to
due
any taste
differences between the two host types.
Effects of resistant leaders on ovarian maturation
and oviposition are also indicatedby
the preliminary data presentedin Table 3. Six females and three males were caged on
each of the four susceptible and resistant leaders. The female weevils contained
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mature eggs at the timeof caging. Weevils were removed from one susceptibleand
on the
one resistant leader at weekly intervals. There were fewer oviposition punctures
resistant leaders. Oviposition occurred during the first week only on
the resistant trees
whereas it continued for at least two weeks on the susceptible leaders indicating that
resistant trees inhibit reproductive processesof the weevil. Again, all susceptible
leaders werekilled whereas all resistant leaders survived.
Table 3. Oviposition punctures made byPissodes sfrobicaged for varying durations of
time on resistant and susceptible leaders
Host
type
Week

1

Week 2

Week 3

Week4

YODead
leaders

Resistant
Susceptible

26
26

25
103

16
92

6
85

0
100

Perspectives for future
Where doesthis lead? We share the common view
that, ultimately, a tool or procedure
that allows identificationof resistance based on tree or seedling samples without
having to use weevils as an assessment tool
will be more desirableand more
amenable to practical use. We also realize, that
at this stagewe do not know what it is
in the trees that causes resistance
, nor do we fully understand how resistance
functions. Thus, there is no direct accessto the host tree for diagnosing resistance
directly. We believe that we have to use the weevil to reveal the resistance factor(s).
Quick, reliable, and direct diagnostics for resistance must be based on a knowledge of
resistance factors as determined
by their effectson weevil reproduction, progeny
development etc.

Applications
We believe that our current data, particularly
the ovarian regression data (Sahotaet al.,
in preparation), indicate that we may
be able to identify and, perhaps, rank resistance
among the unknown samples within one field season. Thus, examination of other
provenances for their effects on weevil reproductive process appears useful for
developing a practically usable tool in very near future. This
will also show how wide
spread this particular mode
of resistance is.

Need fora more sensitiveassay
We are also aware that
we need a more sensitive
tool for detecting resistance whereit
is weak. More importantly, we need this more sensitive tool if we
are to test and
identify factors (chemicals) that maybe responsible for resistance. Our data on ovarian
regression of weevils caged on resistant trees appear typical
of a shut down of the
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juvenile hormone (de Wilde and de Loof
1973) of the weevil that is required for its
reproduction (Retnakaran 1973). However, these data present
a static picture only.
We do not know how quickly reproductive processes are shut down or how long they
are delayedif they have not already started.On the basis of our present resultswe
anticipate that productionof vitellogenin, a storage protein sequesteredby the maturing
eggs, is shut down or reduced due tofeeding on resistant leaders. We are developing
probes to monitor the activity
of vitellogenin gene to give a more sensitive assay for
resistance based onthe dynamics of the process of vitellogenesis. Weare also
working on the chemistryof resistant and susceptible treesto identify candidate
compounds that could affect weevil reproductive processes. Such compounds will
be
tested using the vitellogeninassay. We are continuing entomological work to provide
direct evidence for effects of resistance
on the hormonal systemof the weevil along
with studieson how all this fits in the field situation. We believe that this amalgamated
cooperation of molecular biology, chemistry, entomology, and physiology will lead to
determining resistanceof trees and seedlings directly without using weevils.
In the
meantime, a more sensitive assay can serve as
the next level of diagnostics for
resistance in addition to serving as
a research tool.

Conclusions
We think we can say that developing
an understanding of how resistance worksis not
necessarily a curiosity related process. Our data on ovarian regression providesa
reasonable basis for developing
a practical tool for detecting and, perhaps, ranking
resistance, on thebasis of weevil reproduction, within one field season. More
the very natureof resistance and
importantly, it providesus a very different outlook on
reveals directions foridentifying resistance factors. It appears that monitoring the
dynamics of.vitellogenesiswill providea tool for testing host chemicals responsible for
resistance; it may also, in the meantime provide
a more practicableand sensitive
method for diagnosisof resistance thanour weevil caging.
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DEVELOPMENT OF A MULTICOMPONENT RESISTANCE INDEX FOR SITKA
SPRUCE RESISTANT TO THE WHITE PINE WEEVIL
Elizabeth S. Tornlin and John H. Borden
Department of Biological Sciences
Simon Fraser University
Burnaby, B.C. V5A 1S6

Summary
The white pine weevil has virtually eliminated Sitka spruceas a candidate for forest
regeneration in British Columbia. Reclamation of this species may well lie in the
development of weevil-resistant varieties of Sitka spruce. To date we have identified
several possible resistance mechanisms or markers. These include large numbers of
outer resin ducts, low amounts of the monoterpenes isoamyl and isopentenyl
isovalerate in the foliage, high amounts of cortical resin acid and feeding deterrency.
We used these traits to compile a preliminary multicomponent resistance index using a
series of resistant clones.

Introduction
The white pine weevil,Pissodes strobi (Peck), is the primary factor preventing
reforestation withSitka spruce, Picea sitchensis (Bong) Carr., in coastal British
Columbia (Wallace & Sullivan 1985). The rapid growth rate of this tree makes it
desirable for plantingin wet, coastal areas, but repeated colonization of the terminal
leader by P. strobi results in stunted, deformed and suppressed trees, which rapidly
become unmerchantable and eventually die (Alfaro 1982). Various control techniques
such as shading, leader clipping, application of insecticides and biological control
agents have been attempted with only partial success (Alfaro & Omule 1990, Stiell &
Berry 1985).
The desirability of developing trees that
are genetically resistant to terminal weevils
has long been recognized (Gerhold 1966, Wood 1987'), and there is an urgent need

'WOOD, P.M. 1987. Development of Sitka spruce phenotypes resistant to the
spruce weevil: a summary of recent and planned research projects in B.C. P.M. Wood
& Assoc., Vancouver, B.C. (On file with B.C. For. Sew, Vancouver Region).
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to develop weevil-resistant Sitka spruce. The identification and elucidation of
resistance traits would greatly improvethe selection process, as well asthe
understanding of resistance.

A number of putatively resistant Sitka spruce provenances have been identified
(Alfaro & Ying 1990, Ying 1991). If the mechanisms by which these trees resist or
tolerate attack were known, it wouldbe possible to develop a multicomponent
resistance index (Brooks& Borden 1992), which would allow parenttrees to be
screened for use in weevil resistance breeding programs, and progenyto be screened
for retention in or exclusion from such programs. Trees could be assessed for factors
that may be involved in antixenosis (Kogan & Ortman 1978), such as the presence or
absence of volatile host attractants, feeding and oviposition stimulantsor deterrents,
and morphological characteristicsof the leader, as well as factors involvedin antibiosis
(Painter 1968), such as the ability of the host to resist attack through resinosis. It may
also be possible to assess trees for factors that allow them to tolerate attack by
weevils without sustaining a serious defect (Painter 1968, Alfaro & Ying 1990). In
addition, 'token' traits, such as the presence or absence of certain monoterpenes, that
may not be involved in resistance per se, could be indicators of resistance (Gerhold
1966, Brooks et a/.1987).
The objectives of our research are: (i)to determine the mechanisms of resistance and
susceptibility of Sitka spruceto the white pine weevil, and (ii) to use thesetraits to
develop a multicomponent resistance index for usein selecting parent trees for a
Sitka spruce breeding program, and assessing progeny for resistance traits.

Study Sites
We examined resistant and susceptible Sitka spruce at six different sites in British
Columbia. They included provenance trials at Sayward, Head Bay, Kitimat, Nass
River and Rennell Sound and a clonal outplanting at Fair Harbour (Ying 1991). At the
Fair Harbour and Sayward locations, trees were measured that had been used
previously in a study by Brooks ?L Borden (1992). Trees that were not attacked by
weevils, and had good growth form and height at the time of selection, were classified
as putatively resistant. Susceptible trees were selected based on their severity of
attack (weevilled at least once) and proximity to resistant trees. At Kitimat, Nass R.,
Rennell Sound and Head Bay, trees of 10 different provenances were planted in 9
blocks. In order to get a representative sample of each provenance fromall parts of
the plantation, trees were systematically selected from each block. At Rennell Sound,
only five provenances were selected. An effort was made to select a representative
range of tree heights and growth forms from each provenance, which had previously
been designated as either resistant or susceptible (Ying 1991). At Fair Harbour, 10
10 wild
replicates of 10 resistant clones were examined and compared with
susceptible trees. Two clones of the Big Qualicum provenance were selected
from
Sayward to complete the comparison of resistant trees by clone.
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Samples were collected for examinationof the vertical resin duct system, foliar
monterpenes, cortical resin acids and feeding deterrency. Samples were removed
from the first whorl of branches below the leader, and the previous year’s growth
examined in each case. Because foliar terpenes change throughout the summer
(Brooks et a/. 1987), all samples for chemical analyses and feeding bioassays were
collected no earlier than late August.
The Vertical Resin Duct System
Resinosis may be theprimary cause of mortality for white pine weevils (Overhulser
&
Gara 1981),and it is known that both longitudinal and transverse resin canals are a
constant feature in the bark of finus, ficea, Lark and fseudotsuga spp. (Core et a/.
1976). The distribution, size and density of resin canals determinethe amount of
resin produced. Fewer outside resin ducts were found in eastern than in western
white pine, the less susceptible of the two hosts (Soles et a/. 1970). Stroh & Gerhold
(1965)observed that weevils preferred thick bark,and that shallow inside and outside
cortical resin ducts were associated with shallow and narrow feeding cavities
on
eastern white pine. They found significant positive correlations between the depth of
inside and outside resin ducts and occurrence of successful weevil attacks. There
was a very low correlation with thenumber of resin ducts present, althoughthe most
ducts were found in the leaders of heavily weevilled trees (Wilkinson1983),
suggesting that traumatic resin canals (Berryman 1972),may have developed in
response to weevilling .

Methods
The number, depth and spacing ofresin ducts were measured totest the hypothesis
or more numerous resin ducts than
that resistant trees might have larger, shallower
susceptible trees, and thus a greater capacity for resinosis. Resin ducts were
examined as described by Tomlin & Borden (1993). The ring of large, uniformly sized
resin ducts that were observed closest to the xylem tissue were called
the inner resin
ducts. All other resin ducts, peripheral to the inner resin ducts, were called outer resin
ducts. The numbers of inner and outer resin ducts, depth and diameter of inner and
outer resin ducts, distance between inner ducts and distance between outer ducts,
and the radial thickness of the cortical layer were measured. The densities of inner
and outer ducts were expressed as
the number per cm of circumference.

Results and Discussion
The most significant result arising from the analysis of the vertical resin duct system
was that resistant trees tendedto have significantly more outer resin ducts than
susceptible trees when provenances were compared (ANOVA, P<O.OOOl) (Fig. 1). A
comparison of resin ducts by clone (Table 1) shows that the resistant clones have
significantly more outerresin ducts than the susceptible trees withthe exception of 8ig
Qualicum and one Cedarvale clone (ANOVA, f<O.OOOl).
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Figure 1. Analysis of provenances from all sites with respect to a) vertical resin
ducts, b) foliar isovalerates, and c) total resin acid. In all cases paired bars are
significantly different, t-test, PcO.0005.
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Table 1. Mean density of outer resin ducts of Fair Harbour clones. Means
followed by the same letter are not significantly different, Bonferroni t-test,
PcO.05.
Provenancea
Family
Clone
Mean

No. Resin
Ducts.cm

Haney

1

1

24.98k2.58 a

Cedarvale

2

4

23.81 22.44 a

Haney

1

2

21.85k2.58 a

Kitwanga

13

8

20.9822.44 a

Haney

Unknown

7

19.84k2.44 a

Haney

Unknown

5

19.73k2.44 a

-

2

19.70~2.44a

13

2

18.18 ~ 2 . 4 4a

Green Timbers

-

3

16.11k2.44 a

Cedarvale

2

5

14.27k2.44 ab

2,15

692

8.65k5.47 ab

-

-

3.1 2k2.44b

Green Timbers
Kitwanga

Big Qualicum
Susceptible Trees

-c S.E.

a IUFRO code numbers for provenance (Ying 1991) are as follows: 2G, 3G=Green
Timbers, 06=Kitwanga, 18=Cedarvale, 29=Haney, 03=Big Qualicum. Big Qualicum
clones are from Sayward.
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Our results are similar to those of Plank & Gerhold (1965), who found that western
white pine, an unfavorable, host forP. sfrobi, had larger and more numerous outer
resin ducts than Engelmann spruce. There are several reasons why large numbersof
outer resin ducts might confer resistance. If out.er ducts produce traumatic resin,
which is known to contain higher quantities of defensive compounds than constitutive
resin (Raffa & Berryman 1982), they would be thefirst line of defense encountered by
weevils feeding or ovipositing on treesin which the production of traumaticresin had
been induced. In eastern white pine, Stroh & Gerhold (1965) observed that only
9.3% of 215 feeding cavities contactedthe epithelial cells of the outer resin ducts,
suggesting an antixenotic effect. In contrast, most feeding cavities came in contact
with the inner resin ducts, although they did not sever them.

Foliar Monterpenes
In selection of a suitable host, P. strobi may respond to host kairornonesin addition to
other cues. It was observed that two monoterpenes, isoamyl and isopentenyl
isovalerate were presentin lower amounts in resistant than in susceptible Sitka spruce
(Brooks et a/. 1987). Other authors have also observed chemical differences between
resistant and susceptible Sitka spruce and eastern white pine, Pinus sfrobus L.,
(Wilkinson 1980, Brooks et a/.1987, Hruffiord & Gara 1989). In addition, it is known
that the monoterpene spectrum of conifers is under strong genetic control, making it
potentially useful for identifying resistant genotypes (Brooks
et a/.1987).

Methods
Sample for analysis of monterpenes were extractedin a mixture of ether: methanol:
water (79:20:1)using heptyl acetate as an internal standard. The extracts were
DEAE
filtered through activated charcoal and cotton to remove chlorophyll and through
sephadex in the basic form to remove resin acids (Zinkel & Magee 1991). The
extracts were then mixed with hexane, and the hexane layer removed, dried over
magnesium sulphate, and analyzed by gas chromatography. 'Known compounds were
quantified by the internal standard method using a calibration mixture of known
concentration, and expressed per gramof dry weight of tissue.

Results and Discussion
In the analysis of monterpenes by provenance,the most obvious trend was that, on
average, resistant trees contained lower amounts of isoamyland isopentenyi
isovalerate than did susceptible trees (Fig. 1) (ANOVA, fcO.0001). An analysis by
clone revealedthat there was signifcant variation betweendones and that the
susceptible trees conained higher amountsof isovalerates than mostof the resistant
trees (Table 2) (ANOVA, P<O.OOOl).
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Table 2. Mean concentration of isovaleratesin the foliage of resistant clones at
Fair Harbour. Means followed by the same letter are not significantly different,
Pc0.05, Bonfertoni t-test.
lsovalerate content
Mg/g dry weight (mean2 S.E.)
Clone

Family
Provenancea

Timbers Green
13

Kitwanga

2

Cedarvale

-

Kitwanga

2

0.00-cO.09a
0.0020.25a

2

0.06-cO.26a

Cedarvale

0.25k0.26a

Big Qualicum

2,15

62

0.3520.58ab

0.07-cO.21ab

-

3

0.9020.27ab

0.3420.09ab

Haney

Unknown

7

Haney

1

1

Green Timbers

Haney

1.24k0.26ab
Unknown

5

0.1 0+0.09a
0.1 320.09a

-c0.26ab
0.91
0.9620.26ab

5

Haney

1

2

Susceptible

-

-

0.27-cO.09ab
0.27k0.09ab
0.42k0.09ab

2.08-cO.27b
2a0.26b2.1

0.8120.09b

0.69k0.09b

IUFRO code numbers for provenance (Ying 1991) are as follows: 2G, 3G=Green
Timbers, 06=Ktwanga, 18=Cedarvale, 29=Haney, 03=Big Qualicum. Big Qualicum
clones are from Sayward.
a
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The presence or absence of isovalerates may be a biochemical marker simply
associated with resistance,or it could be part of theattractive odour of trees,
suggesting that resistant trees could be less attractiveto weevils.

Cortical Resin Acids
In addition to terpenes, resin acids have also been used for chemotaxonomic and
genetic applications (Magee& Zinkel 1986). The composition of eastern and western
white pine, Pinus monticola Dougl., differed significantly with respect toresin acid
content (Hanover 1975). Western white pine, the least attractive of the two hosts had
higher amounts of pimaric, isopimaric and abietic acids (Hanover 1975). In addition,
resin crystallization properties are probably dependant on specific
resin acids
(Wilkinson 1979). Non-crystallizing resin was found more frequently in heavily
weevilled than non-weevilled eastern white pine (Hanover 1975), although
the
differences were small. Viscosity of resin, another property that may be controlled by
resin acid content, is known tobe highly heritable (Mergen et a/. 1955), and may
affect adult feeding or larval development. It is also possible that specific resin acids
may be repellant or toxic to weevils

Methods
Samples for analysis of resin acids were extractedtwice in acetone, using 1,2dichlorodehydroabietic acid as an internal standard, and evaporated to dryness under
a stream of nitrogen. The residue was redissolved in 1 ml of dichloromethane and
resin acids extracted usingNH2 aminopropyl ion exchange columns (Chen et a/.
1994). Filtrates were evaporated to dryness under a stream of nitrogen, redissolved in
2 ml methanol and methylated using excess ethereal diazomethane ( Alberta
Environment methods. 9820-106 St., Edmonton, Aka. 1991). Methylated
resin acids
were evaporated to 1 ml, redissolved in 1 ml methyl-t-butyl ether, filtered through glass
microfibre filter paper, and analyzed by gas chromatography. Resin acids were
identified by mass spectrometry and quantified using
the internal standard method and
a calibration mixture of known concentration. The total amount of resin acid was
calculated by summing the amounts of individual identified resin acids. Amounts are
expressed per gram ofdry weight of tissue.

Results and Discussion
Resin acids identified in cortical tissue were pimaric acid, isopimaric acid, levopimaric
acid, palustric acid, dehydroabietic acid, abietic acid and neoabietic acid. There were
a number of compounds present in large quantities that 'were not identified. In the
analysis of resin acids by provenance, the most significant result wasthat resistant
provenances had, on average, significantly moretotal resin acid than susceptible
provenances (Fig. 1) (t-test, P<0.0005). The results by clone show that only one
clone from the Kitwanga provenance had significantly more
total resin acid than the
susceptible trees (Table 3.)(Bonferonni t-test, Pc0.05).
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Table 3. Mean concentration of total resin acidin cortical tissue of resistant
clones from Fair Harbour. Means followed by the same letter are not
significantly different, Bonferroni t-test, Pc0.05.
content
acid
Provenancea
resin
Total
Clone
Family
Mg /g dry weight (mean 2 S.E.)
13

2

39.89k3.36a

Unknown

7

34.20k3.36ab

-

2

32.11k3.36ab

Kitwanga

13

8

30.89k3.36ab

Cedarvale

2

4

30.36a3.53ab

Cedarvale

2

5

29.05k3.36ab

Haney

1

2

28.91 k3.53ab

Haney

Unknown

5

28.06k3.35ab

Haney

1

1

28.05k3.36ab

Green Timbers

-

3

24.83k3.36ab

Kitwanga
Haney
Green Timbers

20.33k3.36 b

Susceptible Trees
.

Big
Qualicum

10.93k7.50ab

2,15

a IUFRO code numbers for provenance (Ying 1991) are as follows: 2G, 3G=Green
Timbers, 06=Kitwanga, 18=Cedawale, 29=Haney, 03=Big Qualicum. Big Qualicum
clones are from Sayward.
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Bark that is high in resin acid content may be toxicor repellant to weevils,or the resin
may be viscous and/or slow to crystallize providing an inhospitable environment for
the eggs and larvae. Also, a higher amount of total resin acid could reflect a
difference in total resin yield.

Feeding Deterrency
In a no-choice situation,there were more feeding cavities on western than on eastern
white pine andpo difference in the number of adults that emerged, suggesting that
resistance in western white pine (which is not attacked in nature) is based on adult
host selection (Soles eta/. 1970), probably involving feeding behaviour (VanderSar
1978, Alfaro et a/. 1980, Alfaro & Borden 1982 and Alfaro & Borden 1985). Nonvolatiles werethe most important feeding stimulants,' but they were enhanced by the
presence of certain volatiles (Alfaro et a/. 1980). Among a number of potential hosts
in B.C., feeding stimulants were only optimalin Sitka spruce (Alfaro & Borden 1985).
Some feeding deterrency was observed with some resistant Sitka spruce
provenances, and it was concluded that feeding deterrencymay not always be present
in resistant trees butthat it is a desirable quality that could be selected for (Brooks&
Borden 1992). Feeding behaviour occurs over a much wider range of conditions than
does oviposition behaviour (Sullivan 1961), suggesting that feeding and oviposition
stimuli may be different (Sullivan 1961). Caged weevils on Engelmann spruce and
western white pine would feed on both species when given no choice, but females,
given a choice, preferred to feed on Engelmann spruce, and would only oviposit on
Engelmann spruce (VanderSar 1978). This result suggests that there may be
oviposition deterrents presentin Western white pine that differ from feeding deterrents.

Methods
Resistant clones from Fair Harbour weretested for feeding deterrency using a paired
twig bioassay (Brooks & Borden 1992). .Twigs of 5 cm lengths were cut from
branchescollectedfromresistantclonesEachresistanttwigwaspinnedend-toend with a susceptible twig of similar diameter to simulate a single branch. One
we.evil,either a male or female, was allowed to feed on this for four days, after which
the number of feeding punctures on each twig was counted, and
the amount of frass
under each twig was weighed. Differences between the number of punctures or
weight of frass were compared using a paired t-test.

Results and Discussion
The results of the bioassay indicatethat most of the clones exhibited significant
feeding deterrency, particularly in the case of females, (Table 4). Feeding deterrency
was more pronounced for females, particularly in the case of Green Timbers,
suggesting that further experiments will also reveal oviposition deterrency.
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Table 4. Percent feeding deterrencyof clones from Fair Harbour. Values
bracket represent percent stimulation.

in

Percent Deterrecyb
FamilyProvenancea

-

3
2

Kitwanga

13

8

0

1.1

Kitwanga
Cedarvale

13

2

7.6

3.9

23.8" 2

4

Cedarvale

2

5

1

2

Haney

1

1

30.2*

53.1

Haney

Unknown
Unknown

(40.8)
32.1*

31.7

Haney

5
7

Green limbers
Green Timbers

Haney

(3.6)"
47.6"

45.4

69.7
75*

58.9
40.3

20.5
(8.3)

45.5

Big Qualicum

64.3* 2

6

33.3*

Big Qualicum

53.8* 15

2

48.6

IUFRO code numbers for provenance wing 1991) are as follows: 2G, 3G=Green
Timbers, 06=Kitwanga, 18=Cedarvale, 29=Haney, 03=Big Quaiicum. Big Qualicum
clones are from Sayward.
An asterisk indicates cases wherethe number of feeding punctures differed
significantly between resistant and susceptibletwigs (t-test, Pe0.05). Brackets indicate
a negative number.
a
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To Come
A number of other potential resistancetraits are currently being, or soon to be
investigated. These include comparison of the wound reaction between resistant and
susceptible trees, withthe possible involvement of microorganisms, and the analysis
of tannins. Olfactometer bioassays will be performed to test whether weevils respond
to the differing volatiles from resistant and susceptible trees, and feeding bioassays
will be performed to test for deterrency and/or toxicity of resin acids. The paired-twig
feeding bioassay will be repeated in the spring to test for feeding and/or oviposition
deterrency.

Multicomponent Resistance Index
For effective, long-term management of Sitka spruce plantations,it is necessary to
know the physical and chemical mechanisms of host preference, genetic mode of
resistance mechanisms and the interaction of resistance mechanisms with silvicultural
controls (Alfaro 1982). It will be necessary to have reliable indicators of
morphological, physiological and chemical resistance traits (Alfaro 1982). Because
trees take a long time to mature it is difficult to assess resistance and growth potential
in a reasonable time frame (Brooks & Borden 1992). For this reason it is desirable to
develop a multicomponent resistance index to promote polygenetic resistance and
allow screening of young trees (Brooks & Borden 1992). It is possible to include
characteristics which do not themselves confer resistance, but
are correlated with
resistance mechanisms (Wilkinson 1980), e.g. monoterpene spectra.
The method for developing a simple resistance indexis based on a preliminary study
by Brooks & Borden (1992). Each variable determined could be given a certain weight
based on importance to resistance (ifthis can be determined). Each tree would then
be ranked with respectto each variable and the ranks summed
to produce a
resistance value. No resistance at all should score 0 and there should be a maximum
score for trees that have the maximum level of all resistance variables. Because
different resistant selectionsor their progeny could not be expected to possess all
potential resistance traits,a cut-off sum could be used to retain a tree in the
resistance breeding program. Ideally, a selection oftrees with index values above the
cut off level, but possessing different combinations oftraits would be included in the
first generation of weevil-resistant Sitka spruce seed orchards.In addition, trees that
are attacked but show good recovery may alsobe included as tolerance is also a
desirable trait.
We compiled a preliminary resistance index based on
the variables measured to date
(density of outer resin ducts, foliar isovalerates, total cortical resin acid and feeding
deterrency) for the clones examined at Fair Harbour. The criteria used to determine
the index are listed in Table 5, and the clones and their scores are listed in Table 6,
ranked by score.
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Table 5. Criteria used to calculate a multicomponent resitance index
Resistance

Criterion

Significantly greater numberof outer resin ducts
than in susceptible trees, t-test,Pc0.05

1

0.5+0.5
Significantly lower amountsof foliar isovalerates
(mg/g dry weight) than in susceptible trees (isoamyl=0.5,
isopentenyl=0.05), t-test, PcO.05
1

Significantly higher total resinacid content
(mg/g dry weight) than in susceptible trees, t-test, P<0.05
1

Significant feeding deterrency by paired-twig bioassay,
t-test, k0.05
Maximun

,
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The results ofthis preliminary resistance index compilation show thatthe value
calculated does not correlate very well withthe number of weevil attacks observed.
This can be explained in a number of ways. The most obvious explanation is that all
of the resistance mechanisms have not been identified. More criteria need to be
added, and those that do not contribute to the index should be deleted. Secondly, the
way in which the criteria are used should be refined. Certain variables may need to
be weighted differentlythan others if their relative importance canbe determined.
of the
Also, the score obtained for each variable should depend on the magnitude
variable e.g. degree of feeding deterrency or amount of resin acid rather than simple
presence or absence. Finally, the index needs to incorporate susceptible trees. The
clones used did not cover a wide rangeof susceptibilities and might be expected to
achieve similar scores.
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Delivering Durable ResistantSitka Spruce for Plantations
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Research Branch
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Victoria, B.C.

Introduction
We have heard so far about the damage that Pissodes strobi can do to plantations of
Sitka spruce (Picea sifchensis)(Hall and Muir; Alfaro, this volume) and some evidence
of genetic resistance to the pest (Ying 1991; Ying and Ebata, this volume).We have
also heard about some of the mechanisms that might be involved with
this genetic
resistance (Sahota et a/.; Tomlin and Borden, this volume). I would like to present
some ideas and approaches on howwe might proceed with the tree improvement
program for Sitka sprucein order to provide levels of durable resistance for Sitka
spruce plantations.
Tree improvement programs have, by and large, a very different approach to disease ;
resistance than the agricultural approach. Agricultural crops are often developed with a
very narrow genetic base, as either clones or highly selected inbred lines. In contrast,
softwood tree improvement programs have tended to use an approach based on
managed populations rather thanon single varieties or clones (Carson and Carson
1989). The aim for many agricultural crops has been to achieve disease-free fields,
whereas, instead of striving for immunity, tree breeders have been contentto
recurrently select for incremental improvement
in succeeding breeding populations
(Carson and Carson 1989).
This population improvement is rooted in Mendelian genetics, but, instead of screening
for single, large-effect genes,this approach assumes that traits are inherited through
the action of genes at many different loci. Thereis also the assumption that the
phenotype in this population improvement modelis determined by the sum of the
effects of such genes plus the effect of the environment. Successful examples of this
approach include the improvement of loblolly pine (Pinus taeda) to fusiform rust
(Cronartium quercuum fs fusiforme), and radiata pine (P. radiata) to dothistroma
needle blight (Dothisfroma pin/) (Carson and Carson 1989). This population genetic
approach is usually combined with silvicultural treatments, such as spacingand
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pruning in the case of radiata pine, in order to make large and significant quantitative
improvements against the disease.
Agricultural breeders usually work atthe single genotype level for both host and
pathogen, while tree breeders have been working at the population level, butthere is
no reason to believe that there isany fundamental difference between the resistance
system of trees compared to that of agricultural crops. Major genes with qualitative
differences are likely to be just as frequent in forest trees as in agricultural crop
species. An example of major gene resistance (MGR) in softwood trees is the
resistance of sugar pine (Pinus larnbertiana) to white pine blister rust (Cronarfium
ribocola) (Kinloch and Littlefield 1977). Consider the interaction of variable plant and
pest populations.
1. there are different resistance mechanisms (several potential resistance mechanisms
of Sitka spruce to P. sfrobi have been indicated in papers in this workshop Sahota et
a/.; Tomlin and Borden)

-

2. resistance mechanisms may be under monogenicor polygenic control

3. expression of these resistances can be either quantitativeor qualitative
4. pest response maybe specific (some pest genotypes can overcomethe resistance
mechanism of specific host genotypes)or non-specific (no qualitative resistance
response)

5. specific or non-specific responses are under monogenic
or polygenic control

6. the environment affects the host and its resistance, and the pest and its response

The end result of the interaction between variable host and pest populations
provides
a pathosystem that is essentially quantitative in its expression in the population
(Carson and Carson 1989). A pathosystem is an ecosystem defined by the
phenomenon of parasitism (Robinson 1980).
The differences between the qualitative and the quantitative population approach can
be seen in the general population growth model (Figurel a ) (MacKenzie 1980):
x=&,e*
which states that a population of size & will increase to size X over time t at rate of
increase r (Malthusian parameter).
A qualitative genetic response affects& and has an abiotic equivalent in the spraying
of an insecticide such asDDT. It is expected to make an abrupt and qualitative
response to the pest population. However, if there is a virulence responsein the pest
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Qualitative response effectsX

c)

X

c
Quantitative response effectsr

Figure 1. Population growth model under qualitative and quantitative genetic response.
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and it is able to overcome the resistance, or insecticide toxicity, then it will resume its
growth (Figure 1b).
A quantitative response affects r (rateof population growth) (Figure IC).
It has an
abiotic equivalent to planting mixed species,or to pruning in white pine, which slows
pathogen population growth and reducesits impact. These two categories of
resistance have long been recognized: quantitative resistance has features in common
with horizontal resistance, and qualitative resistance with vertical resistance. However,
the use of these terms does require qualification (Simmonds 1979, 1991).
Although the results of the quantitative approach are likely to be less dramatic and will
not cause a.collapse of the pest population, they are likely to be more durable.
Durability of resistance implies that resistance will remain effective forlong
a time and
over widely grown areas (Johnson 1984). Because population variability
is maintained
of resistance mechanisms),
in the quantitative improvement model (including variability
the evolutionary pressure for a virulence responsein the pest is less (Namkoong, this
volume) and resistance is likely to be more durable thanin the agricultural approach.

Quantitative Genetic Model Applied to Resistance in Sitka Spruce
In this quantitative improvement model, populations canbe managed as a hierarchy
from a gene resource base (which includes the in situ variability of the species)to the
breeding population (which includes populations such as progeny tests where we
conduct our recurrent selection), through to the production population (which provides
the parents or production clones for reforestation). The gene resource
base has the
most variability; however, genetic variability by itself does not provide fordurable
a
resistance system (Namkoong 1991).

Gene Resource Base
Information about natural population resistance originates from
the provenance testing
; Ying and Ebata, this volume). Provenance
program for Sitka spruce (Ying 1991
sources from the high weevil-hazard zone (such as Big Qualicum or Haney)indicate
weevil attack levels of one-half to nearly one-tenththe level of sources from the low
weevil-hazard areas. Because of this strong provenance effect we are concentrating
selections for weevil-resistant Sitka spruce from remnant "wild populations" from within
this high weevil-hazard area. For collection purposeswe have defined the high weevilhazard zone as the area inland of the Coast Range of Washington and west of the
Cascades as far south as Mt. St. Helens (the southern extent of the rangeof inland
sources of Sitka spruce), Puget Sound, East Vancouver Island as far north as
Campbell River, the Sunshine Coastof B.C. and the Fraser River valley (Figure 2). It
is interesting to note that this is one of the most rapidly urbanizing areas in North
America and many of these remnant stands are in jeopardy. We do not intend to limit
selections to just this area surviving trees from severely attacked stands fromlow
weevil-hazard sources, suchas the Green Timber trees (Alfaro 1982),.will also be
chosen for the breeding population. With a wide distribution of geneticdiversity in the
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Figure 2. Selections made in high hazard - resistance zone
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gene resource population and with different resistance mechanism systemsaiding the
durability of resistance, there is no need to limit breeding to just one source population
(Namkoong 1991).

Breeding Population
The breeding population where we can apply recurrent selection comprises the older
provenance trials (Ying and Ebata, this volume), newly established open-pollinated
progeny trials, and clonal trials. In terms of providing informative genetic parameters
that can usefully guide selections, the Fair Harbour clonal trial, although limited by
the
number of entries, does provide information on provenance source, families within
provenance source, individuals, and clonal replicates of individuals in a replicated
design. Details of the experiment at Fair Harbour are presented in Ying and Ebata
(this volume).
Analysis of variance based on total numberof weevil attacks over 6 years of
assessments between 1986 and 1993 (9 years after establishment) used the model:

where Yijw = the observation of the ramet in the ith replicate of the Ith clone within the
kth family within the jth provenance zone; and p = the population mean, ri =,the effect
of the ith replicate, pi = the effect of the jth provenance zone, fkG,= the effect of the Mh
family within the jth provenance zone, q(k) = the effect of the Ith cloned individual within
the kth family, and eijw= the random error associated with the ijklth ramet. Provenance
zones in this analysis are considered as fixed effects and were defined according to
hazard zone, which includes: the high-hazard zone as defined above, low-hazard zone
(coastal fog belt), sources from the North Coast Transition 6.C.hybridization zone
(Ying and Ebata, this volume), and the Green Timber trees. The Green Timber trees
(planted in Surrey [Greater Vancouver]) originate from the Queen Charlotte Islands
(low-hazard zone) but have been under severe attack since they wereplanted in the
1930s (Alfaro 1982). These three treeswere survivors from an original 3000 planted
and would be expected under such intense mass selection
to have different allele
frequencies than typical low-hazard sources. Detailed results of the Fair Harbour
experiment are presented by Ying and Ebata (this volume).
Mean number of attacks per provenancezone as defined above are presented in
Table 1 (more detailed results are presented by Ying and Ebata, this volume). The
resistant provenance trees(in this case Haney [Fraser Valley]) showlevels of attack of
approximately one-tenth the level of coastal provenance sources (mean differences of
0.37 attacks- pertree compared to nearly 3 attacks overthe 6 years of measurement).
Hybrid lots show one attackper tree - a significant improvement overthe typical
coastal provenance sources of Sitka spruce. The Green Timber trees show1.7 attacks
per tree also a significant improvement over coastal source trees.

-
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TABLE 1. Mean attacks over 6 years by clone and by hazard zone

am.
m. Prov. zoneHazard
Resistant

29
29
29
29
29
29
29
29

UKa

898
1253
1210
1272
1360
1059
1056
1359

UK
1
1
1

UK
UK
1

Mean
zoneHybrid

0.37
18
6
18
6
18
18.
6
6

1363
1367
1362
1365
1361
1364
1366
1368

12
13
12
13
12
12
13
13

Mean

0.06
0.56
0.81
0.94
1.31
1.31
1.50
1.50

1.03

Green Timbers

1
2

1.19 1
2.28 1

037
038

Mean
Susceptible

0.00
0.19
0.25
0.25
0.25
0.25
0.25
0.75

1.73
15
15
36
30
36
32

13
13
2
3
2
5

7
3
4
7

36

2

2

37
37
32
15
30
32
30
32
15
30
37
37
36

1
1
5
13
3
5
3
5
13
3
1
1
2

4
3
2
2
4
3
5
8
1
6
1
2
3

1369
1 372
1380
1376
1 377
1254
1378
1384
1383
1255
1371
1373
1256
1 374
1 257
1370
1375
1381
1382
1379

1

1

Mean

1.88
2.19
2.31
2.56
2.56
2.69
2.69
2.69
2.71
2.75
2.88
2.88
2.88
2.94
2.94
3.00
3.19
3.31
3.31
3.38
2.85

Overall
a unknown or mixed seedlot

mean
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2.00

The analysis of variance, as expected, shows highly significant provenance zone
effects (Table 2). Family effects in this model were not significant at the 0.05 level;
however, this likely reflects the inadequacyof the model rather than indicatingthat
family effects are not important. The resultsof family variation in interior spruce
families (Kiss'and Yanchuk 1991) showed significant family differences (ranging from 5
to 55% attacks per family) and a family heritability of 0.77 (based on percentage
damage for each family).

If we ignore for the time being the inadequacy
of the data and the oversubscrip,tion to
the model ([ 2 I), the two levels of genetic relationships (clonal ramets of individuals
and half-sib families) allow a quantitative genetic analysis by which inferences about
genetic variance and its partition into additive and dominance portions canbe made.
Additive genetic variance is the varianceof the average effects of alleles. It is the most
useful portion of the genetic variance for breeding purposes and it determines
resemblance between relatives. This variance as a proportionof the total phenotypic
variance is the heritability of the character (heritability in the narrow sense [Falconer
19811). The heritability providesa guide to how an individual's phenotype will predict
its breeding value (or performanceof progeny).
The dominance genetic variance proportionof the genetic variation arises from the
interaction of alleles and is that part of the genotypic value not expressed in the
breeding value. The ratio of the total genotypic variance (with additive and dominance
portions) to total phenotypic variability expresses heritabilityin the broad sense. This
provides a guide to how an individual's phenotype will predict
its own performance as
a clone (clonal repeatability is perhaps a better term for this ratio). With a great deal of
non-additive genetic variance, clonal optionswill outfavour seed options in delivering
genetic gains. Further details on partitioning genetic componentsof variance and the
underlying assumptions are found in Namkoong (1979) and Falconer (1981).

In this analysis, the variance among families (from Table2) is:

u:

= ?4 u i = 0.038

and the variance among clones within families is:
2
uCQ
= % ut

+ CJ;
= 0.096

Additive and dominance genetic variances are respectively estimated
as:
ui

= 0.152

u;

= 0.0

This result suggeststhat most of the genetic variation is additive. Further evidence for
resistance with a large amountof additive genetic variance is found in the white
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TABLE 2. AnovaofFairHarbourclonaltrial
~~~~

d.f.

Rep

15 3.425

51.372

228.079
3

684.237

Zone

45.45

Fam (zone)
(tam)

ss

Effect

MS

F Ratio

P<

3.15

0.0001
0.0001

7

35.1 27

5.018

1.96

0.1

Clone

27

68.969

2.554

2.50

0.0001

Error

585

597.392

1.021

TABLE 3.

Calculatedheritabilities

Reference

selection
narrow-senseheritability
broad-sense
heritability

= 0.13

Clonal selection

clonal
mean
heritability

= 0.67

Family selection

family mean
heritability

= 0.45

individual tree selection
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= 0.13

spruce program. Besides the strong family resemblance represented bythe family
heritability of 0.77 (Kiss and Yanchuk 1991), there is an indication of a positive
correlation betweenthe resistance of open-pollinated progeny in progeny testsites
and parent ramets in grafted parent clone archives (G. Kiss, B.C. Ministry of Forests,
pers. comm.). This does not m,ean that major gene expressionis not present for
resistance, but it does .indicatethat a single qualitative resistance response may not
adequately explain all observed genetic resistance. Moreover, this resistance can be
analyzed within this quantitative model. Heritabilities using these variances are
presented in Table 3.
Besides analyzing means and variances,the distribution of resistance in the Fair
Harbour population can helpin explaining the genetic basis of resistance. Among the
resistant clones (8 clones [Table l]), 100 out of 128 surviving field ramets have never
shown any attack after 6 field seasons. Only 1 clone showed no attack at all (based
on 16 ramets and the original ortet; clone 898 [Table 11). The, other resistant clones
had from 2 to 9 ramets attacked (out of 16).Only 6 of the 28 resistant ramets that had
been attacked showed more than a single attack over
the 6 years of observation. In
susceptible provenances, only 8 out of 318 ramets were free from attack. Attacks on
the susceptible ramets were repeated, averaging 3 attacks over the 6 years observed.
Resistant clones ranged from 0 to 0.75 mean attacks compared to 1.88 3.38 for
susceptible clones - showing no overlap. The hybridization trees vary from 0.06to
1.50 mean attacks. If the open-pollinated family from Aberdeen Creek (Provenance 15
[Table 11) (which borders the hybridization zone along the Nass River) is included in
the hybridization zone, thenthis range goes from 0.06 to 3.00 attacks (Table l),
clearly overlapping susceptible and resistant ranges. The degree ofthe differences
between susceptible and resistant clones, along with the variability within the hybrid
zone and the variability between clones within open-pollinated families
in this zone
(Provenance 15 [Table l]), does hint that large qualitative gene effects mightbe
present. Even if large-effect qualitative genes are present,the overall pathosystem
might still be modelled as a population influenced quantitatively with additive gene
effects.

-

Production Population
The production population are those trees that will repopulate the forest. Considering
that there is very little planting of Sitka spruce outside the Queen Charlotte Islands
and fog-belt regions (considered minimal hazard of weevil attack), the provision of
some level of genetic resistance to make spruce plantations feasible again would
appear a reasonable objective. If we can, as in the Fair Harbour plantation, reduce
attacks from 95% of trees with repeated attacks every second yearto only 20% with
attacks once every 6 years and ensure this resistance remains durable, then Sitka
spruce may once again be a viable commercial species. Frequencyof attack may be a
very important feature of recovery from attack and ultimate damage (Alfaro,this
volume).
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The use of managed natural populations in tree improvement has in part been due to
the fact that there have existed biological constraints to the propagationof clones in
many species, and that wind-pollinated orchards required many parents in order to
avoid the deleterious effectsof inbreeding (Carson and Carson 1989). The constraint
on using clones is no longer valid, since embryogenesis
is now a feasible option with
spruce (Roberts, this volume). Vegetative cuttings for amplificationof small seedlots or
clonal deployment is also feasible. Concern has been expressed overthe risk of
catastrophic -loss associated with narrowly based clonal deployment, and it was
thought that deploying large numbersof clones could provide a genetic bufferingto
such loss (Kleinschmitt 1979). However, analysis shows thatthis is not necessarily so
(Libby 1982; Roberds et a/. 1990), and genetic variability p e r se does not protect
against pests and pathogens.For a risk such as plantation loss to weevil, having
genetically variable seedlots may provide morerisk than having the appropriate
genotypes for deployment. The Green Timbers plantation is a case in point: it had all
the variability available in a natural stand yet it could not withstand attack by Pissodes
strobi (Alfaro 1982). Deployment of clone 898 (Table1) would have been far less
catastrophic. Single genotype deployment does, however, entail the risk of an adaptive
virulence response in the pest (Namkoong, this volume). Even if pure clonal lines are
developed in the breeding population, mixed populations should be deployed to
maintain durability (Namkoong, this volume). The genetic variability in the production
population should be managed to provide durability rather than for buffering to
catastrophic loss.
Deployment .options can be compared by comparing genetic gain
in the scenario
whereby the overall pathosystem is under quantitative inheritance.
Genetic gain is calculated as:
AG = i h2 op

[31

where:
AG is genetic gain expressed as mean attacks expected over 6 years of
measurement, i is the selection intensity expressed in standard deviation units, and h2
and opare the appropriate heritabilities and phenotypic standard deviations
of the
reference units of selection, respectively.

Production. Population Options
Table 3 shows heritabilities for different selection methods; selection intensities and
phenotypic variances are derived from the appropriate reference populations. Figure3
shows how these gains would proceed over time. Gain units are in mean number of
attacks per year over years 5 - 10 (maximum increase in number of attacks [Alfaro,
this volume]) and is also converted to mean attack as a percentage: 50% is
considered the maximum number of attacks based on susceptible sources (as in three
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Figure 3. Accumulated genetic gainsin mean number of attacks out of 6 year measurement
(3.0 attacks is average without selection).
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observed attacks out of six measured at Fair Harbour). The opportunities currently
being investigated are as follows:
1. Continue to plant local fog-belt sources.

Expectation of three attacks outof six, or mean attack level of 50%.

2. Provenance selection.
Seedlots from the high weevil-hazard zone, particularly the Big Qualicum source, are
currently available. Using such sources should halve the attack ofPissodes strobi
(based on a conservative estimate [Ying and Ebata, this volume]).
Any planting
outside weevil-free areas such the Queen Charlotte Islands or immediate coastal
areas should use this, although,as recommended by Ying and Ebata, local hybrid
sources may be better in the North Coast Transition area.

Expectation of half the level of attacks, or 1.5 or 25%.
Available immediately.
3. Provenance + Individual Selection+ Clonal Re-selection.
Select superior individuals within good provenances
of the provenance tests. These
are then placed in clonal tests for re-testing. Superior individuals (afterthe re-testing)
can be bulked up using clonal donor hedges. Silviculture Branch
is currently
investigating this option. Some problems may occur in the control of physiological
ageing. Although parent ortet material was only 15 years old when selected and early
results show no physiological ageing(R. van den Driessche, B.C. Ministry of Forests,
pers. comm.), it may be difficult to control this over time on an operational basis
(J. Morgan, U.K. Forestry Commission, pers. comm.).
Extra gain above provenance gain includes0.1 for selection of superior individuals and
0.2 for re-selection of these individuals after clonal testing.

Expectations of 1.2, or 20% attack.
These could be available by 2000.
4. Provenance + Clonal and Family Selection.

This is the same as above but more clones are available that include older ortet
material (not appropriate for re-propagation) to make up300 clones in tests and 300
open-pollinated families. These are all currently under test. Instead
of clonal repropagation, under this scenario small full-sib seedlots would be made up and
amplified through juvenile cuttingsor emblings.
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Extra gain above provenance gain includes the gain as above but also includes higher
selection intensities.

Expectations of 0.9, or 15% attack.
These could be available by 2002.
This gain is predicated on the assumption that non-additive variance is zero and that
3).
broad-sense and narrow-sense heritabilities are the same (Table
5. Provenance + Clonal and Family Selection + Clonal Selection.
In this scenario the individuals from full-sib families created abovewill be used in a
further round of clonal testing. Clonal lines would be best developed using the somatic
embling technique with cryogenic preservationuntil testing results are available
(Roberts, this volume).
Extra gain above number4 includes an extra30% gain for the clonal testing.

Expectations of 0.6, or 10% attack.
These could be available by 2010.
These recurrent selection gains predict a reduction of attacks from
three out of six
(50% mean attacks) down to 0.6 (10% mean attacks). The Fair Harbour trial shows
that among the Haney clones there is a mean attack level of not much above 0.3 (5%)
and this has only two levels of selection: provenance and individualtree within
provenance. The assumption used above gave conservative provenancelevel gains
(reductions in attacks) of 50% based on all the provenance material available (Ying
and Ebata, this volume). The older northern provenancetrials that show the 50%
reduction use mainly theBig Qualicum source instead of Haney. Factors in this
discrepancy may be: differences between provenances withinthis hazard zone, the
age of the relative trials, or the inadequacy of the quantitative model used.

Conclusions
The fundamental feature ofthis quantitative model is the incremental improvement that
accrues through cycles of selection. Along with the additive nature of the genetic
resistance, other silvicultural practices that reduce weevil attack (such as spacing
[Alfaro, this volume]) will be expectedto add incrementallyto this quantitative
population improvement. This model of genetic resistance thereforefits well as a
treatment in overall integrated pest management(IPM) that will not eradicate the pest
but should make enough impact that Sitka spruce regeneration can againbe
considered feasible.
The pathosystem is viewed in this model as a trait under the control of genes at many
different loci where the phenotype is determined by the sum of the effects of such
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genes plus the effect of the environment. Of course there are many simplificationsin
this model and assumptions that are unlikely to be valid. Several independent
mechanisms are likely to be partof the genetic resistance and some of these
mechanisms may be under major gene resistance. If we had knowledge of specific
resistance mechanisms (Sahota et a/.; Tomlin and Borden, this volume) and
understood the inheritance of these mechanisms, then breeding lines could be
developed incorporating different mechanisms and mixtures could be deployedin the
production population. Mixing resistant lines can provide durability by counteracting the
pressure to adapt to single resistant lines by the insect pest (Namkoong,this volume).
Barring this knowledge, treatingthe pathosystem as a quantitative trait might provide a
reasonable alternative methodof providing gain with durability. Becauseit is deployed
as a managed population, the variabilityin the population would lead to expectations
that several.mechanisms are deployed and there would be variability
of phenotypic
resistance response within each mechanism. Deploying the resistant population as
seedlings or clonal mixes should provide population level resistance withoutputting
undue pressure on weevil populations to provide an adaptive response.
The point then becomes this: can we live comfortably with
the assumptions for treating
the overall pathosystem in this quantitative and additive model? The evidence from the
white spruce program (Kiss and Yanchuk 1991) adds to the limited evidence from
this
paper that these are reasonable assumptions. The marked difference between hazard
zones does hint that large qualitative effects might be present but the distribution of
genetic resistance between clones within hazard zones is reasonably Gaussian thus
of what the mechanisms are
supporting our assumption. Until we have a clearer idea
and how they are inherited, there is no reason that a recurrent selection model should
not be used. Certainly the research presented in this volume indicates that we are
making great progress in understandingthe interaction of Pissodes sfrobiand its host.

-
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RECENT ADVANCES IN WHITE PINE
WEEVIL RESEARCH IN BRITISH COLUMBIA
G.K. KISS', A.D., YANCHUK2, AND R.I. ALFAR03.
INTRODUCTION

Interior spruce (a collective term for white spruce,Picea glauca (Moench) Voss;
Engelmann spruce, Picea engelmanni Parry and their varying degrees of hybrids) is
a very important timber species for the province of British Columbia. Over 100 million
interior spruce seedlings are planted annually. An estimated 1.38 billion seedlings
have been planted to date and the total number of hectares planted in spruce is over
1.3 million.
White pine weevil, Pissodes strobi Peck, is a major cause of Sitka spruce
(Picea sitchensis (Bong.)Carr.)plantationfailure
in coastal British Columbia,
1976, Furniss and Carolin 1977, MacSiurtain
WashingtonandOregon(McMullen
1981, Alfaro 1982 and 1989). This pest is also becoming an important menace to
interior spruce plantations causing considerable damage to both yield and quality of
product (Cozens 1983 and Taylor et a/. 1991).
Selection of spruce varietiesgeneticallyresistant
to weevildamage
potential tool for t h e reduction of weevil damage in future plantations.

is a

Evaluation of various trials in BritishColumbiaprovided strong evidence for
genetic variation in susceptibility for weevil damage in both Sitka spruce (Ying 1991,
and Alfaro and Ying 1990) and interior spruce (Kiss and Yanchuk 1991).
The objective of this presentation is to review the evidence that suggests the
existence of a genetically controlled resistance mechanism in interior spruce.

B.C. Forest Service, Kaiamalka Forestry Centre, Vernon, B.C.
B.C. Forest Service, Research Branch, Victoria, B.C.

Canadian Forest Service, Pacific Research Centre, Victoria, B.C.
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a.

Prince George progeny trials.

Due t o the importance of interior spruce in British Columbia a decision was
made to embark on the genetic improvement of the species complex in the early
1960's. The senior author was hired to carry out this project in 1967.
As part of the improvement program genetic tests were established using open
pollinated progenies of individual parents selected in various areas of the province
(Selection Units or SU's). The first set of these tests, representing the Prince George
SU, were established in 1972 and 1973 (Kiss and Yeh 1988 and Kiss and Yanchuk
1991) using the open pollinated progenies of 173 parent trees.

The initial objectiveof the genetic tests was to identify well performing families
based on the growthperformance of their open pollinated progenies. This information
to
aided in the construction of rogued first generationseedorchardsandhelped
identify candidates for advanced generation breeding. To this end, periodic height
measurements were carried out and at age 15 diameter measurements were also
made.
Following the 15-year height and diameter assessments, heavy infestation of
white pine weevil was observed at some test sites. Cursory observation 'appeared
to suggest a pattern to the infestation. Further studies confirmed this pattern and
revealed the possibility of genetically controlled resistance mechanism(s) in a number
of families. Results of this study are reported by Kiss and Yanchuk (19911.

In summary, the results showed that:
1.

Whilethere were different intensities of attack at the threeindividual
test sites in the Prince George SU tests (i.e. 9 % at Quesnel, 37 % at
Red Rock and 63 % at Aleza Lake), there were significant correlations
between families attacked across sites (Figures 1. and 2.).

2.

The estimate of family-mean heritability for weevil resistance across
sites washigh
(h2, = .77
.11).

3.

Families exhibiting greater vigour at any
age
were generally more
resistant. Correlation between 6-year family height and incidence of
weevif attack was negative and significantas well as 15-year height and
incidence of weevil attack. In fact, when families were ranked based on
height growth at different ages, and average attack was calculated for
thetop and bottom25 % of families, the top families always had
significantly lower attacks than those of the bottomfamilies (Table I).

Figures 1 & 2.

Comparison of attack percentages atthe Red Rock and Aleza
Lake and at the Red Rock and Quesnel test sites.

r
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A

0.72

0
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A

Averageweevil attack on the top and bottom 25 YOof families at three
test sites. Families were ranked by average heights at various ages and
at 15-yr dbh (diameter at breast height).

Table 1.

RED ROCK TEST

QUESNEL TEST
AGE

Top

1-

I Bot. I Diff.

Inifial height

6.6

10.7

4.1

31.0

42.9

1 1.9

3-year height

7.1

11.9

4.8

30.6

44.4

13.8

6.6

12.1

5.5

45.1

28.8
16.3

45.0

26.4

&year height

'

10-year height 6.011.95.9

15-year height 8.113.35.2

23.8

49.0

25.2

5.411.76.3

28.3

44.1

15.8

15-year DBH

ALEZA LAKE TEST
Top

I

I Bot. I Diff. I

71.3
53.6

This latter finding was especially gratifyingas a literature survey indicated that
white pine weevil favoured more robust, longer leaders. While this still may be true
at the phenotypic level, genetically superior families are less susceptible. We would
have accepted susceptibilitythat was equal to the mean; the fact thatfaster growing
families are less susceptible is a bonus.
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Quesnel Lakes progeny trials.

b.

In the fall of 1993 additional genetic test plantations were assessed for weevil
attack. These- plantations were establishedin 1983 for the purpose of evaluating the
genetic potential of 142 parent trees selected in this area. The tests were established
on three sites (Ketchum Creek, Little Benson Lake and Clearwater) using randomized
complete blocks with eight blocks per site and four seedlings per replication per family
(total 32 seedlings per site per family for a grand total of 96 seedlings per family over
the three sites).

Moderate to heavy weevil infestation occurred on two of these plantations
(Little Benson Lake - 17%, Clearwater - 33%). As was the case with the earlier
studies the weevilsagain favoured certain familiesand avoided others. Some
individuals were attacked up to five times over the years, while more than 1700 of
the 2700 intensively studied trees at Clearwater have never been attacked. There
was high correlation between mean family attacks a t the two sites (Figure 3).
Figure 3.

Comparison of attack percentages at Little BensonandClearwater.
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Once again the more vigorous, faster growing families were less susceptible
to weevil attacks. Based on the overall ranking at all sites the top 25 percent of
families suffered substantially less damage than the bottom 25 percent (Table 11).
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Table II.

Average weevil attack on the top and bottom 25 % of families at the
Little Benson and Clearwater test sites. Families were ranked by average
heights at various ages.
LllTLE BENSON TEST
Top

Bot.

Diff.
2.7

Initial height
3-year height

14.4

6-year height

10.4

1O-year height

7.6

18.6

Top
18.2

4.2
9.3

21.8

CLEARWATER TEST

15.5

26.3
19.7

Bot.

Diff.

40.8

28.712.1
15.1

41.4

21.4

43.8

22.4

30.1

47.6

17.5

Additional data collected on the Clearwater site in cooperation with Dr. Rent5
Alfaro relates to number of attacks per tree, recovery of attacked trees and quality
traits following recovery. These data are presently being evaluated andthe results will
be published elsewhere.
c.

Comparative trials

In 1992 another pilot project plantation was evaluatedfor weevil damage. This
plantation was established in 1976 to compare the relative performance of native
British Columbianspruces with those originating from easternCanada.Eastern
spruces performwell in B.C. and we areplanning to incorporate someeastern

material into our breeding program.
This plantation is a replicated complete block design with 15 blocks, ten-tree
row plots in each block from each of 21 families. There are 9 families from eastern
Canada (ENA) and 12 families from B.C. (four each from East Kootenay (EK), Prince
George (PG)and Prince Rupert (PR)).
Results indicate that eastern white spruce is very resistant to the white pine
weevil. Of the 1220 eastern trees only 67 were damaged by weevil, whereas there
379 native spruces were damagedout of a total of 1665 (Table 111). Interestingly, 25
of the 67 individuals damaged were progenies of the same -parent. These results are
very significant in light of the fact thatthese trees also grow and survive extremely
well.
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14.2

Table 111.

Weevil attackdifferencesamongfamilies

of differentgeographicorigin.

Further proof of t h e resistance is demonstrated by the eastern North American
white spruce clones (about 75 clones)located in ourbreeding arboreta at the
Kalamalka Forestry Centre. These clones are surrounded by native B.C. clones which
are heavily attacked by weevil yet eastern clones are almost void of attacks. It is not
possible to treat this data using statistical procedures due to the small number of
ramets per clone (4), however there is no doubt about t h e trend.
DISCUSSIONS

Based on our observations we must review weevil behaviour on interior spruce.
It has been postulated that in Sitka spruce, white pine weevil preferentially attacked
the most vigorous, longest, and thickest leaders (VanderSar and Borden 1977, Kline
7983).I t was suggested that the same
andMitchell 1979, WoodandMcMullen

preference holds for interior spruce as well. Our investigation confirms beyond doubt
that it is not the case. Susceptibility of the individual is the overriding principle that
determines weather or not it will be attacked successfully.

In field studies weobserved that someseedlings of susceptiblefamilies,
measuring 50 centimeters, were attacked by weevil. In some cases these young
seedlingswereattackedbelow
the previousyearsgrowthprobably
due to the
inadequate thickness of t h e previous years stem.
In order to clarify weevil behaviour a number of studies are being initiated to
elucidate the biologyof white pine weevil in the interior and its relationship to its
host. Verification of resistance in putatively resistant families will also be carried out.
During the spring of 1993 a number of crosses weremade using various
putatively weevil resistant and susceptible parents. Judgement as to resistance or
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susceptibility was madebasedon the progenies' weevil resistanceperformance.
These crosses will form the basis of a number of experiments designed t o verify
resistance and susceptibility andto study the mode and degreeof inheritance of these
traits.
In order to elucidate the nature of resistance, we have entered into partnership
with researchers working in various fields of discipline. Their research is discussed
elsewhere in these proceedings.

Future plansinclude continuation of the inventory of resistant families,
of the accumulated
provision of material for other agenciesandincorporation
knowledge into the breeding program.
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DNA MARKERS ASSOCIATEDWTTH WEEVIL RESISTANCE IN INTERIOR SPRUCE

John Carlson, Yong-Pyo Hong and Gyula
Kiss'
University of British Columbia, Vancouver, British Columbia
V6T I 2 3 and
'B.C. Ministry of Forests, Kalamalka Research Station, Vernon, British Columbia

Summary
Our objectiveis to obtain DNA probes thatcan be used as genetic markers
to select
among spruce seedlings for those resistant to the white
pine terminal weevil,Pissodes
.
sffobi (Peck) for use in reforestation or advanced generation breeding.
To this end, we
have pioneeredthe use of RAPD (Random Amplified PolymorphicDNA) markers in
conifers, constructed the first genetic linkage
map for a forest tree, developed new
a
approach to permit genetic linkage mapsto beconstructed for individual trees (clones),
and have investigated an alternate approachderiving
to
DNA markers linked to
important traits using pooledDNA. These investigations havelead us to markers that
appear to beassociated with the weevil resistance phenotype
in interior spruce.

Introduction
Spruce species comprise the majority of seedlings currently used
for reforestation in
British Columbia. However, severe infestationsof white pine terminal weevils
(Pissodes sfrobi)can cause over50% loss of harvestable woodin spruce plantationsin
British Columbia and infestations are on the increase (Cozens
1983). We are pursuing
an efficient andreliable technique for selecting weevil-resistant spruce seedlings
for
use in reforestation and advance generation breeding.To develop such a tool,two
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things are required: spruce trees with genetically characterized resistance the
to
weevil, and a technique that is independent of age, tissue type, developmental stage,
season, climatic, geographic or environmental conditions. Although protein, enzyme
and chemical studies shed light on mechanisms
of resistance/toleranceto insects
(Alfaro and Borden 1982; Raffa and Berryman1983; Cook and Hain 1987),
environmental conditions, age and tissue type can alter the levels of expression
or
reliability of detection of such phenotypic markers. Thus
we have focusedon markers
for resistanceat the DNA level, which willbe dependent only on genotype.

Approach and Results
As presented in the previous talk, Gyula Kiss has identified
interior spruce clones that
are highly resistant toPissodes sfrobiattack. This resistance trait is strongly familyrelated, based on half-sib progeny tests, andis thus genetically based.This provides
the material from whichto develop markers for weevil resistance. In parallel with the
breeding program's continued evaluation of the incidence
of weevil attackin progeny
tests, we initiated the construction ofDNA marker-based geneticlinkage maps on
which to define loci linked to the gene(s) controlling resistance, as
outlined in figure 1.
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Figure 1. Initial approach to identify DNA markers
for weevil resistancein interior spruce.
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In a project supported by the Science Council
of British Columbia, the applicant
constructed genetic linkagemaps based onDNA markers for three important
genotypes (clones) from theB.C. Ministry of Forests' interior sprucetree improvement
program, two highly resistant treesand one very susceptible to weevils. These were
the first linkage maps ever made for spruce. The genetic linkage map that we
in the B.C. Forest
constructed for the highest ranking weevil-resistant parent tree
Service' interior spruce breeding program
was the first genetic linkage
map for a forest
tree to be published (Tulsieram ef a/. 1992). Our maps are based onthe RAPD
(Random Amplified PolymorphicDNA) marker technology (Williamsef a/. 1990). An
example of a RAPD-marker based linkage map for a weevil-susceptible cloneis given
in figure 2. This map for parent treePGl29'contains90 loci in well defined linkage
groups and another 17 polymorphic loci not yet assigned. The maps were constructed
for individual trees, which is a novel approach
in genome mapping thatthe applicant
devised. Previously, maps could only be made for populations of progeny and not
individual plants. These linkage maps provided a frameworkof DNA-marker loci across
the spruce genome for use in identifying markers associated with weevil resistance
in
progeny from these parents.

Figure 2. RAPD marker-based genetic linkagemap for white sprucetree PG129.
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There are 3 commonly used DNA marker systems available the
to geneticist (RFLPs,
locus-specific PCR, and RAPD). With RAPD markers, segments of genomic DNA are
amplified bythe polymerase chain reaction (PCR) technique
(Mullis and Faloona 1987)
modified.forthe use of a single random 8-10 nucleotide primer
that can bind at many
different sites distributed randomly throughout the genome. Theoretically, an unlimited
number of markers can be generated using this technique. The
resulting PCR
amplification products oftenshow variation (i.e., presence
or absence of a PCR
amplification product of same size) revealed by gel electrophoresis and
staining of
DNA. Polymorphic amplification products frequently segregate
in the progeny
according to Mendelian expectations (,Williamset a/. 1990, Carlsonet a/. 1991), which
makes it possible to use them as molecular genetic markers. Advantages
cited for
RAPD markers over other molecular genetics
methods include: 1) the PCR primers are
universal, working well for a wide variety
of species; 2) no preliminary DNA cloning,
sequencing, or Southern transfers are required;
3) no radioactivityis used; 4)
automation is possible; 5) information transfer between researchers
is simplified; and6)
assays canbe conducted more quickly thanin alternate systems. The use of RAPDs,
however, can be complicated by the fact that they are genetically
dominant.andthus
difficult to evaluate in diploid material. This is easily overcome in conifer trees where
haploid DNA is available in the megagametophyte (nutritive)tissue of seeds. In our
DNA markers studies we prepare haploid
DNA from megagametophytetissue of
individual open-pollinated seeds. The yield of megagametophyteDNA averages 400500 ng per spruce seed. Since we use only 2-3 ng per RAPD reaction,the yieldis
sufficient to map 200 or more loci. Working with the direct gametes
(megagametophytes) of a maternal tree permits us to construct
genetic maps of single
trees. Previously, maps were prepared only from, F1
F2 or F3 generation progeny of a
cross between specific parents. The protocol for obtaining single-tree
genetic linkage
maps involves the following steps: 1) isolating DNA from megagametophytes of50 or
more open-pollinated seeds from a single tree;
2) obtaining alarge number of 10-base
oligonucleotide primers to ensure adequate coverageof the genome(which we
accomplished by establishing theUBC RAPD Primer Project which provides primers
to
researchers all over the world); 3) screening primers for those which
reveal
polymorphisms; 4) conducting segregation analyses on as many polymorphic markers
as possible; 5) selecting loci with a 1:l segregation ratio; and 6) putting together the
linkage map based on segregation data, whichis conveniently accomplishedwith the
Mapmaker computer program of Lander
(et a/. 1987).
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Originally we planned to follow the traditional approach to identify DNA markers
linked
to a trait using geneticmaps. This could be accomplished by detecting
the cosegregation ofDNA markers from the map with the weevil resistance phenotype
in F1
progeny from controlled crosses between the
mapped parent trees. Analysis ofthe
interior spruce F1 progeny from reciprocal crosses did not proceed
as originally
planned, however, because weevil attack
in the F I full-sib progenytest was not
advanced enough, in 1992, to permit resistance phenotypes
to bescored accurately.
Nevertheless, we were able to obtain DNA markers associated with weevil resistance
by developingan alternative to the traditional s'egregation analysis, what we refer to as
"Bulk Parental Analysis" (BPA).BPA is a modificationof the Bulk Segregant Analysis
(BSA) of Michelmore
et a/. (1 991), in which artificial isogenic
lines are made by mixing
(bulking) DNA from 10 - 20 full-sib progeny that share a targeted trait (e.9. resistance)
vs. DNA from a mixof progeny that lack the trait (susceptibility).
If the individuals used
to createthe bulks differin every other trait except the targeted one,
then DNA bands
that differ between thetwo bulks are often linked to the trait. The BSA technique has
been used to obtain DNA markers closely.linkedto mildew resistance in lettuce (Parran
et a/. 1991), fruit ripeningin tomato (Giovannoni ef a/. 1991) and anthocyanin synthesis
in peach (Chaparroet a/. 1992). In our alternate approach, BPA, webulk analyze DNA
from the resistant parentsvs. susceptible parents, instead of full-sib progeny which are
often not available from tree breeding programs. For this study we createdan "R"
(resistant) bulked DNA by combining equal amounts of needle DNA from
the I 2 most
highly ranked weevil-resistant parent trees (clones)
in the interior spruce breeding
orchard, and an "S1
bulked DNA from the 12 clones with the lowestranking (most
susceptible), based on data accumulated
in Gyula Kiss' extensive17 year half-sib
progeny tests and evidence of attackin the clonal orchard, as shown
in Table 1.
We screened200 RAPD primers, previously usedin the construction of the spruce
linkage maps, for polymorphisms that differentiated the bulks,
i.e. clear RAPD markers
present in the bulk of resistant parent(R) DNA and absentin the bulk of,the susceptible
(S)parent DNA, or vice versa. The Bulk Parental Analysis approachidentified 20 such
DNA markers putatively associated with weevil resistance, as summarized
in Table 2.
We then determined which of these markers were most closely associated with weevil
resistance by testing individual progeny
from the half-sib progeny tests.We prepared
DNA from needle material from
10 individuals in the half-sib families from each
maternal tree used in constructing our parental bulks, fortotal
a of 240 half-sib
progeny, from test sites near Prince George,
B.C.
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Table 1. Interior Spruce Clones (Parent Trees) Usedin Bulk Parental Analysis

S PARENTAL
BULK DNA
Weevil Weevil
Weevil
Weevil
Clone
Damage to
Number
Number
Resistance Damage to
Rank
Clones
Clones Rank
(parent tree)
PG165 none1731173
heavy
PG79 none 1721173
heavy
171J173 PG128
heavynone
none
1701173
PG117
heavy
none
1691173
PG72
heavy
PG136 none 1671173
topped
PG62 none 1661173
heavy
none
PG135
1651173
resinating
1641173
PG11I
none
heavy
none 1
1631173
PG98
heavy
PG129 none 16211
1311 73
heavy
PG64 none 1611173
heavy

R PARENTAL
BULK DNA
Clone
Resistance
(parent tree)
11176
PG29
21176
PG138
31176
PG21
PG16

41176

PG85
PG161

61176
71176

PG141
PGI67

81176
911 76

PG87

101176

PG71

11176

PG30
PGI

76
141176

with resistance
The RAPD assay resultsfrom these individual progeny were compared
vs. susceptibility phenotypes to identify markers most consistently associated
with
weevil resistance. Of the 20 RAPD primers with putative weevil-resistance DNA
markers identified in the parent DNA pools, only3 RAPD markers showed abetter than
random distribution (greater than50% coincidence with resistance) when screened
against the half-sib progeny families.

Table 2. Resu'ltsof Bulk Parental Analysis for Weevil Resistance Markers
Number of Primers
Number of Markers
Screened AssociatedUnique
with to Resistant
Parent DNA Pool
over 200

20

Number of Markers
Weevil
Resistance in Progeny

3

163

Susceptible individuals
(rr)

- - - - "

Figure 3. Idealized result with a weevil-resistance marker. The diagram depicts an
electrophoretogram with100% correlation of aRAPD marker withthe
resistance phenotype, i.e. presenceof the RAPD band only in resistant
progeny (R- individuals) and bulkedR parental DNA and absencein all
susceptible progeny(rr individuals) and bulkedS parental DNA.

Although, three markers showed strong correlation with weevil resistance
in the
progeny, none showed the 100%association with resistanceor susceptibility that
would be expected in the ideal situation, as illustratedin the diagramin figure 3. The
best marker that we observed was present
in app: 70% of resistant progeny and absent
from susceptible progeny at
the same frequency (withRAPD primer number586 which
was tested against a subset of72 half-sib progeny). There aretwo possible
explanations for the lack of complete correlation. Oneis that the markersare linked
genetically to the geneor genes for resistance but at a distance where chromosomal
recombination betweenthe marker and the gene canstill take place. For instance if a
marker is 30 map units away from the gene, then
3 of every 10 progeny that carry the
resistance genecan be expected to not carry the marker due to naturally occurring
chromosomal recombination events. If this is the case, it would still be possible to
correctly identify70% of resistant progeny during early screening with such a marker.
Another possible explanation for lack
of 100% association would be that more than one
gene is involved in weevil resistance, and/or that modifier genes are
also necessary for
a resistance geneto be expressed.
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Figure 4. Depiction of an observed result of RAPD assays giving an app. 70%
correlation of DNA marker withthe resistance phenotype.

Conclusion
We consider the progress we have made to dateto be preliminary and
essentially a
proof of concept. We look forward to future researchDNA
on markers linked toweevil
resistance in spruce, both with interior spruce and the coastal Sitka spruce.Future
studies should include the screening of more RAPD primers tofind markers with a
closely linked to
greater than 70% association with resistance, i.e. are genetically more
the genes controlling resistance. This will necessitate screening many moreRAPD
primers againstthe bulked DNAs (we have a total
of 800 RAPD primers available to us
through the UBC RAPD Primer Project)until 30 or more specificresistance bands are
identified. RAPD markers detected in the BSA study and confirmed in individual
resistant half-sib progeny treeswill also be scored against theF1 progeny from
controlled crosses between resistant and susceptible parent trees, which
will be ready
for accurate phenotypic.assessment by1994 for interior spruce (John King,
with the
B.C.,Forest Service also has full-sib Sitka spruce progeny from weevil
resistant and
susceptible clones). To determine how closely genetically linked the markers
are with
the resistance trait standard segregation analysis willneed to be conducted. The
segregation analysis will yield map distances from the RAPD markers
to thegene or
genes involved in resistance. Any and all markers mapping within20 centi-Morgans on
either side of resistance loci will useful as markers forlarge scale screening for the
resistance trait. The phenotypic assessment and segregation analysis studiescould be

165

greatly enhanced by collaboration with Dr. Sahota
of the Pacific Forestry Centre
in
Victoria who has devised a bioassay for weevil resistance involving forced feeding, as
described in his presentation in this volume.
Ultimately, the applied goals
of this work are twofold: to obtain DNA markersclosely
linked to weevil resistance in spruce for usein marker-assisted selection for resistant
seedlings, and to present user groups with a simple, optimal protocol for the quick
identificationof such DNA markers. The optimum protocol for use of DNA markers that
we envision will probably not involve conductingRAPD assays, but rather standard
PCR which is more reliable and straight-forward. A RAPD marker identified for weevil
resistance will be one among a numberof markers produced by one primer. Rather
than sifting through all of the bands produced by a diagnostic primer every an
time
assay for resistance is conducted, the
RAPD markers will first be converted to
"SCARS" markers for a more robust and simpler assay. The SCARS approach
(Sequence Characterized Amplified Regions)
was also devised by Michelmore et al.
(1992). It involves isolating theFWPD marker DNA band from the gel, cloning into an
E. coli vector, sequencing the ends
of the fragment, and then synthesizing 20-base pair
PCR primers that are specific
for the amplification of only that
DNA fragment. Thus
with the SCARS version of a RAPD marker, a single band
is produced by PCR, the
presence or absence of which is simple to assess.
The PCR procedure isfully automatable, from DNA extractionand the mixingof
reactions bylab robotics to the computer analysis of electrophoretograms.Fully
HUGO
automated PCR labs arecommon in large genome mapping programs, such as
(the human genome program) and forensic diagnostics labs. The originators
of the
RAPD technique at the DuPont company have devised a machine that handles over
30,000 RAPD assays per day. It is therefore possible to establish an automated
system for conducting marker-assi-sted selection for weevil resistance
in spruce using
either RAPDor SCARS markers that would standardize and speed
the process when
used in large scale screening programs,as might be instituted by seedling production
nurseries or seed orchards.
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SOMATIC EMBRYOGENESIS FOR MASS PROPAGATIONOF WEEVIL
RESISTANT SPRUCE
Dane R. Roberts,
Forest Biotechnology Centre,B.C. Research Inc.,.
3650 Wesbrook Mall,
Vancouver, B.C. V6S 2L2

Introduction
Genetic resistanceto terminal weevil(Pissodes strob/)attack was first
indicated in species and cross species hybrid
trials in Oregon and Washington
(Mitchell et a / . , 1990). The use of ramets (clonesof a single individual
tested on different sites) provides clear evidence that provenances and, more
importantly, individuals witha genetically based resistance to weevil attack
have been identified (Ying, 1991). More recently, damage fromterminal
the
weevil has been found
in young standsof interior spruce(Picea glauca /
enge/mannii complex). Progeny trials suggest a genetically based resistance
for interior spruceas well (Kiss and Yanchuk, 1991). Since the
tree breeding
program is more advanced for interior spruce, limited quantities of seed from
resistant parents are currently available. Fortunately, there
is a positive
correlation between weevil resistance
and height growth. Our programis
directed towards using somatic embryogenesis
to multiply the limited seed
available from controlled crosses between parents selected for weevil
resistance and height growth.
Somatic embryogenesis(SE) is a vegetative propagation technique suitable for
Ss. There are several advantages with
mass propagation of weevil resistant
this propagation system. It is possible to store embryogenic cultures
in
so that once resistant genotypes are
cryopreservation during field trials
genotype (Kartha et al.,
identified it is possible to mass propagate that
1987). Somatic embryos can be handled
in bulk so that the processis efficient
and economically competitive. Extensive laboratory, field and reforestation
trials suggest SE produces high quality planting stock suitable for
reforestation in B.C.(Grossnickle et a/.,1992). The process represents true
ef a/.,
clonal propagation withno evidence of somaclonal variation (Eastman
1991). In conifers, embryogenic cultures are induced from zygotic embryos
or
young germinants;it has not been possibleto induce cultures fromolder
explants (see reviews by Attree
et al., 1991, Roberts et al., 1993). Thus,
to rooted cuttings with respect
somatic embryogenesis fulfills a role similar
to the multiplication of families. Any inherent advantageof somatic
embryogenesis over rooted cuttings
is dependent on the rate and extent of
.multiplication that canbe achieved from a limited seed source and on
the
relative costof plant production. The use of rooted cuttings for propagation
of spruce is limited by maturation effectson stock plants which limits the
duration over whicha particular genotype can be multiplied. Consequently,
with a cuttings-based program thereis a strong possibility that by the time a
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resistant genotypeis identified it would no longer be possible
to obtain
propagules.
>

Somatic Embryogenesisof Interior Spruce
Somatic embryogenesis has been achieved with interior spruce. Excised seed
embryos are placedon medium to produce a cultureof proembryos (i.e., early
stage somatic embryos), similar
in appearance to zygotic embryos soon
after
an
fertilization (Webb et al., 1989).Each culture can produce essentially
unlimited number of proembryos, each proembryo being a clone
of the original
explant. In order to produce plants(i.e. emblings), cultures areplaced on a
different medium where proembryos stop proliferating and proceed through more
l),resulting in the formation of
advanced stages of embryogenesis (Figure
cotyledonary embryos similarto a mature seed (Flinnet al., 1991).Somatic
embryos are germinatedin test tubes to produce emblings which resemble young
seedlings (Cyret a/.,1991).Emblings are transferredfrom test tubes to
ex vitro conditions, and placed in the nursery
seedling containers, acclimatized to
(Webster et al., 1990).
In order to use somatic embryogenesis
in operational reforestation,the cost
of production balanced with the benefits
of genetic gain, must be comparable
to the production costs of seedlings. Currently,
in lieu of artificial seed,
in vitro production methods have the potential to bring production
costs to a
competitive level with rooted cuttings.In 1993,approximately 30,000interior
spruce emblingswill be producedin British Columbia. Throughthe efforts to
produce thousandsof emblings, proprietary bulk handling
and planting
it is anticipated that
procedures have been developed. Using these methods,
emblings can be produced economically
in the hundredsof thousands.

Multiplying Families of Weevil Resistant Spruce
Since somatic embryogenesis must
be initiated from seed,our program begins
with controlled crosses carried out between parents whose progeny have shown
weevil resistance and superior height growth (crosses
carried out by BCMOF,
Kalamalka, B.C.)[Figure 21.Ideally, we would like todirectly multiply the
individuals of the progeny which show resistance, but
this isnot feasibleon a
large scale using any available technology. There
is only a limited amount of seed
available fromthe crosses so that it is not effectiveto use it for reforestation.
Instead, the seed is placed into tissue culture to form somatic embryos (see
Figure 1). Each embryogenic culture can be used
to produce an unlimited number
of emblings, each multiplying the number of propagules available from one seed.
This will enable us to reforest with improved families from
the controlled crosses.
We currently have about 100 genotypes from weevil resistantparents in
cryopreservation and manyof these genotypeswill be going outto field trials in
1994.This is the present stageof developement forthis program. Once the
individual genotypeshave been selected for weevil resistance
and height growth,
we can utilizethe cultures from cryopreservation
to reforest with selected
genotypes (time frameof 5-10 years).
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Figure 1. Propagcltlon
interior
of spruce
via
somatic
embryogenesis. An excised
seed
embryo
forming
(B) a
embryogeniccallus (A), arrowpointstocallus,and
proembryo
removed
from
the
callus
and
stained
with
acetocarmine.
Cotyledonary
embryos
from
the
cultures
followlngmaturation (C).Emblingsfollowingoneweekof
germination (D) andtransfer of five-week-oldemblingsto
styroblocks.

LIJ
Parent Trees

(Select/ Breed

LLimited Seed

1
Present
Stage of
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&

I
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-
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Figure 2.Flow chart showingthe role for vegetative propagation,
in this case
of weevil resistant spruce.
somatic embryogenesis, for mass propagation

8 parents all'rankedin the top 10% of the
Crosses were carried out between
1). We have just received
tree breeding program for our desired traits (Table
is
the seed and begun putting
the embryos in culture. Our three year objective
to have 500-1000 genotypes in field trials from weevil resistant parents.
Table 1. Summary of crosses carried outin 1993 between weevilresistant parents.
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Summary
In western Canada, Pissodes strobi (Peck), P. terminalis Hopping, and P. schwarzi
Hopkins are commonly encountered, while
Pissodes nemorensis Germar has been
rarely collected in Manitoba. These four species are difficultto discriminate using
morphological characters. Other character systems suchas chromosomes and
ecological traits have some use for discriminating among species, buthave practical
limitations. In this study, a 1585 bp segment of mitochondrial DNA (mtDNA), including
half of the cytochrome oxidaseI (COI) and all of the tRNA leucine and Coli genes,
was amplified using heterologous primers and the polymerase chain reaction. Variation
in mtDNA sequence amongall four species of Pissodes was sampled with restriction
enzymes. Restriction site variation is sufficient to discriminate unambiguously among
most species. However, P. terminalis and P. nemorensis haplotypes are very similar,
which may result in difficulties in discriminating among thesetwo species where their
ranges putatively overlap in Manitoba.

Introduction
The genus Pissodes has a holarctic distribution, with southern range extensions into
the montane regionsof Asia and central America (Hopkins 1911; Gemminger and
Harold 1871; C.W. O’Brien 1989). This genus contains 55-60 species worldwide, some
of which are undescribed, and includes 21 species in Canada and the United States
(L.F. O’Brien 1989). All North American species of this genus infest the bark and outer
wood. of coniferous trees, and several species are important forest pests (Hopkins
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1911). The white pine weevil, P. strobi (Peck), and the lodgepole terminal weevil, P.
terminalis Hopping are important pests of Pinus and Picea, especially young trees
(Belyea and Sullivan 1956; Langor et a/. 1992):These two species infest and kill the
terminals of pines and spruces resultingin growth loss and crooking or branching of
the trunk (Alfaro and Ying 1990; Langoret a/. 1992). A less important species, the
deodar weevil, Pissodes nemorensis Germar, also occasionally infests terminal
leaders but is more commonly associated with lower portionsof the stem and root
collar (Fontaine et a/. 1983; Atkinson et a/. 1988). These three species and P.
scbwarzi Hopkins, another bole-inhabiting species (Hopkins 1911; MacLaughlain et a/.
1993), have been informally grouped intothe P. strobi species group (Smith and
Takenouchi 1969). Some of these species readily interbreedto form viable offspring in
laboratory crosses (Godwin andOde11 1967; Smith and Takenouchi 1969; Phillips and
Lanier 1983) . Although these four taxa are currently recognized as valid species,
accurate species diagnosis is a persistent problem because there are few good
diagnostic characters available to discriminate among them.
Species in the P. strobi species group are morphologically poorly differentiated.
Hopkins (191 1) used scale patterns asthe principal characters for identifyingthese
species, but these characters have been found to be highly variable and unreliable as
good diagnostic characters. Cytogenetic studies (summarized by Smith and Virkki
1978) have shown chromosome number and morphology to have some diagnostic
value. Allozymes indicate little differentiation among populations and species and no
fixed alleles (Phillips 1984). Although ecological traits, such as host and habitat
preference, are often useful for discriminating among species (Belyea and Sullivan
1956; Langor et a/. 1992), it is rare that specimens submitted for identification have
ecological or biological data associatedwith them. The dearth of diagnostic characters
is a severe handicapin,studies of species distribution, population dynamics, biology,
and management, especially in western Canada where all four species occur (Fig. 1).
In efforts to resolve taxonomic uncertainties, identify diagnostic characters, and
understand species relationships, the P. strobi group is currently being studiedwith
respect to several different character systems, including morphology, allozymes,
ecology, behaviour, and mitochondrial DNA (mtDNA).
By virtue of its simple structure, maternal inheritance, and relatively rapid evolutionary
rates, mt DNA has become widely used in recent years to study population structure,
taxonomy, and phylogeny of animal species (Harrison 1989; Avise 1991). Variation in
the entire mtDNA genome of six species of Pissodes, including the P. sfrobi group,
was investigated using restriction fragment length polymorphism (RFLP) analysis
(Boyce 1990; Boyce et a/. 1994). Although there was significant size variation and
heteroplasmy in mtDNA (Boyce et a/. 1989), results indicated that restriction sites
could provide informative characters for species level diagnostics. However, only one
population each of P. strobi, P. terminalis, and P. schwarzi were sampled in western
Canada. To expand on this work and develop an easy and reliable diagnostic
procedure identifying Pissodes spp., heterologous primers andthe polymerase chain
reaction (PCR) were used to amplify a 1585 base-pair (bp) region of mtDNA. This
region does not exhibit detectable size variation and includes halfof the cytochrome
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Figure 1. Distribution of Pissodes species of the strobi group
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oxidase I (COI) and all of the tRNA leucine and COll genes. By using restriction
enzymes (endonucleases) to cleave this amplified segment of mtDNA, we have
assessed restriction site variation in P. strobi, P. terminalis, P. schwarzi, and P.
nemorensis, and evaluated the utility of using restriction sites to identify these species.

Materials and Methods
Specimens of P. terminalis, P. strobi, and P. schwarzi were collected from 18 localities
in western Canada, and P. nemorensis from two localities in the eastern United States
(Table 1). All beetles were identified to species based on morphological characters
and on information regarding host species, part of host attacked, damage
characteristics, and phenology. Most specimens were frozen at -80°C until used. Other
specimens were stored in 98% ethanol for up to 30 days before extraction. For each
collection site and species, 2-40 voucher specimens were pinned, labelled, and
deposited in the reference collection at the Northern Forestry Centre. The abdomens
and elytra of each specimen analyzed for mtDNA variation were storedin genitalia
vials, labelled, and deposited in the same collection.

Table 1.
Hosts

Populations of Pissodes sampled for mtDNAvariationandhaplotypes
obtained. Three to 12 individuals were sampled from each site

Species

strobi
(n=55)

Engelmann,
white,
& Sitka
spruce
terminals
Swan
Haplotypes: Bc.a

terminalis
(n=27)
terminals
pine

+ Dr.a + Hi.a (n=20); Bc.a + Dr.a + Hi.b

lodgepole & jack

Haplotypes: Bc.b

Hay River NWT, Fort Smith NWT, Tofino BC, Yoho
National Park BC, Calling Lake AB, Wabamun AB,
Hills AB, McDowell SK, Carberry
MB

Watson Lake YK, 100 Mile House BC, Swan Hills A6
Hinton AB, McDowell SKYFort a la Corne SK

+ Dr.b + Hi.c (27)

schwarzi
lodgepolepine & Clearwater BC,KamloopsBC,
SK
(n=29)
white
spruce
boles
Penticton
BC,
McDowell
Haplotypes: Bc.a

(35)

Dohald BC,

+ Dr.b + H i d (6); Bc.a + Dr.c + H i d (23)
FLYSyracuse NY

nemorensis pinetraplogsGainesville
(n=9)
Haplotypes: Bc.b + Dr.b + Hi.c (9)
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Genomic DNA was extracted from 120 individual Pissodes specimens (Table I),
mostly males, using methods revised from thoseof Harrison et a/. (1987) and
Sambrook et a/. (1989). The head and thorax (including limbs) were frozen in liquid
nitrogen, ground in a 1.5 ml micro-centrifuge tube, and 0.8 ml Lifton buffer 10.2 M
sucrose, 0.05 M EDTA, 0.1 M Tris, 0.5% (Wvol) SDS, pH 9.01 added. The
homogenate was mixed and incubated at room temperature for30 minutes. Afterward,
0.1 ml of 8 M potassium .acetate was added and the mixture was placed on ice for 15
minutes. Supernatant was collected after centrifugation for 15 min. at 14,000 rpm. The
DNA was extracted once each with equilibrated phenol andchloroform-isoamy1,alcohol
(24:l). One volume of iso-propanol was added to the DNA solution which was then
chilled at -7OOC for 20 minutes (or -2OOC for 3 hours), and centrifuged at 14,000 rpm
for 30 minutes. The resulting DNA pellet was washed twice with 70% ethanol and air
dried. The DNA was then resuspended in 0.2 ml TE [ l o mM Tris, 1 mM EDTA, pH
7-51and frozen at -20 "C until required.
Genomic DNA was used as template for amplification of mtDNA fragments by the
polymerase chain reaction(PCR) (Saiki et a/. 1988). A 1585 bp segment of mtDNA,
including half of the COI gene andall of the tRNA leucine and COll genes, was
amplified. Amplification reactions were performed in 50 ul mixtures using Taq DNA
polymerase and buffer (Promega), 2 mM MgCI,, 0.2 mM dNTPs (Pharmacia), 10 pM
each of two heterologous primers, 1 ul DNA template (in TE), and water. The two
primers used in this study (Fig. 2) are identical to those used to amplify the same
mtDNA region of the spruce budworm (Sperling and Hickey 1994) and blowflies
(Sperling et a/. 1994). Thermal cycling was done in a Perkin-Elmer-Cetusor Coy 60
programmable thermal cycler. The PCR consisted of 30 35 cycles programmed as
follows: denaturation at 94°C for 1 min., annealing at 45°C for 1 min.,
and extension at
72°C for 1.5 min.

-

Mitochondrial DNA was digested with 10 endonucleases, Bcl I, Dde I, Dra I, Hinf I,
Msp I, Rsa I, Taq I, Xba I, EcoR V, and Hae 111, according to manufacturer's
specifications (New England Biolabs Inc.). After digestion, fragments. were separated
on 0.8 1.5% agarose gels. A 123 base-pair ladder (GIBCO BRL) wasused as a
standard. Gels were stained in ethidium bromide (0.1 gm/l). Restriction fragments
were visible when gels were exposed to ultraviolet light. Eachgel was photographed
to provide a permanent record. The relative positions of all restriction sites was
determined by double digestions, partial digestions, and by examination of sequence
data (unpublished). It was possible to distinguish fragments, and hence restriction
sites, which differed by about 30 base-pairs.

-

Results and Discussion
Thirty-three restriction sitesand 23 haplotypes were observed among the 120
maternal lineages surveyed. A detailed survey of restriction site and haplotype
variation will be reported elsewhere. No single restriction enzyme is sufficientto
discriminate among all four species of Pissodes in thestrobigroup, but most enzymes
have diagnostic value.
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Figure 2A. Schematic showing region of mtDNA amplified, location
of primers (shaded
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2B. Diagrams and photographs of fragments produced by digestion of the
amplified mtDNA segment: The size of the terminal fragments includes the
appropriate primer. For HinfI some fragments are approximate+6 bp due
to the possible presence oftwo restriction sites in close proximity.
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The three most diagnostically informative enzymes areBcl I, Dra I, and Hinf 1. These
three enzymes cutthe mtDNA fragment of each species at least once (Fig.2),and
thereby provides an internal control for enzyme activity. Five haplotypes were
observed, two each for P. strobi and P. schwarzi and one shared byP. terminalis and
P. nemorensis (Table 1). Except for P. terminalis and P. nemorensis, each pair of
species is .distinguishable by the presence or absence of at least three restriction sites
(Fig. 2). It may be difficult to distinguish among P. terminalis and P. nemorensis
haplotypes where the ranges of these species putatively overlap in Manitoba. Although
Hopkins (1911) and Manna and Smith (1 959) have collected P. canadensis Hopkins
(later synonymized with P. nemorensis) from central Manitoba, we have not yet seen
specimens to confirm the identity of thesecollections.Effortmust
be madeto
1
determine the presence and distributionof P. nemorensis in Manitoba. A study of
variation in .the 1585 bp segment of mtDNA in P. nemorensis and P. teminalis from
Manitoba may reveal differences that have diagnostic value. Other regions
of the
mtDNA may also be sampled in an effort to find diagnostic differences. Random
amplified polymorphic DNA (RAPD) methodology has recently been applied with
success to sample intraspecific genomic DNA variationin P. strobi (see Lewis et a/.,
this volume); this technique may be adaptedto help with the identification of Pissodes
species (Black 1993).
The DNA-based approachto diagnostics of the Pissodes strobi species group has
several advantages over other kindsof character systems. First, it is possible to
reliably discriminate among the three major mtDNA lineages,i.e. strobi, schwarzi and
terminalis-nemorensis, in western Canada. Morphological and allozyme characters are
not as reliable (Hopkins 1911; Phillips 1984). Second, DNA diagnostic characters are
not limited to a single developmental stage; they work equally well
for adult and
immature stages (e.g. Sperling et a/. 1994). Although DNA has not yet been amplified
for Pissodes larvae or pupae, it is anticipated that this will notbe a problem. Third, the
DNA-based approachto diagnostics is relatively unconstrained by the stateof
preservation of the sample. Cytogenetic characters, although apparently reliable for
identifying weevil species (Smith and Virkki 1978), can only be assessed in fresh
material. Although it is desirable to use fresh material for DNA analyses, preserved
material can also yield satisfactory results. We amplified the entire 1585 bp mtDNA
segment from one specimen of P. terminalis that was preserved in 98% ethanol for'30
days; however, it is unusual to successfully amplify segmentsof this size from
preserved material. In more poorly preserved material, DNA can still be amplified and
identified in smaller fragments using primers that annealin closer proximity and
amplify across diagnostically informative regions (e.9. Sperling et a/. 1994). Small
segments of DNA have also been amplified and sequenced from dried museum
material and fossilized insects(e.g. Can0 et a/. 1993). Several primers are available
for Pissodes (to be published elsewhere) which have allowed amplification of the
entire 1585 bp segment in smaller fragments.
Diagnostics of fissodes using a molecular approachis limited only by access to an
appropriately equipped laboratory and protocols. Laboratories equipped withthe
means to amplify DNA and sample it using restriction enzymes are availableat most
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research institutions. The protocols contained herein willallow for ready identification

of species in the Pissodes strobi species group in western Canada, and likely
throughout the range of these species.
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USING RAPD MARKERS TO INVESTIGATE GENETIC DIVERSITYOF
THE WHITE PINE WEEVIL (Pissodes sfrobi)
Lewis, K.G, J.E. Carlson and J.A. McLean
University of British Columbia, Forest Science Department, Faculty of Forestry,
Vancouver B.C., V6T124
Summary

We are employing the Random Amplified Polymorphic
DNA (RAPD) technique to
investigate the extent of genetic diversity present
in populations ofPissodes sfrobi
(Peck) (white pine weevil) (Coleoptera: Curculionidae) occurring throughout
British
Columbia (B.C.). Although genetic diversity statisticscan be based on diploid RAPD
markers, more precise and accurate estimates are obtained when markers are
generated fromhaploid tissue (ie. haploid RAPD markers). Therefore, the RAPD
technique was used to investigate genetic markers specific to the Y chromosome
(being, in essence, haploid RAPD markers). Initial screening of 104 primers, with
bulked DNA extracted from
20 weevils (each sex), identified eight primers which
appeared to result in amplification products specific
to the male genome. Three ofthe
eight primers (219, 374 and 376), which gave four putative Y-specific markers
collectively, were selectedfor use withRAPD assays done with DNA extracted from
individual male and female weevils(ie. not bulkedDNA). Genomic profiles indicated
that two of the four markers were only present
in reactions containing male
DNA (ie.
absent in reactions containing femaleDNA). However, genetic diversity analysiswill
be based on information obtained from 40 (different)
diploid RAPD markers, rather than
a few putative male specificRAPD markers. Ten unique primers, each generating a
DNA extracted from30 individual
minimum of four distinct markers, were used with
weevils (15 female:l5 male) from eachof 11 different weevil populations: four Sitka
(Picea glauca(Moench)
spruce (Picea sifchensis (Bong) Carr), three white spruce
Voss), two Engelmann spruce(Picea engelmanniParry) andtwo eastern whitepine
(Pinus sfrobus L.) populations. Gene diversity (= expected number of heterozygotes),
Nei's genetic distance and cluster analysis based on
this distance measure(to
establish phylogeny) are currently
being calculated.

Introduction
The RAPD amplification technique(Williams ef a/. 1990), a recently evolvedapplication
of the Polymerase Chain Reaction (PCR) method, is proving to be a powerful
tool in the
et a/. 1991; Chapcoet a/. 1992; Perring et a/. .
analyses of molecular taxonomy (Paran
1993) and population genetics (Chalmers
et a/. 1992; Chapco et a/. 1992; Perringet a/.
1993) and in the investigationof gene mapping (Carlsonef ai. 1991; Martin et a/. 1991;
Tulsieram et a/. 1992; Welsh ef a/. 1991; Reiter et a/. 1992). The single primer
amplification RAPD technique, developed more or less simultaneously two
by
independent groups (Williamset a/. 1990; Welsh and McClelland1990), results in the
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production of multiple amplification products due to annealing being conducted
at low
stringency witha single primer of arbitrary sequence. These conditions
differ from the
standard method, wherein annealing
is done at high stringency with a pair of
oligonucleotide primers designed
to target one specific segment of DNA
(Innis et a/.
1990). RAPD assays commonly employa primer 10 nucleotides in length constructed
with an enriched G + C content (Rafalskief a/. 1991).
RAPD amplification generally yieldsa different genomicfingerprint for each primer
(Chapco et a/. 1992; Perringet a/. 1993) and for each genotype present
in a population
(Carlson et a/. 1991; Chapco ef a/. 1992; Perring ef a/. 1993). This unique system thus
facilitates the rapid elucidation of a multitude of genetic markers present
in an organism
or population (Hedrick 1992). PolymorphicRAPD markers, detected as presence vs
absence (Rafalski et a/. 1991), are similar to and can be
used in much the same
fashion (constructing geneticmaps, investigating genetic diversity,establishing
phylogenetic relationships)as other genetic Qolymorphisms(eg. Restriction Fragment
Length Polymorphisms).
The inherent problem of dominance
(inability to distinguish heterozygotes)in the RAPD
system doesnot allow the direct measurement of
allele frequencies and actual
heterozygousities when performed with
DNA extracted fromdiploid tissue. Rather,
allele frequencies are inferred from the assumed direct observation (=
offrequency
q*
(ie. absence of band)).
of heterozygous recessive individuals for any particular marker
Markers produced fromdiploid tissue arereferred to as diploid RAPD markers.
Although genetic diversity statistics such
as ,F
, (= fixation index = the coefficient of
gene differentiation (Wright 1951; Nei 1973, 1977) can bebased on diploid RAPD
markers, more precise and accurate estimates
are obtained when markersare
produced fromhaploid tissue (= haploid RAPD markers) sincep and q are directly
observed (Lynch andMilligan 1993): wherep = frequency of dominantallele (band
present) and q = frequency of recessiveallele (band absent). Conifers provide a
simple solution to the measurement ofallele frequencies viahaploid tissue in the
megagametophyte of the seeds (Bartels 1971). Animal taxa which
base sex
determination on the XY chromosome system (presence
or absence of the Y
chromosome), also provide an avenue for directly observing
allele frequency. Although
gametes are not always easily obtained from many animal taxa,
if genetic markers
specific to the Y chromosome could beidentified in diploid tissue (being, in essence,
haploid markers), a direct measurementof allele frequencies wouldbe obtained. This
assumes thatonly two alleles are present at any one
loci (Lynch andMilligan 1993).

Pissodes sfrobi,a notorious pest of economic importance
in B.C.'s forest industry

(McMullen 1976;Alfaro 1982), is representative of an insectin which male sex
determination results from the presence of
the Y chromosome (Smithand.1akenouchi
1969). The distribution of P. sfrobi in B.C. coincides closelywith its host range
(VanderSar ef a/. 1977). Although shown tofeed on a wide variety of conifer species
(Alfaro and Borden1982),in B.C., P. strobi preferentially attacks speciesof spruce
(Piceasp.), including Sitka spruce, white spruce, and Engelmann spruce (McMullen
1976). Conversely, in eastern Canada, P. sfrobi predominantly attacks eastern white
pine, from which the common name this
for insect pest was derived.
Female weevils ovipositin the apical dominant shoot (leader) of their host and
ravenous larval feeding quickly resultsin the death of the shoot
(Wallace and Sullivan
1985). Repeated attack bythis pest has such devastating impact on
trees that Sitka
spruce is no longer planted in many areas of coastal B.C.
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Many control options forP. sfrobi have been investigated but none have provenbe
to
entirely effective (Cozens 1983). The development of trees resistant
to weevil attackis
an environmentally benign control option currently being pursued
in B.C. (Wood 1987;
Kiss and Yanchuk 1990).To develop weevil-resistant treesin all species of spruce
susceptible to weevil attack
in B.C., the genetic diversity within and
among the
populations ofPissodes sfrobi should be ascertained.
The primary objectiveof this study was to determine if population differences and host
preferences exist by measuring the levels
of genetic diversity within and between
populations of Pissodes sfrobi obtained from three different species
of spruce as well
as eastern white pine.To aid in this endeavor, the elucidation/identification of male
specific RAPD markers via the bulked DNA technique, shown to detect markers
in
specific genomic regions (Michelmore
et a/. 1991), was explored.

Methods
Collection of weevils
White pine weevil infested leaders were obtained from 10 spruce plantations
in B.C.
Clipping of leaders was done from mid-July to early-August, 1992. Sample sites
ranged from NorthernB.C. (Kitimat) to Vancouver Island. Sample locations included
five Sitka spruce, three white spruce and two Engelmann spruce plantations. Figure
1
indicates the sampling sites located throughout
B.C. (collections in B.C. were done with
the co-operation, of Ministry of Forests
(M.O.F.), Federal Insect and Disease Survey
(F..I.D.S.) and Pacific Forestry Products personnel). Collection of adult weevils from the
Sitka spruce stand locatedat the Malcolm Knapp Research Forest, near Haney,
B.C.,
was extremely poor. Therefore,individual weevils from this location werenot used in
the population study.

In general, the following criteria for selecting and sampling within each plantation was
used. (1) The .primary component of each stand was toPicea
be sp. (2) If two
plantations were tobe sampled from one area,the sites were tobe at least 50 km
apart. (3)Current (1992) weevil attack intensity
was to be moderateto high (at least 515% of each stand was to have shown 1992 weevil attack).
(4) A minimum of 40 weevil
infested leaders were to be cut. (5) Only one weevil attacked leader was to
be clipped
from each selected tree.(6) The leaders were tobe collected evenly throughoutthe
stand (ie. not obtained from one small
portion of the plantation). In nine of the 10 B.C.
sampling sites, the minimum of40 weevil infested leaderswas achieved, the exception
being a white spruce plantation wherein only
20 infested leaders were clipped by
a
F.I.D.S. crew (not originally targeted as a sample site).
Upon arrival at U.B.C., each leaderwas trimmed of lateral branchlets, placedin
individual rearing tubes and maintainedat room temperature. The 0.6 m long, 5 cm
diameter cardboard tubes were sealed by taping thin, expandable, cardboard caps to
each end. A 4 mL, glass insect collecting vial was attached to oneof the caps by
cutting a circular hole (smaller than diameter of vial cap) in the cardboard and
"punching" the vial through. Glass vials were checked dailyfor emerged weevils.
Additionally, all rearing tubes were opened weekly and weevils which remained inside
the tube collected. Collection of reared weevils occurred from late-July to midSeptember.
Following collection,individual weevils were placedin properly labelled, 1.5mL
Eppendorf (Epp) tubes. Epp tubes were placedat 4" Celsius (C) for one to
three nights
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FIGURE 1. Location of sites in B.C. (1992) from which whitepine weevil infested
leaders were obtained.
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(to aid in emptying gut contents). Thereafter, the sex of each
live weevil was
determined by the method of Harman and Kulman (1966).
Individual weevils were
transferred to sterile, properly labelled, Kontes 1.5mL microtubes (transfer donein a
Laminar flowhood). Tubes were immersed
in liquid nitrogen (forquick freezing of
weevils) and stored at -80°C
until needed for DNA extraction.

In addition to obtainingP. sfrobi from 10 spruce tree populations, weevils were also
collected fromtwo populations of eastern white pine. Weevils from one
population
were obtained from30 infested leaders (suppliedby A. Applejohn) clipped in early
August, 1992, from an eastern white pine stand near Gogama, Ontario (due North of
Sudbury). P. sfrobiin these leaders were reared and treatedas-above. Weevils from
the second eastern white pine population had been collected
as live adults, from the
same stand near Gogama, in May, 1992. These insects were initially used for a study
at Simon Fraser University (SFU),B.C. and suppliedto us (E. Tomlin, SFU) as live
weevils (groupedin one jar). Since both populations of weevils obtained from eastern
white pine were collected in the same stand, they do not represent
two distinct
(genetic) populations, but rathertwo generations of the same population.

Elucidation of putative Y-specific markers
Exfracfion of total genomic DNA
Prior to sample collectionin the summer of 1992, a colony of
P. sfrobi was maintained
at the University of British Columbia (UBC) under the supervision Dr.
of A. Wardle.
Weevils in this colony had been collectedin 1990 and 1991 from Sitka spruce trees,
either fromthe UBC Malcolm Knapp Research Forest, Maple Ridge, B.C.
or from sites
on Vancouver Island. Insect specimens fromthis colony were initially used to perfect
the bulk DNA extraction technique(to beaddressed). Furthermore, aliquots from these
bulk DNA extractions were usedin RAPD assays to screen for primers which result
in
markers specific to the
Y chromosome.

Bulked DNA extracted from20 individuals
Bulk DNA extractionswere done usingboth 20 individuals (bulk-20)and 100
individuals (bulk-100) of each sex. To prevent contamination with aerosols possibly
containing RAPD products (presumed tobe present in the general laboratory area),all
extractions were donein a Laminar Flowhood. The following procedure describes the
protocol used for extractionof DNA from 20 bulked individuals- this method was done
separately for eachsex .

~

Twenty live P. sfrobiwere placed in a ceramic mortar, quickfrozen in liquid nitrogen
and groundto a fine powder with a ceramic pestle (ensuring tissue remained
frozen
throughout). The homogenate was transferredto a sterile,30 mL corex tube and gently
suspended in 4 mL buffer (0.2 M Tris/ 0.04M EDTA/ 2.8M NaCI, =
pH8.3) containing
1%, (w:v) dissolved polyvinylpyrrolidone (PVP) and
0.2% 13-Mercaptoethanol (v:v). The
tube was spun at 10,000 rpm
(JA-20 rotor) forfive minutes and the yellow, merky
supernatant discarded. Thepellet was resuspended in 8 mL of 2X CTAB buffer (1X
CTAB = 0.05M Tris/ 0.01 M EDTA/0.7 M NaCI, pH.= 8.3/0.1% 13Mercaptoethanol(v:v)/ 0.025 M CTAB (cetyltrimethyl ammonium bromide)) containing
1% polyvinylpolypyrrolidone (PVPP) and placed at65°C for one hour. During this
period, the tubewas gently inverted every 15 minutes toaid inthe release of DNA
(trapped in solid matter). Following incubation, the tube was spun at high speed
(12,000 rpm- JA-20 rotor)) for10 minutes andthe clear supernatant (approximately7
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mL) decanted and saved. The pellet was resuspended in an additional4 mL of 2X
CTAB buffer, incubated anadditional 10 minutesat 65°C and centrifuged at 12,000
rpm (JA-20rotor) for 10 minutes. The supernatant (approximately4 mL) was decanted
and added to the first. Ribonuclease (sigma RNase-A,boiled to inactivate
deoxyribonuclease ) (5ug/insect) was added to the supernatant and
the tube placed at
37°C for one half hour. Total genomic DNA was extracted with
an equal volume of
ch1oroform:isoamyl alcohol (24:1). DNA was precipitated with ice-cold isopropanol
(equal volume) followed bycold incubation at-20°C. DNA was collected aftera 30
minute high speed spin (12,000 rpm - JA-20 rotor). The DNA pellet was washed twice
with 4 mL of 70% ethanol (EtOH), air dried in a Laminar flowhood and dissolvedin 2
mL TE ( 10 mM Trisl 1 mM EDTA, pH = 8.0). To ensure DNA resuspension, tubes were
placed at 65°C for one hour
followed by placement at room temperature overnight
(tubes covered withtinfoil). Thereafter, extracts were stored at either -20°C or 4°C
(small aliquots of stock solution). This procedure followed that of Boyce
et a/. (1989)
with the exception of
the PVP, PVPP and RNase-A treatments which were introduced
by J. Glaubitz (graduate student, Forest Biotechnology group
at UBC, with Dr. J.
Carlson).

Bulked DNA exfracted fromI00 individuals
Bulk.DNA extraction from 100
individuals followed the same procedure as outlined

above (solution amounts increased2.5 X relative to 20 weevils). Extractions were done

grinding 50 weevils at one time (repeated twice for each sex). After
total genomic DNA
was extracted and dissolved in TE, extracts werepooled and thoroughly mixed.

Bulked DNA generated from 12 individuals
Towards thelatter part of this study, bulked DNA was generated pooling
by
equal
aliquots (same concentrations) from 12individual (bulk-12) DNA extractions (donefor
each sex). Individual weevils had been collected from leaders clippedin 1992 at the
Malcolm Knapp Research Forest (sitka spruce).
DNA extracfed from individual weevils
As with previously mentioned DNA extractions,
isolation of total genomic DNA from
single weevils was adapted from
the methodology of Boyceet a/. (1989).
Grinding of individual weevils was donein Kontes 1.5 mL, sterile microtubes, with tubes
either submerged in liquid nitrogen or placed in dry ice. A sterile Reusable Pellet
Pestle MixerR, designed tofit the Kontes tubes, was usedfor crushing. Prior to use,
pestles had been treated with a 10% solution of sodium hypochlorite
(= bleach) to
ensure decontaminationof unwanted DNA (Prince and Andrus 1992). Crushing of the
tissue was not as extensive (exoskeleton was not thoroughly ground)
in the
as bulk
DNA extractions, therefore, neither PVP nor PVPP were needed (both serveto bind
and hence eliminatephenolic compounds). As in the bulk DNA extractions, 5 ug of
RNase-A was used for each insect. Solution amounts differed from the bulk DNA
extraction as follows: 1) homogenate was initially suspended in 500 UL of 2X CTAB
the
buffer; 2) the pellet was resuspendedin 300 uL of fresh 2X CTAB buffer following
one hour incubation at
65" C and; 3) the DNA pellet.waswashed twice with200 UL of
70% EtOH, dried and resuspendedin 100 UL of TE.
Quality and quantity of DNA extracts were
initially determined by absorbance at
260 nm
and 280 nm. DNA dilutions based on absorbance at260 nm were usedin the portion
of the studydealing with the identification of male specific markers.
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Optimization of RAPD assay conditions
Amplification of RAPD markers
To optimize theRAPD assay conditions for weevil template DNA, various
concentrations of DNA, magnesium and enzyme were investigated.Total reaction
volume was also varied, as was amount of mineral
oil overlay. Optimum amplification
(and most cost effective) of RAPD markers was achieved
in a total reaction volume of
12.5 uL,containing 0.3125 Units (U) Taq polymerase enzyme (Perkin-Elmer Canada),
I X Perkin-Elmer Reaction Buffer11, 25 ng (based on spectrophotometer readings)
weevil template DNA,200 uM of each dNTP (Perkin-Elmer Canada), 0.3 uM
oligonucleotide ( I O base) primer and 2.5 mM MgCI,. The reaction, containing only the
primer and template DNA,was overlaid with20 UL mineraloil and subjected toan initial
denaturation step at94°C for seven minutes. After addition of the premix (mixture
excluding primerand template DNA) samples were amplifiedin a Perkin-Elmer Cetus
DNA thermal cycler model480. A denaturation step at 94°C for
two minutes, was
followed by 45
cycles of : 94°C for two minutes, 36°C for one minute and 72°Cfor two
minutes. Final extension was done for 10 minutes at 72"C, followed bya 4°C soak until
recovery.

Resolution of RAPD products
Resolution of amplification products
was achieved by loading the entire amplification
sample ontoa 1% SynergelTM/ 2% agarosegel (250 mL). A 0.5X solution of
phosphate-buffered Tris-EDTA(0.5X solution: 0.04 M Tris base, 0.004 M EDTA, pH
adjusted to8.0 with phosphoric acid) was usedas the running buffer andin forming the
gel. Molecular DNA markers (100 basepair ladder) were usedin the extreme left and
right hand lanes (upper and lower rank of each gel). Loading into adjacent lanes,
on
each gel, was doneusing the following pattern: products generated from
bulked female
DNA ran next to products generated from bulked male
DNA which in turn ran next to
negative controls (layout repeated twice for each primer). This design allowed
for quick
recognition ofboth putative male specific bands and spurious amplification products.
The reproducibility of each primer specific reaction
was also easily verified using this
. loading pattern. Once loaded, samples were rapidly moved from
the well by applying
high voltage (at least 0.26 volts (V)/cmz) for 10 minutes. Gels underwent
electrophoresis, on average, forfive hours at 0.20 V/cm*. Staining of gels was done in
a dilute (0.5 ug/mL) solution of ethidium bromide
for 30 minutes. Gels were generally
destained for 20-30 minutesin distilled water and photographed usingPolaroid type 67
film.

Screening of primers to identify putative Y-specific markers
Screening of primers to identify Y-specific markers was
initially performed using bulked
DNA obtained from100 weevils (each sex). A negative control, reactioncontaining
each ingredient except the template weevil
DNA, was included for each primer.
Positive controls (primers known to amplify weevil bulk
DNA) were used in each RAPD
assay (48 reactions preparedfor each assay). Each primer was employed twice
in
negative controls and twice
in reactions containing bulked male
DNA and bulked
female DNA.
A total of 70 different primers were screened using bulked
DNA extracted from100
individuals. Banding patterns betweenbulked male DNA and bulked female DNA were
identical for these primers. Therefore,RAPD amplification assays wererepeated with
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45 of these primersusing template DNA which had been obtained from20 bulked
weevils. An additional 59 primerswere tested using aliquots of the latter DNA
extraction.
To test different lots of bulk
DNA and thus contribute towards establishing
the male
specificity of bands, the following assays were performed. Eight primers (21 9, 291,
365, 374, 376, 383, 386
and 387), which appeared to target regions
specific to the Y
chromosome (using bulk DNA obtained from
20 individuals) in the initial screening trial,
were used in three separate RAPD assays. These trials employed bulked DNA
extracted from 100 individuals,
20 individuals and bulkedDNA generated bypooling
extracts from 12 individual extractions.
Having tested different lots of bulked
DNA the next step was to verify the male
specificity of the bands using DNA extracted from individual weevils
(;e.not bulk DNA).
Three primers (219, 374, and 376) which produced the most
distinct (= clear, sharp
band on electrophoretogram) putative Y-specific markers were
used in amplification
reactions with templateDNA extracted from 12 female and
12 male individual weevils.
Weevils usedfor individual DNA extractions had been collectedin 1992 from infested
leaders clipped at the Malcolm Knapp Research Forest.

Population study basedon .diploid RAPD markers

'

.

Total genomic DNA was extracted from individual
30
weevils (15 males: 15 females)
from each population. The extraction protocol followed that previously
as
outlined.
Based on the screening of primers (to identify putative Y-specific markers)
ten different
primers (219, 304,305, 322, 333, 336, 350, 374, 376, and 382), which each generated
a minimum of four easy to score., distinct
diploid RAPD markers were selected
and
subsequently used with DNA extracted from eachindividual weevil. It was thus
decided to collect information on/from approximately 40 diploid RAPD markers.
Absorbance reading at 260 nm appearedto overestimate DNA yield.Therefore DNA
was quantified by comparing staining intensities of DNA samples to Lambda DNA
standards run simultaneously on a 1% agarose gel. To visualize DNA fragments, gels
were stainedin a 1 ug/mL solutionof ethidium bromide for 30 minutes, thoroughly
rinsed in 2 liters of distilled water and photographed ona UV transilluminator. This
method allowed for examination of both general fragment size and the presence of
RNA in each DNA extract. Amplification of RAPD markersfollowed that as previously
outlined with the following two exceptions: 1) the initial seven minute denaturation step
at 94" C was eliminated and; 2) 6.25 ng of total genomic DNA wereused in each
reaction. Additionally, to both reduce costsand for ease of use, products were
resolved by loadingthe entire sample onto a 0.5% SynergelW/l% a,garose gel. Gels
were then subject to electrophoresis for approximately three hours underconditions
the
described above.

Results and Discussion
Weevils which emerge from different leaders
(in any one site) should,at most, be halfsibs. This assumes that each female only ovipositsin one leader. If oviposition does
continue in additional leaders,it seems plausible that the female would select leaders
located in close proximityto each other (could, in fact, be on the same tree if the tree
had been previously attackedby weevils). This hypothesis is supported bythe
contention thatP. sfrobiare poor flyers (Cozens 1983). Toavoid the probability of
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clipping leaders which could have been oviposited bysame
the female (hence double
sampling of families) only one infested leader was taken from each tree. Additionally,
samples were collected evenly throughout the stand.
RAPD amplification products using primers 314 to 320 inclusive are seen
in Figure 2.
Reactions were donein a total volume of 25 UL with0.05 U Taq/uL and 1.9 mM Mg2+.
In an attempt to reduce costs,a subsequent trial using half this concentration of Taq
(0.025 U/uL) was done with primers 314, 315 and 319 (Figure
3). To optimize the
RAPD amplification technique at this lower concentration of five
Taq,different
concentrations of Mg2+(1.O mM, 1.5 mM, 1.9mM. 2.5 mM and 3.0mM) were tested.
Figure 3 clearly indicates thatMg2+ concentrations of 1.9mM or less, do notyield
200% reproducible, distinct banding patterns
in reactions containing0.025 U Taq/uL.
All three primersdid however, work wellat Mg*+ concentrations of
2.5 mM.
The number of markers seenin the 2.5 mM reactions in Figure 3 is only slightly
reduced relative to the corresponding reactions seenin Figure 2. Of particular note,is
the reduction in the number of bands seenin the negative controls with primer 319 and
the slight reductionin background noise (caused by spurious amplification products)
(Figure 3). In traditional PCR reactions, decreasing the amount of enzymein each
reaction has been shown to increase specificity while lowering reaction (Sommer
costs
ef a/. 1992). The evidence presented in Figure 3 suggests that this trend appears to
hold true for RAP0 amplification as well.
Primer 319 produced amplification products
in three out of four negative controls seen
in Figure 3 and both negative controls seenin Figure 2. It is highly unlikely that the
bands in the negative controls area result of exogenous DNA being introduced by
the
experimenter, sincea strict set of procedures (Kwok and Higuchi 1989) for avoiding
DNA contamination were rigorously employed throughout
this study. Amplification
products in negative controls could be accounted
for if the Taq enzyme (solution)itself
contained minute quantitiesof DNA not eliminated during purification of the enzyme. If
used in combination with specific primers, amplification could occur
in negative
controls. Conversely, products in the negative controls could simply
be a function of
the primer ( ie. primer-dimers, primer-trimers etc amplified). For both of these reasons
alone, negative controls for each primer
must always be used. The utilization of
negative controls can decrease the scoring of false positives (Kwok
and Higuchi 1989).

A subsequent trial with primers314 to 320 was, done to investigate a reduction in total
reaction volume by one half (thereby further reducing costs). Based
on the previous
trial employing 0.025 U Taq/uL (Figure3 ) the 12.5 uL reactions were done with2.5 mM
Mg*+. The results (notshown, but virtually identicalto corresponding reactions seenin
Figure 3) suggested that highly reproducible banding patterns could
be produced with
weevil DNA in a total reaction volume of 12.5 UL
with 0.025 U Taq/uL and 2.5 mM Mg2+.
All additional primer screening
was done under these conditions.
Almost 90% (62)of the 70 primers screenedusing bulked DNA extracted from100
individuals gave multiple RAPD markers (TableI ) . While three of these 70 primers
failed to produce amplification products, sixthe
of primers produced either only one
band or non-specific amplification (seen as
a smear on the stained gel).

of bulked DNA
Forty-five of the primers screened above were also used with aliquots
from 20 weevils. Results (ie.failure to amplify, multiple markers produced, etc.) from
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FIGURE 2. Banding profiles producedin the first trial using primers314 to 320.
Each primer was used twice with bulked female
DNA (F)and bulked maleDNA (M)
(DNA extracted from20 weevils), as well as in two negative controls(C) (each third
lane). Reactions with bulked femaleDNA were run adjacent to reactions with bulked
male DNA. Reactions with primer304 were used as positive controls (previously
shown to produce multiple markers). LambdaDNA Hindlll markers were usedin the
extreme rightand left hand lanes (each rank).
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FIGURE 3. Test of Taq at reduced concentration (0.025 U/uL). Three primers
(314, 315 and 319) were tested at fivedifferentMg2+concentrations (1.O mM. 1.5mM,
1.9 mM, 2.5 mM and 3.0 mM). Duplicates of each reaction (run in adjacent lanes) as
well as negative controls (everythird lane) were done. Bulked male DNA from 20
weevils was used in each reaction (except negative controls). Lambda Hindlll DNA
markers were run in the extreme left hand lanes (upper and lower tier). For each
primer (arranged in groups on gel), reactions were loaded in order of increasing Mg*+
concentration.
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Table 1. Performanceof primers screened with DNA from
100 bulked weevils and from
20 bulked weevils (each sex).
DNA
Bulk
DNA
Bulk
from 100
from 20
weevils
weevils
Number ofwhich
Primers
failed
3
8
to yield amplification products
Number
Primers
ofwhich
gave
either only one marker
or
spurious amplification products
62 gave
which
Primersof
Number
multiple amplification products
(= multiple genetic markers)
Total
Screened
Primers

5

6

90

70

104 (45 same
as bulk DNA

the 104 primers screened, using DNA extracts from
20 bulked individuals, followed the
same general trend as seen using bulked DNA from 100 weevils (Table 1).
Of the 104 primers screenedusing bulked DNA extracted from20 individuals, eight
primers (listed in methods) were tentatively identified which appeared yield
to
amplification products specific to the
Y chromosome. The fragment size, basedon
migration distanceof the 100 bp DNA markers (graph not shown), of each
putative Yspecific marker is presented in Table 2. RAPD assays, using these eight primers., were
repeated withbulked DNA obtained from100 and 12 weevils (separate assays). The
scoring (presence or absence) for each putative Y-specific band based on these three
separate RAPD assaysis tabulated in Table 2. With respect to bulked DNA from 100
weevils, three ofthe bands were possibly presentin both sexes (primers 219,291 and
374), and three ofthe bands appeared to be absentin both sexes (primers 365, 383
and 386). With respect to DNA generated by pooling extracts from12 individuals,
three of the markers of interest appeared to be
faintly present in both sexes andtwo of
the markers absent in both sexes. Primer 365 gave inconclusive results. Also, two
putative male specific markers not previously revealedin reactions using bulk-20 DNA,
were obtained using bulk-I2 DNA. Figure 4 indicates thesetwo bands and illustrates
the superiorresolution and highly reproducible results that can be achieved
running
amplification products ona 2% SynergelTW % agarose gel for six hours and45
minutes at 100 volts.
The results presented in Table 2 suggest that the putativeY specificity appeared tobe
refuted for four of the markers (ie. bands also presentin reactions based onbulked
female DNA) and not confirmed in the other two markers. This assumes that
homologous bands fromthe different gels were correctly matched and that marker
alleles from differentloci never co-migrate tothe same position on a gel.
Primers 219,374 and 376 were used with individual (not bulked) DNA extracts. These
primers were chosen since they
had produced the most distinct, putative Y-specific
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Table 2. Summary of putativeY chromosome specific markers seenusing three
different extracts of bulkedDNA. Presence or absence (in each sex) of
markers in DNA from I 0 0 bulked weevils and DNA generated from
12 weevils
are comparedto markers seen in DNA from20 bulked weevils.
or Absence
Approximate
PrimerPossible
Presence
Length
(base
females
inand
males
pairs) of putative
male marker
(Bulked
DNA-20)
Bulked
DNA-100
Bulked
DNA-I2
possibly present
faintly present in
219
990
in both sexes
both sexes
291

780

possibly present
in both sexes

absent in both
sexes

365

950

appears absent
in both sexes

inconclusive

374

570

present in both
sexes

faintly present
in both sexes

376

2 markers present
only in males

"

present

383

520

absent in both
sexes

appears absent in both
sexes

386

1050

absent in both
sexes

perhaps present in
both sexes

"-

387
present

markers. Both putative Y-specific markers generated by primers 219 and 374
appeared to bepresent in reactions using female DNA (individuals)
(results not
shown). The two putative Y-specific markers associated with primer 376
did not appear
to be amplifiedin any of the reactions containing femaleDNA (results not shown). This
is not surprising given that the bulked DNA used, which
originally targeted these loci,
was generated bypooling equal aliquots of DNA from these exactindividual
extractions. Table 3 summarizes the scoringof putative male specific bands revealed
in the RAPD assays donewith DNA extracted from individuals.

in genetic makeup
The results of this study clearly demonstrate that differences
between bulked DNA samples are more easily revealed when
bulked DNA is obtained
from fewer (ratherthan more) individuals. While bulked DNA extracted from
20 weevils
reveals six markers unique to the bulked male DNA samples,
banding profiles are
identical between bulked male and female DNA obtained from
100 individuals (Table 2)
(both assays done with same primers).It is suggested that future studiesusing the
bulked DNA technique(in conjunction with RAPD amplification) to reveal differences in
genomic compositionuse bulked DNA samples generated from between10 to 20
individuals.
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FIGURE 4. Electrophoretogramof seven sets of replicated reactions using
primer 376 with bulk male and femaleDNA pooled from12 individual weevils.
Lanes were loaded such that products from bulked female DNA (F) alternated with
products from bulked male DNA(M). Every second lane was a blank. DNA size
markers (100 bp ladder) were usedin the outer lanes. Stars indicate thetwo putative
Y-specific markers.

DNA

j

Table 3. Scoring (presence) of four putative
Y chromosome specific RAPD markers
in
reactions containingDNA extracted from12 individual weevilsof each sex.
Number of successNo.
of Individuals
marker
Size of
Marker
ful Amplifications
appears
to be present in
12)
(base
of
(out
pairs)
FemaleMaleFemaleMale
Primer
DNA
DNA
11
10
3somewhat
4 clearly
219
990
2 faintly
faintly
5
374

570

12

376

11 650

12

12

765

9
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possible
4
possible
2
3

0

10

0

Primarily due to time and budget constraints, evaluation of our progress suggested that
it would be prudent to switch strategies and base genetic diversity estimates on many
diploid RAPD markers rather than a few putative male markers. As
indicated in
Table 1, approximately 90%of the primers screened with bulk DNA yielded greater than
one marker andcould thus be used to generate a multitude of genetic markers.
Increasing the number of markers used to estimate allele frequencies does somewhat
overcome the problem of dominance by increasing the statistical power
of the test
(Hedrick 1992). Additionally, as Lynch and Milligan
(1993) state the accuracy of the
,F, estimate greatly increasesif the assumption of random mating within
subpopulations is met. Random mating is probably not unreasonable to assumein
Pissodes sfrobi and does, in fact, hold true formany natural populations of animals
(Hart1 and Clark 1989):
Therefore, information has been collected from approximately
40 diploid RAPD markers
generated byusing ten different primers. Only those primers which produced clear,
distinct banding patterns were selected. Figure5 indicates one RAPD assay done
using primer 322 with DNA extracted from 30 individuals obtained from an Engelmann
spruce stand near Golden,B.C. and 15 male weevils froma Sitka spruce stand near
Kitimat B.C. As clearly shown, background smearing is minimal and banding profiles
are sharp and hence easy to interpret.
15 males: Engelmann 15 females Engelmann

M

M

f

lanes 1 - 15

M i

upper lanes 16- 28
lower lanes 1 - 2

lanes 3 - 17

M

. 15 mates Sitka

FIGURE 5.

Illustration of clear, distinct banding pattern produced with primer

322. DNA extracted from15 male weevils, collected from an Engelmann spruce stand,

were used in the first 15 reactions (lanes1 - 15 : upper tier) and DNA from
15 female
weevils (same stand)in the next 15 reactions (uppertier - lanes 16 -28: first two lanes,
lower tier). DNA extracted from15 male weevils obtained from a Sitka spruce stand
were used in the reactions displayedin the lower tier (lanes3 - 17). DNA size markers
(M) (100bp ladder) were usedin the extreme lanes (each tier).
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To addressthe population structure ofP. sfrobithe extent of geneticvariation in this
species must be determined(Weir 1990). Gene diversity, defined as the expected
number of heterozygotes
(H) and calculatedfrom gene frequencies,is one ofthe
various descriptors commonly employed to quantify genetic variation. Once
heterozygousities have been established, the degree
of genetic differentiation between
subpopulations canbe calculated via the F-statistic proposed
by Wright (1951): FT
, =
HB/H where HT = ,
H + HB and T = total, B = between and W = within. FT, is the
correlation between two gametes drawn at random from each subpopulation
(Nei 1977)
and, as stated, measures the degree of population subdivision. This statistic takes on
extreme values of0 when populations have identical gene frequencies
(genetically
identical populations) and 1 when populations have noalleles in common (genetically
distinct populations). As indicated by Lynch andMilligan (1992), an unbiased estimate
of FSTcan becalculated with information based on
diploid RAPD markers ifthe
following assumptions are met:1) marker alleles from differentloci do not comigrate to
the sameposition on a gel; 2) each locus canbe treated asa two-allele system and;3)
each population is assumed to bein Hardy-Weinberg equilibrium.
It is also possible to address
the evolutionary history ofPissodes sfrobi using RAPD
data since genetic distance values can
be calculated from theinferred gene
frequencies. In essence, genetic distance valuesare used to establish thetime since
the populations being compared diverged froma single ancestralpopulation (Weir
1990). The overall strategy is to use cluster analysis to construct a dendogram based
on distance matrices(the distance matrices being basedon genetic distances
calculated between eachpair of groups). While various distance measurescan be
computed, the most widely used measure of genetic distance
is that of Nei (1973). As
with FST, certain conditions must be
met if Nei's distanceis toaccurately reflect the
phylogenetic history of P. sfrobi. In particular, the ancestral population is assumed to
have been in equilibrium and population divergence assumed to have occurreda as
result of drift and mutation(Weir 1990).

The above analysisis currently being calculated and should clearly establish
the
phylogeny and extent of genetic diversity present
in populations ofPissodes sfrobi
throughout B.C
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Summary
On the basis of foliage and bark terpene chemical expressions within Sitka, white and
Engelmann spruce,the genetic variability within families appears
to be as largeas the
be
within population variability. Thereforea search for weevil resistant trees can
achieved most efficientlyby locating individual trees from any region;
little will be gained
from large and expensive provenance trials.
Initial screening of parents or progeny within families for seed orchards or advanced
generation breeding will save money, time and effort.
The advent of a reliable chemical
assay that canbe used to screen interior spruce trees for potential resistance related
characteristicswill achieve this goal. We have developed two screening tools based on
leaf and bark terpene analyses. These are showing promise
in meeting this challenge
for a chemical assay tool.
It should be noted, however, that any assay
tool must be "correct" at least at the 60 to
70% level to beof practical value. We planto determine the worth ofthe model
described in this paper by applyingit to the OP progeny from the same clone
trees
used to develop the model and comparing
the results with actual weevil attacks. If it
should passthis final test, it will provide the forestry community with a very valuable
tool
in its fight againstthis most damaging regenerating-forest pest.

Introduction
Many researchersdefine tree resistance to thewhite pine weevil (fissodes strobi
[Peck]) asthe acceptance or rejection of trees
by theadult weevil. Their research
efforts. often focus
on physical and chemical properties among different
trees (Alfaro et
a/. 1980; Alfaro and Borden 1982, 1985; Alfaro and Ying 1990; Brooks
et a/. 1987a,
et a/. 1974).
1987b; Harriset a/. 1983; Hrutfiord and Gara, 1989; Hruffiord
Examinations are made for allelochemicals (attractants, repellents, feeding stimulants
and deterrents, oviposition factors,etc.), physical andvisual cues that are believed to
attract adult weevils
to susceptible treesand to keep them away from resistant trees.
it has
This epidemiological approachis useful in eliminating extraneous factors and
proven successfulin showing clear differences between non-host and host species
but
it has not revealedclear differences amongst individuals within specific host
provenances. Such an approachis thus unableto answer fully the question; why do
individual trees escape leader death amongst a forest of successfully attacked leaders?
Hanover (1975) has reported a more rigorous procedure
for the demonstration of
et a/. (1994) earlier in
resistance, an approach that was previously detailed by Sahota
this workshop.

We feel, as' do others,
that weevil resistance and susceptibility are genetically
determined traits (Hanover 1966). We have thus chosen
to study the terpenes of
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spruces (Picea spp.) as terpenes can and do provide useful information that
is directly
Kiss and Yanchuk 1991;white
linked to atrees genetic makeup (Alfaro and Ying 1990;
and Nilsson 1984a). By studying trees fromthe British Columbia Ministry of Forests
(BCMF) Sitka spruce(P. sifchensis [Bong.] Carr.) trial at Fair Harbour and interior
spruce (white spruce[P. g/auca {Moench} Voss] and Engelmann spruce[P. Engelmanni
Parry]) trial at Prince George, which have been used to assess weevil damage,
we can
attempt to correlate terpene patterns with susceptibility or resistance found
in these
trees.
Leaf oil terpene patterns have major qualitative differences amongst the Pinaceae and
Cupressaceae families. tn addition, some qualitative differences were found within
conifer genera and amongst some species
of the same genus. However, the main
differences are quantitative.Among the spruces, von Rudloff(1962, 1965, 1967a,
1967b, 1972,1975, 1978) found small quantitative intra- and inter-population variation
amongst black spruce(P. manana [Mill.] B.S.P.); intermediate differences amongst
white spruce; andhigh variations for Engelmann spruce.In Sitka spruce few
differences were found between populations, but large tree-to-tree variations have been
noted (Forrest 1980a, 1980b; von Rudloff 1978).
When intra-population variabilityis reasonably high individuals can be readily
distinguished andthe heritability of conifer foliar terpene patterns
can be studied (von
Rudloff and Rehfeldt 1980; von Rudloff 1984). Similar results
are expected with
terpenes from conifer cortex or phloem (bark) and possibly from xylem (wood) (Forrest
et a/. 1971;Zavarin and Snajberk
and Samuel 1988; Squillace 1976, 1977; Wilkinson
1965; Zavarinef a/. 1970). However, the apparent numberof terpenes in the latter two
tissues is smaller than in the leaves, and in most studies onlythe monoterpene
et a/. 1974).
hydrocarbons were analyzed (Hrutfiord
per
For healthy trees leaf
oil terpene patternsare not influenced by ecological factors
se as longas the leaves are harvested
in their quiescent or dormant season. Samples
from provenance plantations give similar results to thoseof the parent populations, and
scions retain the parental terpene patterns (Hunt and
von Rudloff 1977; von Rudloff
1984, von Rudloff and Rehfeldt 1980; Rottink and Hanover 1972). Conifer terpenes
are
thus under strong genetic control (Squillace 1976,
1977; white and Nilsson 1984a).
Originally, it was thought that only oneor a few genes control
the type and quantity of
conifer terpenes (Hanover 1966), but more recent studies show
thisthat
control maybe
more complex m i t e and Nilsson 1984b, von Rudloff and Rehfeldt 1980, Squillace
1976, 1977).

Host-insect or host-pathogen interactions have been studied and conifer terpenes have
been implicatedin some instances (Swain 1977, Hanover 1975). Possible effectsof
seasonal variationin conifer leafoil terpenes were explored by von Rudloff
(1978).
However, the scope of most of these earlier studies suffered from the of
lack
highly
reproducible micro-analytical techniques
or methods and few samples.
Our micro-analytical technique, using extraction
in hexane, developedat thePacific
Forestry Centre allowsthe,accurateand reproducible analysis of mono-, sesqui-, and
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diterpenes in very small amounts of plant material, such as a few leaves or needles, a
small amount of bark, or some of its constituent parts, etc. This method of isolation
should cause little or no alteration of the chemical composition originally present in the
plant tissue. It is ideal for rapid determinations of terpene patterns of individual trees
and their progeny, as well as for surveys for differences within populations. Using this
technique we examined all terpenes, ranging from monoterpenes,
through
sesquiterpenes and including diterpenes.
It is for these reasonsthat we have chosento examine terpenesfrom specific tissues
(leaves and young bark), while looking for genetic markers
that might be associated
with resistance. Terpenes are readily separated and identified
in nanogram quantities
by capillary-gas chromatography (GC)/Fourier transform infrared spectroscopy (FTIR)
and GC/mass spectrometry(MS); with FTIR providing more compound specific
information thanMS.
Terpene patterns are representative
of the individual treeand ramets showlittle or no
variation wherever (within reason) they
are planted (White 1983; White and Nilsson
1984a). Ramets are often used in replicated trials to assess specific genetic traits
(such as weevil resistance). Open-pollinated progeny (OPs) from specific parent trees
are of unknown male parentage and their terpene patterns candoand
vary greatly
amongst siblings, reflecting a strong male contribution
to their genetic makeup. Strong
contributions fromthe male parent may obfuscate
what maybe lesser terpene
expressions foundin individual trees carrying factors for resistance against the white
pine weevil. We have thus restricted our initial study the
to individualtrees (ortets and
ramets) with well known weevil resistance characteristics.
Brooks ef a/. (1987a, 1987b), have published results of leaves and bark monoterpene
investigations of Sitka spruce and did find
not even weak correlation for resistance
within Sitka spruce provenances.However, they did reportthat "the two isovalerates
(isopentenyl and isoamyl) could possibly
be used as indicatorsof resistance." Their
approach was somewhat different from ours
in that they concentrated on the more
abundant monoterpenes andthe two isovalerates. Their techniqueof terpene isolation
included a charcoai/celite filtration step. that we have notbecause
used it selectively
diminishes the contributions of the more polar terpenes while removing
the chlorophyll.
They also employed aGC injection port temperature that
is high enoughto cause
degradation and chemical rearrangements of some terpenes.
For interior spruce, the work of Kiss and Yanchuk (1991) shows
that the factor@) for
resistance againstthis weevil are expressed, thus conserved,
in the OP progeny. This
finding indicates a strong female parentage factor for resistance
is conserved in the
offspring. Therefore, we expectthe examination of bark or foliar terpenes
to beuseful
in providing a key or model
for distinguishing between treesthat might escape attack
from those that are more likelyto become attacked. However,if terpene expression, as
distinct from resistance,is under male dominance then
this approach (female parent
tree study) cannotbe expected to beuseful. The terpene approachwe are presenting
has an opportunityto produce useful information on resistanceif we can show that
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these traits (terpene expression and resistance) are linked. This work
is not designedto
demonstrate causation.

Experiment details
Leaves andbark
i

Our sampling and isolation method keeps
all samples fresh, but not frozen, by placing
is then in a cold
moist branchletsin the dark in ice chests during transport; storage
room until samples can be processed. Processing involved the removal of individual
leaves from sameage branch parts. This was accomplished by pulling them away from
the stem while holding onto
the bud end of the branch. The bark was then cut and
peeled fromthe wood. These tissues were placed quickly into separate
test tubes
containing a cold bi-phasic solvent mixture of methanol/water and hexane
(2:1:3)
@ 27.7 min.). Samples were then
including the internal standard (methyl palmitate
of a Polytron (FT 2000) homogenizer equipped with a
rapidly homogenized by means
modified cutting headto aid with comminuting the tough spruce leaves. The solvent
mixture was centrifuged and
the two layers were filtered through surgical grade cotton
wool and aliquots storedin multiple vials for analysis.
For the hexane layer,a total of three sealed vials was prepared. The first was for GC/
flame ionization detector(FID), GC/MS, and GCIFTIR experiments,the second was a
back-up for the first and thethird was an archival sample for future analyses.

All terpene analyses were made using an Hewlett-Packard (HP)
5890 GC equipped
with an HP 7673A auto sampler and auto injector. The injector temperature was kept at
a cool 180 "C, and the FID detector was heldat 295 "C. The capillary column was 25m
x 0.20 mm i.d. with0.23 p HP Ultra-2 ( c t , DB-5,95%-methyl-5%-phenyl silicone)
coating. We used the following temperature program: 60°C (I
min.), ramp to 275°C
7OC/min. and hold@ 275 for 10 min. The detector output was capturedby Maxima
(Millipore Ltd.) andinitial terpene assignments were assigned automatically from inhouse terpene retention time libraries.
The terpenes are found
in the hexane supernatant layer along with chlorophyll and
other lipophilic constituents. The polar compounds are solubilized and
retained in the
methanoVwater fraction and must
be stored in a freezer or refrigerator
until analyzed. A
white fibrous mat, formedat the interface from non-soluble needle components
(cellulose), was discarded.
Over 250 individual terpenes and other volatile compounds were observed
in Sitka
spruce (Fair Harbour) and interior spruce (Prince George) leaves and A
bark.
number
of terpene identities were confirmed
or obtained from GC/MS and GC/FTIR
experiments. We use an FinniganIon Trap Detector model800 and an HP Infrared
Detector, model 5965B.
Terpene data were analyzed after verifying correct peak assignment using Statistica for
Windows (Statsoft, Oklahoma). First a T-testof normalized peak areas versus
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resistance classwas applied toall data andthe most highly significant peaks were
chosen for further analysis. Factor analysis of these peaks resulted
in a reduction of
. useful for separation by class.
the number of peaks used, and provided factors
..

Results and discussion
In contrast to steam distillation, with solvent extraction there
is little or no opportunity for
thermal, enzymatic or acid induced reactions
to occur. In addition sample storageis not
adversely affected by oxidation since hexane
is very poor at dissolving oxygen. There
is no needto dry the hexane layer priorto storage, since hexane and water are virtually
immiscible. Many literature reports concentrate on the yield of terpenes which are
important for consideration of economics for commercial applications. Thisis oflittle
value to biochemical considerationsif the procedure adversely affects the
quality of the
terpene mixture obtained. This fact does not negate the population information
so long asit can be demonstratedthat the method is
obtained by such procedures
reproducible within the context of that study.
Unlike many previous studies utilizing steam distillation and tens
to hundreds of grams
- 20 leaves or lessthan one
of tissues, our tissue sample size was very small, 10
only
the
gram of bark were used and these often come from only one branch. This makes
method rapid and simple
to carry out, butit can magnify differences dueto population
effects (cf., Engelmann spruce).
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Sitka Spruce
The leafand bark terpenes were each examined for a number
of Sitka spruce trees
(Figures 1 and 2) and collectively were found to be extremely reproducible for ramets.
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Figure 1.

Gas chromatogram of Sitka spruce bark from ramet 29-01-03 (2-1-6)
growing at Fair Harbour,B.C.: (b) Expansion of monoterpene area (c)
Expansion of sesquiterpene area.
I
40 -

I

20 -

Bark

0

I

T

8

9

10

Minutes

Figure 2.

Partial gas chromatograms of Sitka spruce bark and foliage monoterpenes
B.C.
from a ramet (29-01-03 (2-1-6)) growing at Fair Harbour,
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This reproducibility is best maintained for same year leaves
and by sampling fromthe
same aspect and crown locations of each tree. Furthermore, we were able
to show that
in slightly different
site and locationof 16 ramets from one ortet (29-01-03) planted
ecological regimes at Fair Harbour did not materially affect
the expression of terpenes
(Figure 3).

1

C

Minutes

Figure 3.

Partial gas chromatograms of Sitka spruce bark sesquiterpenes from
B.C.
ramets 29-01-03 growing at Fair Harbour,

For example, a ramet (block1I ) , planted in the shade of an old growth spruce gavethe
same terpene pattern as the others from more open-grown locations.In addition, prior
attacks of about half of these ramets the
by spruce weevildid not affect the October
1993 terpene patterns (ramets
6, 8, 10, 12, and 13 had been attackedin prior years).
These findings supportthe fact that terpene expression in Sitka spruce
is under strict
genetic control.
In specific trees terpenes are sometimes not expressed
in specific tissues. For
example in one clone (32-05-08) at Fair Harbour the terpenes are not well expressed
in
the leaves, yetthe bark yielded normal amounts of terpenes showing consistent
compositions for leaves and bark for these ramets with their ortet growing at Sayward
forabsence of terpenesin the
(Figure 4). Lack of leaf resin canals would accountthe
leaves.
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Bark and Foliage
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Figure 4.

Gas chromatograms of Sitka spruce bark and foliage from ortet 32-05-08
growing at Sayward, B.C. (Ramets atFair Harbour were identical.)

A notable exception, amongst ramets was one tree labeled “29-UK-6” in block 13. It
had a terpene pattern that
was distinct from the other ramets with same
the label
(Figure 5).
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Figure 5.

Gas chromatogram and partial chromatograms (inset) of Sitka spruce
foliage from 29-UK-06 ramets growing at Fair Harbour, B.C. (Note
absence of the sesquiterpenes in ramet #13.)

Among the 29UK6 ramets onlythis individual (block 13)had been attacked by the
weevil. In keeping withthe above findingsfor 29-01-03 ramets, these prior attacks by
the weevil should not have affected the expression its
of terpenes. Is this tree
the expression of terpenesin this
different? Is it mislabeled? Or did weevil attacks alter
one ramet? The latter explanation is not preferred since for a different clone (29-1-3)
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the terpene pattern did not change amongst individual ramets when50%
overof these
is
ramets hadbeen attacked in the past. These data suggest that terpene expression
not affected by environment and pest attack.
OPs from a given parenttree are
In contrast to the study of ramets, the individual
markedly different from each other (Figures
6 and 7) and from the female parent,
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Figure 6.
Partial gas chromatograms of Sitka spruce bark monoterpenes from family
29-01 growing at Sayward, B.C.
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16
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20
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Figure 7.

Partial Gas chromatogram of Sitka spruce bark sesquiterpenes trom
family 29-01 growing at Sayward,B.C.

212

especially in theexpression ofthe major monoterpenes, indicating a strong male factor
contributing tothe expression of terpenes. This male factor could easily obfuscate what
may be lesser terpene expressions such
as might be expressedin individual trees
carrying factors for resistance against the weevil.

White and Engelmann spruce
Leaf and bark terpenes from three ramets each
thefor
eight most resistant and eight
1991) were examined for
most susceptible interior-spruce clones (Kiss and Yanchuk
indications of terpenes that might
be useful in differentiating between these traits, The
terpene isolation and identification procedures employed for Sitka spruce wereinused
obtaining the interior spruce data. After spending many hours validating
the data for
the clone material only, and by using a purely statistical approach,were-successful
we
in our searchfor terpene patterns that could be used
to differentiate between trees with
to the spruce weevil. Although no
apparent resistanceand those lacking resistance
individual terpene,or groups of structurally related terpenes, are responsible
for the
separation we have obtained with multivariate techniques, the results
are still very
encouraging. Using just six terpenes (bark terpenes) we were able
to correctly classify
15 out of the 16 clone trees taken from the
BCMF interior Prince George Nursery at
Red Rock andtheir progeny fromthe Prince George Tree Improvement Station
(PGTIS) spruce progenytrial (Figure 8). The structure of four compounds
is under
two.
investigation. Santene and citronellyl acetate are the other

Figure 8.
Factorscoresforwhite/Engelmannsprucebark
Using leaf terpenes, again
just six terpenes (terpinolene and five unidentified
compounds) were neededto correctly classify15 out of 16 samples (Figure 9).
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Figure 9.

Factor scores for white/Engelmannsprucefoliage

These results arenot all that surprising in that “terpene resistance factors,”if present,
may be linked with othertraits that makethe trees moreor less susceptibleto weevil
attack. However, as with any study thatis initiated or based on correlated associations,
some validation workis required (ie., correlations alone cannot be used as an
explanation for causation).

OP trees from these16
From a random selection of attacked versus non-attacked
interior spruce clones,we propose to testthe two multivariate models we have
developed.
Conclusion
On the basis of terpene chemical expression within these spruce species,
the genetic
variability within family appears
to be as large as
the within population variability.
Therefore a searchfor weevil resistanttrees can be achieved most efficiently by
locating individualtrees from any region; little will be gained from large and expensive
provenance trials.
Initial screening of parentsor progeny within families for seed orchards
or advanced
generation breedingwill save money, time and effort. The adventof a reliable chemical
assay that can be used to screen interior spruce trees for resistance related
characteristics will achieve this goal. Leaf and bark terpene analyses are showing
promise in meeting this challenge for a chemical assay tool.
It should be noted, however, that any assay tool must be “correct”
at least at the 60 to
70% level to beof practical value. We pian to determine the worth of this modelby
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applying it to the OP progeny from these clone trees, which are now about
21 years old,
and comparingthe results with actual weevil attacks.If it should pass thisfinal test, it
will provide the forestry community with a very valuable
tool in itsfight against this most
damaging regenerating-forest pest.
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BREEDING STRATEGIES OF RESISTANCE
Gene Namkoong
Department of Forest Sciences
University of British Columbia
Vancouver, B.C. V6T 124
and
USDA-Forest Service
The development of genetic strategies for resistance can be viewed as an
adversarial problemin which we try to defeat the enemy by any means at our
disposal. By the very title of this conference, it is clear that the weevilis an
enemy and by our experience with
trying to controlits devastations, it is a
resourceful foe. As entomologists have long known,it is not just a matter of
eradication on our part and unconditional -surrender
the on
weevil’s part, butthe
weevil hasan adaptive life history of its own, and can respond to whatever
control measures we may putin place. This is not surprising giventhe long
history of human struggle against pests and diseases of our own bodies as well
as those of our crops. We have never eradicated a disease or insect
in pest
spite of our best and most expensive and extensive efforts.
We have nottotally
failed either sincewe can elevate resistance levels, but we must by now be
suspicious of any projects that are based on an eradication
of total resistance
paradigm. After many generations of breeding resistance crops and
of having to
run harderand harder to keep up with pests, is
it now apparent that both crop
resistances and pest virulences
are part of the same game, andthat by some
“hidden h a n d we seem to be playing the game against ourselves. The more
resistance we build, the more virulence
is created as a consequence, andall we
have to do is look two steps aheadto see thatit is we who have created
the
enemy. So, having met the enemyin the mirror butstill understanding that we
can exercise some control over
the biotic system,we should consider thatthe
game of pest managementis complex and thatwe should choose what game we
wish to play.
If we consider that we do exercise somecontrol overthe biota, and can affect
host resistance and insect virulence,
we can beginto discern what kindsof
games we canbe playing withthe host-pest system asa system, and choose
game strategies according to
the likely consequences of management
prescriptions. One kind of game to play is the arms race game where wetry to
build better resistances andthe pest counters with better attack methods.
This
is an easy gameto play and involves a strategy that
is similar to simple sports
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strategies where hitting the ball harder, running faster, or having bigger players,
is expected to lead to the domination of the opponent. However,this too leads
to an arms race and, as appealing as
it is simple, it requires higher and higher
inputs to stayin the same relative positions. Humans are not alone in
developing this kind of game. Ecologists have long studied situationsto discern
cases where competitive races seem
to be run whichlead to strong negative
reciprocal adaptations that may reduce their adaptability
to other challenges.
This is the so-called “Red Queen” hypothesis which wouldlead to expectations
of unstable outcomes.
One way to consider our problemis that we have several techniquesthat
we as foresters or entomologists can employ that affect some aspects
of either
host or pest, and that these effects can
be managed intactics that would at least
provide some predictable immediate results. Thus, the
life cycle of the weevil
can be affected by several techniques, including chemicals or pheromones
that
affect either larval development, pupal metamorphoses, adult survival, or
reproductive processes from matingto egg deposition. Alternatively, various
phases of the weevil- spruce interaction can be affected by spruce behaviour
including avoidanceor resistance to invasion, and post-invasion containment or
rejection. Some or all of these techniques can be incorporatedinto silvicultural
or breedingtactics such as by selecting trees for one or more resistance
behaviours and deploying progeny from seed orchardsbyorcloning techniques.
In this context, the development of a resistance variety is considered to be a
tactic inthe sense thatit may involveseveral testing and deployment techniques,
such as targeted deployment and only partial planting
of resistant types. If we
were to simply iterate the tactic, the strategy implied would
be touse the tactic as
a recurrent process. Thus, repeatedly using one tactic does constitute one
strategy, and in our case, would involve recurrent selection for resistancethe
in
host with anticipated recurrent increases
in virulence inthe pest. The ensuring
arms race is a strategy thatemerges from the tactic.
i:

There are some obvious drawbacks
to that strategy includingthe
instability of the final outcome in that
we reduce the ready availability of new
resistance genesto the super pests we have induced,
and the recurrent costsof
developing ever newer resistances for
this one pest. In agricultural crops,the
pests are often obligate
on the crop variety which increases the selection
pressure on the pestto adapt to it. This would presumablybe much higher
pressure thanfor most insectsof forest tree species and hence pest responses
may be slowerfor forest pests. However, meansto overcome crop resistance
seem to only requirea few generations to develop, and since the number of
insect generations endured by
a tree crop is often much larger per
tree
generation thanin agricultural crops, the rate of adaptation bythe pest, pertree
generation, maybe rapid. Experience with forest treesis very limited butthe one
example of breeding for resistance
in trees in which data on adaptationis
available is with a rust of southern pinesin which one generationafter selection
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indicates a significant increase
in susceptibility of formerly resistant selected
families (Kuhlman and Mathew, 1993).
Selection for resistancemay be more effectivein the short run at leastif
multiple typesof resistance were simultaneously selected for. That could
if high levelsof several resistance
present more of a barrier to adaptation
mechanisms were presented for a single generation
of insect to overcome. Such
high levels however, may not be simultaneously available and we might up
wind
with lower levels of several mechanisms and not net any greater success
than
with single resistance selection. The strategyis the same, even if the tactic is
of failures.
different, and hence would be susceptible to the same kinds

An alternative strategy would be
to work on the insect rather than
the host
and hence to engage in an offensive rather than a defensive game. One
tactic is
to introducea conditional lethal intothe insect population such that whenit isat
high frequency, a catastrophe would be induceable to nearly or completely
eliminate the pest.The tactic of introducing sterile males for blow fliesbe
can
modified into a conditional lethal tactic by such methods as suggested by
Wehrhahn and Klassen(1971) to allowfor an efficient meansof self-regulation.
By coupling a fertility enhancing
gene with a conditional lethal such as nondiapause factors, insecticides,or cold susceptibility, the pest population
is forced
to increase the frequency of an allele thatwill cause a population
crash when a
cold winter or spraying occurs. The fertility enhancer may be a frequency
dependent factor or a mating preference inducer such
that even low numbersof
introduced pests can induce a threshold such that the population increases
the
frequency of the linked conditional lethal.I am confident that teams of
geneticists-entomologists could generate more imaginative solutions
to inducing
the insect to be self-limiting or occasionally self-destructive than
I can, and hence
to develop more effective tactics for controlling insect evolution by modifying
insect viability or reproduction.
A different strategyis tomix offensive and defensive strategies
by
simultaneously breeding hosts and pests for some mutual and benign
coexistence such that empty niches are not available
for rapid insect evolution.
One tactic known as thedirty crop approach(e.g., Marshall and Weir, 1985), in
which host resistances allow for host specific adaptation but not for general
adaptation. This can be managedif the net fitnessof the insect adapted to
multiple hostsis decreased below thelevel of those that are host specific.This
generates a systemof stabilizing selection against insects or pathogens that are
generally virulent,and if multiple hosts are present,
an interference mechanism
so that the frequencyof successful attackis acceptably low. The nicheis never
empty, and the insects may
be able to reject invaders and be self-regulating.
The tree breeder must select for different sets
of resistances in different or
multiple populations in order to diversify sets
of populations or varieties such that
in the deployment of varieties to stands, multiple resistances are encountered by
the insects but in different trees. Multiple breeding populations
of trees are
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needed, each of which would havehigh resistanceof one sort or another, as well
as other characteristicsthat tree breeders normallytry to improve. The forest
plantings generated from these populations would then be mixtures
of trees from
the different populations and could either be separated
in spatial or temporal
blocks, or could be more intimately mixed as individuals. Insects would be
expected to encounter only some trees to which they would be well adapted, and
for those thatdo succeed, they would be expected to often mate with other
insects whichwill frequently not have the same adaptations as theydo. It is then
expected that thefitness of any multiple adaptations would be more
costly to
maintain than single adaptations, and the singly adapted types wouldfind
never
enough susceptiblesto create large population problems. Thus,tree breeding is
in the
directed notso much at eradication, asat inducing a benign evolution
pest. In fact, the pestis used as a deterrentto other pests that may otherwise
evolve more damaging behaviours.
While I have not discussedthe details of the techniquesor tactics involved in
applying alternative strategies, they are
still to betested for forest trees.The
point I wish to emphasize is that regardless of whichtactics we use, we do
induce a certain strategyin the development of host and pest. We also have
some choice in the strategy we use and
we are not doomedto follow the errors
of agriculture and thekinds of games they play. To be sure, our choicesare
constrained by the costs
of long term research and only incipient levels
of
knowledge, but choices are available.I also wishto emphasize that we neednot
only view whatI have called pests as organisms of no inherent value or good. At
the very least, wecan think about the insectsand fungii as coexisting organisms,
which can be usedin the management of forest ecosystems tocontrol their own
and others' behaviours ofteninto benign channels. A broader view might also
consider themto be organisms thatare of interest and value'in their own right. I
believe that the goal of managementis not the elimination of these organisms,
but is the limitation of the reductions that they can'cause in our way of using and
generating valuein the forest. The tactics we have usedin the pasthave
seemed to employ a strategyof elimination. I don't believe that this has ever
worked and that it has led tocounterproductive methodsof pest management. I
would hopethat from this conference, some alternative strategies can emerge.
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THE SPRUCE WEEVIL IN THE GREEN TIMBERS PLANTATIONS

Rene 1. Alfaro and Emil Wegwitz
Pacific Forestry Centre
Canadian Forest Service
506 West Burnside Rd.
Victoria, BC
V8ZlM5

Between 1930 and 1935, 3 plantations of pure Sitka spruce, Picea
sitchensis (Bong.) Cart, and 23 plantations of Sitka spruce mixed with
Douglas-fir, Pseudotsuga menziessii (Mirb.) Franco, were established in
lands adjoining the Green Timbers Nursery of the BC Ministry of
Forests. The original forest cover included Douglas-fir, Hemlock,
Tsuga heterophylla (Raf.) Sarg, Western Redcedar, Thuja plicata
Donn., plus deciduous species such as broad -leaf maple, Acer
macruphy//um Pursh and vine maple, Acer circinatum Pursh.
Plantations were established at about 5000 trees/ha, with mixed
plantations containing a 50:50 propoaion of Sitka spruce and Douglasfir. The seed source for the Sitka spruce was the Queen Charlotte
Islands and Douglas-fir was of mixed origin.
The white pine weevil, Pissodes strobi Peck, was reported attacking
the Sitka spruce in 1936. In 1937, a research project was initiated by
G.R. Hopping, with the collaboration of W.G. Mathers and R.H.
Longmore of the Dominion Insect Laboratory (now Canadian Forest
Service) t o determine the biology and damage caused by this weevil.
Annual infestations rate,s were determined each year from 1937 until
1949 in one pure and one mixed plantation (Fig. 1). Following the first
report of weevil attack in 1936, the infestation levels increased
.rapidly, -reaching rates of infestation of 30 t o 5 0 % of the trees
attacked per year by 1939.
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Fig. 1. White pine weevil attack rates a t t w o Sitka spruce plantations
at Green Timbers, near Surrey, BC. One plantation was pure and the
other was a 50:50 mixture of Sitka spruce and Douglas-fir (Alfaro
1982).
Many trees developed multiple tops which increased weevil habitat for
oviposition and fueled the infestation. In pure plantations the.
infestation rate was sustained a t 30-40% until the last continued
measurement in 1949. In mixed plantations there was a higher initial
infestation but it declined to below 10% per year by 1945. The
difference was attributed t o the fact that in mixed plantations the
Douglas-fir out competed the Sitka spruce and shaded it out of
existence. In pure plantations the infestation lasted longeras the
deformed trees remained aliveuntil they were shaded and eliminated
years later by volunteer deciduous trees. Silver(1968) studied these
plantations in 1960 and reported that attack rates had declined t o 5
and 9 % in 1 9 5 8 and 1959, respectively, in the pure Sitka spruce
plantation.
Alfaro (1 982) surveyed these plantations in 1981 and concluded that
none of the pure Sitka spruce plantations developed into merchantable
stands. These contained only about
1 2 % spruce of any value.
Mixed plantations had developed into merchantable stands of nearly
pure Douglas-fir, ,with about 390 m3/ha in 1981.

In 1993, the plantations look very sjmilar as described by Alfaro in
1981. The spruce in pure plantations has been virtually eliminated,
with some additional mortality due to windthrow. Mortality of the
maple has created openings in the stand which rendered the remaining
spruce susceptible to wind damage. The mixed plantations turned into
beautiful stands of pure Douglas-fir.
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The pure plantations contained a few trees which had sustained no or
little attack and are thought to be resistant to spruce. One of them,
located within the research plot established by Mathers, had good
growth and was never attacked (Fig. 2). This tree appears to be
resistant to attack. In 1993, only 2 resistant trees remain in the
plantation;

194619441942194019381936

1948

1950

Year

Fig. 2. Attack rates on trees in an experimental plot established in a corner
of plantation No. 62 at Green Timbers. Curves represent average height of
trees which sustained zero to seven or more attacks between 1936 and
1949. Note segregation of heigth growth curves showing the preference of
P. sfrobifor thefastest growing trees and thelack of attacks on very slow
growing trees. This plot contained one resistant Sitka spruce tree which was
fast growing and was never attacked. From data collected by K. Graham,
M. Prebble, D. Smith and W. Mathers (reproduced from Alfaro et al.
1995)
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Summary
Progress in control of the white pine weevil, Pissodes strobi (Peck), a pest
of spruce,
Picea spp. and pine, Pinus spp., is reviewed. Significant advance has been made in the
areas of genetic resistance, silvicultural and chemical control.An integrated pest
management system is formulated which combines silviculture-driven and resistancedriven tactics. The system relieson accurate hazardrating of plantation sites and
requires continuous monitoringof attack levels andthe forecasting ofproductivity losses
through the use of a decision supportsystem.
Introduction

The white pine weevil, Pissodes strobi (Peck), causes severe problemsreforestation
to
programs throughout Canada. In coastal British Columbia (B.C.) Sitka spruce, Picea
is so severely damagedthat planting of
sitchensis (Bong.) Carr., a valuable'timber tree,
this species is currently notrecommended in most areas. The current planting guidelines
for coastal B.C. allow only 20% Sitka sprucein medium and high hazard areas (Heppner
and Wood 1984). In the interiorof B.C. and Alberta thereis increasing concern that
plantations of white spruce, Picea dauca (Moench) Voss, and Engelmann spruce, Picea
enaelmannii Parry, createdin recent years may be also at risk (Taylor A.1991). In
E.strobi are eastern white
eastern North America the most important species damaged by
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pine, Pinus strobus L., Jack pine, Pinus banksiana Lamb., and Norway spruce, Picea
abies
(L.)
Karst.

-

P. strobi adults emerge in early spring from
their overwintering sites
in the duff, and move
to the l-year-old terminal shoot (leader), where
the females lay eggsin oviposition
bud. If the weevil larvae become established, they
punctures in the bark near the apical
move downwards, mining and consuming the phloem, and eventually
killing the leader
loss and stern
(Silver 1968). Repeated leader destruction causes height-growth
1992). Although most trees
deformities which reduce tree value, often to zero (Alfaro
survive the attack, stunted trees are suppressed, and sometimeskilled, by competing
vegetation (Alfaro 1982).
"

Over the years, several control methods for
P. strobi control havebeen reported;
however, these have been only partially succesful. We contend that it is presently
feasible to integrate these methods into aunified integrated pest management(IPM)
system in which the collective action of several methodswill result in successful control.
the objective is to use a
IPM is an ecological approach to pest control wherein
than to eliminatethe pest. An
combination of various tactics to reduce damaae rather
important goal is tominimize environmental impact(U.S. National Academyof Sciences
1969). These systems are usually consolidated intoa unified program which specifies
strategies and tactics in the context of the crop productivity cycle.
that pest managementspecialists have
The desirability of IPM is based on the fact
realized that relying on simplistic approaches based on a single
control method have
been generally ineffective and can lead to problems. For example, excessive
dependence on chemical pesticides inducedpesticide resistance in numerous agricultural
pests (Georghiou and Saito 1983). Similarly, exclusive, large-scale use of insect resistant
tree genotypescould increase evolutionary pressures on insects,resulting in the
evolution of biotypes with theability to overcome plant resistant mechanisms (Gould 1988,
Raffa 1989). IPM tries to avoid these problems by adopting a moreintegrated approach,
selection pressures on the
based on an understanding of pest-host interactions to reduce
pest.

IPM is an iterative process (Fig.1) inwhich the effectiveness of combinations of control
tactics is continuously monitored and evaluated with referencethe
totargets for the
management unit in question.
The objectiveof thispaper was to reviewavailable E. strobi control methodsin Canada,
and based on this, to formulate a possibleIPM system.
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I

IPM for P,sfmbi: an iterative
process

I

I

Establish plantation goals

Determine IPM strategy

-1Monitor

populations and damage

Evaluation (DSS)

}-

I

Take tactical action

Fig. 1. Iterative IPM process for E.strobi. After initial goals and tactics are established,
plantations must be continuously monitored to determine population levels, trends and
damage. This information is fed into a Decision Support System (DSS) for evaluation.
of strategies
Resuits of this analysis determine future actions, including possible changes
and tactics.
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Direct control
Conventional chemical control ofP. strobi through insecticide sprays hasbeen
abandoned because, although it can be effective,
it is considered environmentally
undesirable. However, experimental systemic insecticide injections have
been used
recently to achieve 3 years of control in treated trees (Fraser and Heppner 1993; Fraser,
this volume). Because only individual crop trees are injected, harmful
effects of pesticides
on non-target organisms are minimized. Workis presently continuingin B.C. to develop
systemic insecticide 'injection formulationsof longer duration and higher effectiveness.
This method ofselective chemical insecticide deployment could form part
of anIPM
system.

in B.C. in the
Extensive clipping operations toremove infested leaders were conducted
1980s with thegoal of reducing weevil populations. Although removalthe
ofinfested
leader improvetree form (Lavallee and Morissette 1989), weevil
populations were not
has now been largely
reduced (Rankin, this volume). Clipping, as a single control method
discontinued because it isexpensive and logistically difficult (Smith and McLean 1993).
tree form and value.
However, in the IPM context,this technique could be used to improve
The possibility of using biological control has been considered and several
studies of the
predators and parasitoids of P. strobi have been conducted (e.g., Alfaroand Borden 1980,
1987, Hulme 1990). However, to date, no agents are available for effective
Hulme
biolqgical control.

a.

Because the number of weevils per hectare during the mating season
is low, attractive
semiochemicals, if discovered, could be usedto mass trap strobi. However, although
E. castaneus
pheromones are known for E.nemorensis (Phillips and Lanier 1986) and
in strobi
(Pajares and Guerrero 1992), attempts to isolate and identify pheromones
have been so far unsuccessful.

e.

e.

Silvicultural control
Management of weevil populationsby stand manipulation haslong been recognized as a
viable control alternative (Sullivan 1961). The objectiveis to modify stand microclimate to
make it unsuitable for successful attackor for weevil survival. Silvicultural prescriptions,
such as pruning, thinning, plantation density and species mixture
could also bemodified
to minimizethe impact of the weevil and integrated with other control methods,.
conditions on
Wallace and Sullivan (1985) reviewed early work on the influence of stand
the behaviour of P.strobi in-easternwhite pine, Pinus strobus L. They concluded that
dense standsand shaded habitatsare-unfavorablefor weevil development because adult
weevils require certain conditions of temperature and humidity feeding
for
and ovipositim.
These activities are restricted by thelow temperatures prevailingin dense, shaded
stands. Low temperatures also retard larval development, which probablyincreases
exposure of larvae to attack by parasitoids and predators.
In conditions whereheat
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accumulation is insufficient for completion of larval development, a Sitka spruce stand
cannot sustain viable weevil populations (McMullen 1976).
Silvicultural control by mixingthe host species with a deciduous component
is effective in
t A.(this
reducing damage (Stiell 1979). McLean (1989 and this volume)and Taylor g
volume) demonstrated lower rates
of weevil damagein spruce under a broadleaf
overstory than in the open.
Increasing plantation density-isalso an option that reduces damage. Alfaro and Omule
(1990) found significantly lower attack rates and better stem form,
even in attacked trees,
in Sitka spruce plantations started
at the closestof three spacings. Stiell (1979) also
demonstrated low attack ratesin dense eastern white pine stands
and proposed a
thinning regime to release the unattacked trees, thus ensuring a sufficient amount
of
undamaged timber per hectare. Recently, new experiments have
been initiated in B.C.to
examine the influences of density and species mixtures on weevil damage and tree
growth.

Genetic resistance
Of the several alternatives formanagement ofE.strobi, the use of genetic resistance
in an IPM context. Analysisof field trialsin British
could have the most beneficial effect
in the resistance of both white and Sitka spruce
Columbia demonstrated genetic variation
1993, Brooks and
to weevil damage (Alfaro 1982, Alfaro and Ying 1990, Alfaro
this volume, Ying 1991). These
Borden 1992, Kiss and Yanchuk 1991 , Kiss
of trees from certain
analyses indicate that,individual wild trees, as well as groups
families and provenances show resistancein the formof reduced numbers of successful
(40 km east of Vancouver,
weevil attacks. For example, trees from the Haney provenance
B.C.) established in trials at Sayward andFair Harbour,on Vancouver island, grewwell
and werethe least damaged (Alfaro and Ying 1990, Ying 1991).
For interior spruce, it has
been shown that family variationin weevil resistanceis high, and that resistant families
this volume).
are typically the fastest growing (Kiss and
Yanchuk 1991, Kiss g

a.

a.

a.

In eastern North America several studies demonstrated variation
in susceptibility or
resistance to strobi in eastern white pine (Wright and Gabriel 1959, Plank and Gerhold
1969,1970)- Based on field.observations and caging
1965, Connola1966, Soles
experiments these researchers also detected genetic variation
in susceptibility of white
pine from different populations and
among different Pinus speciesand their hybrids.

e.

@a.

Another potential source of resistancemay be by hybridization, asdifferential
1990; Kiss
susceptibility among different Piceaspp. has been reported (Mitchell
at. this volume). In some areas "Lutz" spruce, a Sitka
x white spruce hybrid, exhibits
resistance (Mitchell 3 1990). Alfaro and Ying (1990)identified the Skeena River area
of B.C. as one area where natural hybrids with increased resistance couldbe found.

-

a.

a.
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a.

Alfaro gJ
(1993), Brooks and Borden
(I
992) and Ying(1991) hypothesized that
resistance probably has multi-allelic
a
or multi-genic basis, withthe possible existence of
several resistance mechanisms which act
in concert, possibly in a synergistic fashion, but
which vary accordingto differences in trees, families or provenances. Resistant genes
in
interior spruce seem to be segregated to different degrees among
the progeny of windt aJ., this volume). However, until appropriate
pollinated families and hybrids (Kissg
studies are undertaken to examine the
modes of inheritance of resistance mechanisms,
this remains largely speculation.
fl.strobi are not completely understood. There
The resistance mechanisms of spruce to
are severalpoints in the interaction betweenthe weevil and its host where resistance
could occur (Alfaro,this volume). Resistance could block the processes of host selection,
feeding, oviposition and larval maturation, Recent studies of the resistance mechanisms
in Sitka spruce have disclosed that peripheral
resin canals are significantly more densein
this volume).
resistant than in susceptible Sitka spruce (Tomlin and Borden 1993,
a defense systemin most conifers, is
Resinosis, drowning of eggs and larvae by resin,
this volume). Sahota gJ
(this
also importantin spruce resistance to weevils (Alfaro,
volume) proposed an antibiosis resistance mechanismin which resistanttrees can inhibit
or reverse reproductive processes controlled by juvenile hormone
in adult weevils,i.e. an
effect similar to that induced by precocene (Bowers
1976) as well as other
substances. Brooks and Borden(1992) developed a prototype, three-component
resistance index for Sitka spruce based
on feeding deterrence andfoliar monoterpene
profiles.

a.

a.

also demonstrated variation in tolerance, i.e., the ability of trees to
Alfaro and Ying (1990)
recover from weevil damage, as defect type varied by provenance
and family. Treesin
some provenanceshad more attacks pertree but were able to develop into merchantable
trees. Tolerance to weevildamage is exemplified in the Big Qualicum provenance(10 km
north of Parksville); some trees
in this provenance were amongthe tallest at the Sayward
trial even though they sustained repeated attack.

Hazard rating

e.

A method of determiningthe hazard of strobi outbreak is a necessary component of an
IPM system. A climate-based hazard rating system for E. strobi on Vancouver Island was
developed by McMullen(1976). Heppner and Wood(1984) established weevil hazard
zones for Vancouver Island and the coastal mainland BC
of based on the distribution of
strobi, and developedplanting guidelines. These systems,plus a detailed temperaturebased hazard rating system under development for interior spruce
(Sieben and
Spittlehouse 1991, Spittlehouse aJ., this volume) will prove valuable for reforestation
planning and for prioritizing areas for control treatmentsand fordeployment of resistant
genotypes. .Hazard rating could be incorporatedinto a geographic information system
(GIS) aspart of an overall expert systemfor white pineweevil decision-making.

e.
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Decision Support Studies
Assessment of the impacts of the white pine weevil
is a critical prerequisite to determining
the levels of expenditures be
to commited for weevil managementand research. This
information is important in pest management to determine warning, action and damage
Weevil Attack Trials,or
thresholds. Alfaro (1992) developed a stand simulator (Spruce
SWAT) capable of assessing the effects of different levels of weevil damage on Sitka
spruce plantation productivity. Resultsfrom a SWATtrial were used byErrico (1990) to
calculate the effects of weevil on the timber supply of the Kalum inDistrict
the Prince
Rupert Region ofB.C. SWAT simulation was also used byT. Ebata, (B.C. Min. of Forests,
Smithers, BC,pers. comm.) to produce an economic assessment tool. Recently the
SWAT model was integratedinto the Tree and Stand Simulator (TASS) model, which
is
used for forecasting the yield of managed standsin B.C. (Mitchell 1975).The combined
model is useful for assessing plantation productivity under different scenarios of weevil
population intensity, and for assessing alternative plantation management strategies such
as sanitation thinning, insecticide injections or the performance
of mixtures of susceptible
and resistant stock.
By definition, IPM requires accurate estimates of economic damage
(including quality
losses) so that the necessary management steps canbe prescribed. In forestry, the
relevance ofan infestation of a particular stand depends
on the extent to which the
management objectives forthe stand wilt be affected. Expected damage to every
A particular
resource mustbe measured and projected to the time of harvest.
management techniquewill be beneficial onlyif its addition to anIPM program is costeffective and significantly increases
the possibilities of attaining
the management target.
In the end, management decisions are made through the process of forest planning, which
allows managers to examine the feasibility of attaining these objectives under various
constraints (Simmons @. 1984). The damage caused by weevils and the benefits of
alternative control options should enter this iterative process along with othernatural
resource information, including inventory data,yield tables, effects ofsilvicultural
treatments, data on non-timber forest resources, and
financial information.

Integrated Pest Management System
for E.strobi
The system we propose comprisestwo broad strategies (Figs.2, 3) and numerous
specific tacticsfor IPM in existing andin new plantations. A salient featureof this IPM
system is the combination of tactics based on silviculture
and genetic resistance, with
other tactics added as needed, when economically feasible,
and when proven to be
effective. Central to thissystem is the continuous monitoringof weevil populations and
a computerized decision
forecasting of weevil impactson forest productivity through
support system, to evaluate the need for, and possible benefitsof, a given tactic.

2) will be
Choice oftactics for the management of existing susceptible plantations (Fig.
based on economic analysis considering stand
age, value of the crop, present and past
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levels of weevil damage, forecasts
of future insect populations and estimates of damage
at rotation. If management tactics are, or would be, unsuccessful
in maintaining the
productivity of a site,the decision support system may recommend abandonment of an
existing plantation and its replacement by alternativetree species. The objective of the
IPM system is, however, to avoid these situations before they arise
by selecting the
appropriate path to lead to a profitable crop.

IPM strategy No. 1
Protection of existinq plantations

+ Tree insecticide injections
+ Add non-host mixture
+ Encourage shade
+ Manipulate existing shading
+ Sanitation thinning (delayed)
+ Pruning to improve form
+ Interplant resistant trees

Fig. 2. Strategy No. 1 of the IPM system for P. strobi. This strategy and 7 associated
tactics aimat protecting plantations that are already
on the ground.

Tactics for theprotection of new plantations (Fig.3) will depend on a preliminary weevil
hazard rating, aspart of required pre-harvest silviculture prescriptions. In low hazard
areas, silviculture-driven tactics such as mixed speciesplanting and increased planting
density may be sufficient to produce a successful crop.In high hazard areas, the
silvicultural prescription should be resistance-driven, i.e. it shouldinclude the use of
resistant stock or resistant species. However, we expect that resistance
will bemost
effective if applied in Combination with other tactics.
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IPM ,Strategy.No. 2
Protection of new plantations
Hazard rating
Low hazard: Silviculture-driven
tactics

+ Increase plantation density

a

+ Use stock withlow resistance
+ Speciesmixtures
+ Encourage shading
+ Sanitation thinning (delayed)
+ Pruning to improve form
+ Continued monitoring and inputto DSS

High hazard :Resistance-Driven
tactics

+ Increased plantation density

+ Use resistant stockof diverse genotypes
+ Reduce spruce component
+ Encourage deciduous component
+ Sanitation thinning
+ Pruning to improve form
+ Insecticide injections to crop trees
+ Continued monitoring andinput to DSS
Fig. 3. Strategy No. 2 of the IPM system for E. strobi. This strategy aims at protecting
new
plantations. Depending on preliminary hazard rating different sets
of tactics canbe used
to emphasize silviculture or resistance control.
234

Several levels of resistancecould be utilized depending on the deployment strategy.
Seed collected from naturally-resistant provenances, e.g., Big Qualicum
wild seed
collections, should produce stock withan increased level of resistanceover that of normal
wild seed. This low-level and variable resistance may be adequatein medium hazard
sites, particularly in combination with increasedplantation density, intensivesilviculture
(sanitationthinning) and direct controlif necessary. Increased levels of resistancewill be
of
available from cuttings from resistant trees, from seed-orchards, from micropropagation
cloned seedlings produced by somatic
cell embryogenesis, and, in the future by cloningof
genetically engineered genotypes. However, anysilvicultural system involving resistant
genotypes should takeinto consideration the need for avoidingthe risk of insect evolution
leading to biotypes capable of overcoming genetic resistance. Hence,
the optimal
deployment of resistant treesin managed plantationsor forest ecosystems should not be
simple imitations of historical agricultural systems (Namkoong d.1988). Rather, as
pointed out by Raffa(1989) and Namkoong,this volume, it should lean towards the
creation of "genetic mosaics" involving multi-component resistance mechanisms, a
susceptible tree component, and a variety of tactics that
will enhance and exploitthe use
of resistant stock.

implementing IPM

.

Critical testing of this IPM systemis beginning in British Columbia. Experimental
plantations arebeing initiated in which mixturesof resistant and susceptible genotypes
planting). The
are planted in a combination of treatments (mixed with deciduous, dense
crop trees will beinjected with insecticide as needed basedclose
on monitoring and
output of the TASSISWAT decision support system.In separate trials, Mr. Ken Day
(University of British Columbia Research Forest, Williams Lake, B.C.)
has established
spruce plantations under two silvicultural regimes of mixed species planting.
To test the
various IPMtactics that are available, it isimperative that additional trial plantations be
established under different conditions of weevil presure in
and
different ecoregions. New
components could be added as new research results became available.
These might
of natural parasitoid
include in the future, the use of semiochemicals and augmentation
populations. We contend that systematic investigation of these
research options and
will restore Sitka
application of the results in an integrated, ecosystem-based IPM system
in many sites of coastal B.C., and will reduce the mounting
spruce as a species of choice
risk of weevil damage elsewherein Canada.
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Introduction
The use of Sitka spruce, Picea sitchensis (Bong.) Carr. in reforestation programsin
coastal British Columbia has been greatly reduced dueto attack by white pine weevil,
Pissodes sfrobi (Peck). Currently there are nearly 100,000 ha of Sitka spruce
plantations in coastal British Columbia (D.G. Heppner, B.C. Forest Service, Pers.
Comm.). Many of these stands will yield little in the way of merchantable spruce
(Alfaro 1982; 1989), unless ways are found to protect trees fromweevil damage.
Leader clipping has been tried with limited success (Smith and McLean 1984).
Chemical control has been successful at the research level. Gara et a/. (1980)
demonstrated two years of control with foliar applications of Metasystox-R
(oxydemeton-methyl) and Orthene (acephate).
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While effective, foliar sprays are undesirable from an environmental
point of view as
drift from the application may impact negatively on fisheries values. Fraser and
Heppner (1993) have shown that implants containing oxydemethon-methyl and
acephate can provide up to two years of control. Implants are environmentally
desirable as they are closed systemsonce the implant is attached to the tree.
Our objectives were: to test the Ezject @lance asa quick and efficientway to affix
insecticide capsulesto young Sitka spruce trees andto test the efficacy of insecticdes
applied in this manner.

Methods and Materials

Study site

x

Three hundred Sitka spruce trees ['iz ht 4.1 m, S.E. 0.12; diameter (breast height
1.3 m) 6.2 cm, S.E. 0.261 were tagged on random transects within a 10-year-old Sitka
spruce plantation on Nootka Island, B.C. (lat. 49" 42', long. 176" 38') in April, 1991.
Each selected tree had a high probability of being attacked in 1991 based on a visual
assessment of tree size, condition and form.

Treatments
Treatments (early and late application of Metasystox-R (oxydemeton-methyl) and
Dimethoate (dimethoate) at 3 rates (0.1, 0.2, and 0.4 g a.i./cm dbh)) were randomly
assigned to study trees. Early and late treatments were respectively applied on April
4-5, and May 22-23, 1991. The number of capsules applied to each tree was a
function of its diameter (Table 1). Ezject capsules were loaded with technical grade
insecticide mixed with 12% gelation (vol./vol.) and chilled prior to application. Each
capsule held roughly 0.15 g of active ingredient. Each treatment was applied to 20
trees, except for the late oxydemeton-methyl treatments. Due to technical problems
with the oxydemeton-methyl capsules at the late treatmentno trees were treated with
the high dose (0.4 g a.i./cm dbh) and only 8 and 11 trees were treated with the
medium (0.2) and low (0.1) dose, respectively. Additional trees were treated with the
high dose (0.4) (0.2 in the case of late oxydemeton-methyl) and low dose (0.1) for
residue sampling.

Table 1.
dbh class
3-4
4.1-5
5.1-6
6.1-7

*

.

Number of capsules applied for various diameter classes and rates
Rate:

(cm)

0.1*

0.2
4

0.4

3
4

6
8

12
16

2

4

7.1-8

5

81-

6

g a.i. per cm dbh
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9
10

12

8

18
20

22

Weevil attack assessment
All successful weevil attacks (i.e. leaders with visible damage from larval feeding) were
recorded in late August or early September in 1991, 1992 and 1993. The Loglikelihood test (G-test) (Sokal and Rohlf 1969) was usedto compare percent attack
between the controls and treatments. Attacked leaders were removed and measured
in 1991 and 1992, and kept in ventilated containers out of doors so that the number of
emerged weevils per cm of leader could be determined the following summer. This
estimate of emerged weevils was determined by counting emergence holes. Means
within year were comparedusing .Duncan's Multiple-Range-test(p< 0.05).

Residue analysis
Sitka spruce leader samples were taken inMay and September of 1991, May 1992
and September 1993 (i.e., 1, 13, 29 months after the early treatments and 4, 12, 28
months after the late treatments). All samples were chilled and shipped within 36
hours to the pesticide lab of Agriculture Canada Research Stationin Vancouver for
residue determination.
Each sample was dissected to separate the bark and phloem from the xylem. The
phloem, includingthe bark, and the xylem were cut up and thoroughly mixed.
Aliquots of 10 g of phloem were mixed with20 g of anhydrous Na,SO, and extracted
twice by blending in a Sorval Omni Mixer with 125 mL acetonitrile for 5 min. The
combined extracts were filtered. The filtrates were partitioned once with 50 mL of
hexane and the hexane extracts were discarded to remove most of the resins present
in the crude extracts. Aliquots of 10 g of xylem were extracted in a similar manner
with ethyl acetate without the step of hexane partitioning. All crude extracts were
concentrated and reconstituted in 10 mL of 40% methanol in ethyl acetate.
Aliquots equivalent to one g of phloem and 2 g of xylem were purified accordingto the
previously published procedures for determinationof dimethoate including its oxon
(Szeto et a/., 1985) and oxydemeton-methyl including its sulfone (Szetoand Brown,
1992). A Hewlett Packard (H-P) Model 5880 gas chromatograph equipped with a
nitrogen/phosphorus detector and a flame photometric detector
at phosphorus mode
and two capillary column, a H-P crosslinked5% phenylmethyl silicone and aJ & W
DB-17, was used for determination and confirmation of dimethoateand oxydemetonmethyl residues. The recoveries of residues at 0.1 and 5 ppm by the described
method ranged from 91.8% to 104%.

Results and discussion
The trees treated with all oxydemeton-methyl treatments and
3 of the dimethoate
treatments (ED3, LD2 and LD3) had significantly less attack than the control in the
year of treatment (1991) (Figures 1, 2). In 1992 attacks on trees with two of the
oxydemeton-methyl treatments (EM2, EM3) and three of the dimethoate treatments
(ED3, LD2 and LD3) were significantly lower than the control. By 1993 trees in only
one treatment class, LD2, had significantly less attack than the control. On a yearly
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Figure 1. Cumulative attack by white pine weevil on Sitka spruce for three years.
E = early treatment, L = late; M = Metasystox-R (oxydemeton-methyl);
1, 2 and 3 = 0.1 , 0.2 and 0.4 g a.i./crn dbh. Bars topped with ** a r e
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Figure 2. Cumulative attack by white pine weevil on Sitka spruce for three years.
E = early treatment, L = late; D = dimethoate; 1, 2 and 3 = 0.1, 0.2 and
0.4 g a.i./cm dbh. Bars topped with ** are significantly different from
the controls, G-test (p<0.05). 242

basis, as well as after three years, the level of attack decreased with increasing dose
within each timing/insecticide combination with the exception LD3
of which was higher
than LD2 in 1991, 1992 and 1993 (Figures 1 and 2).
Detectable amounts of insecticide residuewere found in 5 of 8 timing/insecticide
combinations tested (EM3, ED3, ED1, LD3, LD1) more than two years after treatment
(Figures 3-6). In each timing/insecticide combination the amount of residue detected
dropped significantly after 1 year. Residue levels, if detectable, were lower after two
years with the exception of treatment ED1 which increased relative to the one year
measurement.
The number of weevils per cm of attacked leader tendedto be lower for trees treated
with oxydemeton-methyl as compared to those treated with dimethoate (Figures 7 , 8).
This is consistent withthe lower treatment means and higher residues detectedin
oxydemeton-methyl trees one and two years post treatment. Although not significant
the number of weevils per cm of attached leader decreased with increasing dosein
year 1. This trend did not hold true in year 2 with the exception of EM1 , EM2 and
EM3.
In this pilot study we have shown that oxydemeton-methyl and dimethoate applied with
the Ejzect lance can provide significant control for two years and in the case of
treatment LD2, 3.years. Both insecticides tested persist in the leader forat least two
years. From an operational viewpoint treatment EM3, at greater than 4x less attack
than the control after two years, was the best treatment. While significant, after three
years the level of attack for treatment LD2 (just over 40%) may not be acceptable to
forest managers.
Future. studies should focus on refining formulations
so as to improve the delivery of
insecticide into thetree. A slow release formulation could provide complete control for
more than two years. Storeability of capsules prior to application could also be
improved as well as increasing the amount of active ingredient in each capsule, thus
reducing the number of capsules required to provide protection in each tree. Other
insecticides, such as acephate and dicrotophos, should be tested with Ezject. Finally,
larger operational trials with time motion studies are required
to get a complete cost
benefit analysis of this control method.
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SILVICULTURAL CONTROL OF THE WHITE PINE WEEVIL
AT THE UBC MALCOLM KNAPP RESEARCH FOREST
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Summary

The effects of the white pine weevil, Pissodes strobi (Peck) on Sitka spruce in an
open grown Nelder Plot and in a red alder overstory plantation are reported.
Continuous weevil infestation of the Nelder plot has reduced average height
growth at age 35 years to about half that of unattacked trees. In the red alder
overstory plots the rate of weevil infestation of leaders is about half that of the
adjacent open grown stand. A red alder sideshaded spruce stand set up in 1989
is described.
Introduction

The white pine weevil, Pissodes strobi (Peck) is such a serious pest of Sitka
spruce, Picea sitchensis (Bong.) Carr., in British Columbia that monoculture
plantations are no longer established in the Vancouver Region. In addition, the
monoculture plantations planted in the 1970s and the early 1980s are heavily
infested. Plantation prescriptions permit no more than 20% Sitka spruce to be
planted in mixture with other species in the "fog belt" described by McMullen
(1976) on the westcoast of Vancouver Island (Carlson e t al. 1984).
J

Deciduous overstory and sideshading affect P. strobi in several ways. Decreased
overwintering success of adult weevils has been reported in shaded stands
(Harman and Kulman, 1969). Recent experiments at UBC have shown that
weevils move around very little in the dark (Parker, pers. com.)l Shading of the
leader also results in more diffuse oviposition on the leaders (Sullivan, 1961)
which may affect the successful establishment of the larval feeding ring. Shading
also affects the rate of heat sum accumulation with elevated leader temperatures
in the sunlight while shaded leaders are perhaps half a degree cooler than air
temperature (see Adams et al., these proceedings). This will extend the time
taken for the larvae to mature and increase the opportunity for predation and
parasitism. A shaded leader also has reduced dimensions as compared to an open
grown leader and this results in reduced habitat opportunity for the weevil.
'Ron Parker, B.S.F. Thesis (1994) on the Response of Pissodes sfrobito visual andolfactory cues.
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Pissodes strobi has also been demonstrated to have a strong response to a leader
silhouette (VanderSar and Borden, 1977). Shading will reduce the clarity of this
silhouette perhaps by disrupting the UV light penetration that appears to be an
important requirement for weevil response to light (Droska et ai. 1983).

In order to appreciate the impact of P. strobi on Sitka spruce at the U.B.C.
Malcolm Knapp Research Forest, the Nelder Plot 2 (Experiment 57-3)report by
Smith and McLean (1993) is updated by reporting data from a remeasurement of
this open grown stand in 1991. Observations have been made that deciduous
overstory seems to reduce the incidence of the weevil (Graham, 1926). The
objective of Experiment 80-2 is to measure the infestation rates of Sitka spruce
grown under a red alder, Ainus rubra Bong. overstory and to compare these with
infestation rates in an adjacent open grown Sitka spruce plantation. This report
updates that of McLean (1989). The interplanting of Sitka spruce among the red
alder in 80-2 poses a problem for future harvesting (of the red alder). In addition
the rows run North-South which minimizes shading opportunities. Experiment 892 was designed to maximize sideshading while allowing the spruce access to
photosynthetically active diffuse light.
Methods
Experiment 57-5

- Nelder Plot 2

Measurements of Nelder Plot 2 to age 20 were presented in Smith and McLean
(1993). I report a brief summary of the height and diameter measurements to age
35. The heights measured over the life of the stand are compared to site index
tables produced by the B.C. Forest Service.
Experiment 80-2 - the red alder overstory trial.

This layout of this plot has been fully described by McLean (1989). The plot was
cleared of brush at the end of 1993. An update is provided that shows the height
growth and infestation rates of the Sitka spruce under the red alder overstory and
in the adjacent open grown stand.
Experiment 89-2 - a red alder side-shading trial.

In 1989 a series of rows were cleared in a young naturally regenerated red alder .
stand such that the rows ran east and west. The red alder rows were initially set
at 5 m spacing and two rows of Sitka spruce 2/0 seedlings were planted between
them. The red alder was so high after two more years that every second row was
cut down so that the distance between the red alder rows is now 10 m with four
rows of spruce between them (Fig. 1). The objective in the trial is for the red
alder to shade the Sitka spruce from direct insolation. The plantation will be
monitored annually to record tree heights and any attacks by P. strobi.
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Figure 1. Diagrammatic representation of the side-shading trial (Experiment
89-2) set up in the U.B.C. Malcolm Knapp Research Forest.

Results

.

The reduced height growth of the Sitka spruce trees in Nelder Plot 2 are most
striking when compared with site index tables (Fig. 2). The average height at age
35 is now approximately half that expected in a normal stand.
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Figure 2 . Plot of average height of Sitka spruce trees in Nelder
Plot 2 (57-5) at ages 11, 20,30, and 35 years compared
with expected heights from B.C. Forest Service height
over age curves.
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A check of the height of trees from the centre circles spaced at 1 m to the 17th
circle where the spacing is at 5 m shows that the suppressed height effect caused

by repeated weeviI.attacks is consistent throughout the plot. The continued
diameter growth of the more widely spaced trees is indicative of the poor taper
and overall deformity of these trees (Fig. 3).
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Figure 3. Average height and diameter of Sitka spruce trees
in each of 17 circles within Nelder Plot 2 measured at
age 35 years from seed.
The Sitka spruce in 89-2 are continuing to grow steadily with the 1/0stock in the
open now almost the same height as the 2+ 1 trees growing in the open.
Similarly, the .1/O stock under the red aider overstory is n.o longer significantly
shorter than 2 + 1 stock (Figure 4).
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Figure 4. Height of the t w o stock types of Sitka spruce (1/0
plugs and 2 1 transplants) planted under red alder (U)
and in the adjacent cleared area (0)of Experiment 80-2.

+

251

Infestation of the 2 + 1 Sitka spruce stock was first recorded in 1984. Infestation
levels increased rapidly to a level of 50% per annum in the open grown stocks.
Infestation levels under the red alder overstory were much lower and stayed in the
15% to 20% level (Fig. 5). The drop of infestation levels to less than 10% for all
stocks in 1992 may be related to sewage sludge application to large portion of
the site (trees 6 - 10 in all rows) in thefall of 1991 following a full leader clipping
in 1990 (for collection of the weevils for laboratory experiments). The sludge
formed a thick mat on the forest floor which may have adversely affected
overwintering success of P. strobi adults.

percentage infestedby P. strobi
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30
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0

80818283

84 85 86 87 8889
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90 919293
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"++-!E+

Figure 5. Percentage of Sitka spruce trees with one or more
infested leaders in Experiment 80-2. Two Sitka spruce
stocks were planted under a red alder overstory as well
as in the adjacent cleared area.

The average height of the Sitka spruce on 89-2 is 1.27 m. The red alder are
presently 8 - 9 m tall. Many of the taller Sitka spruce are now at a susceptible
height for attack by P. strobi. The site provides an opportunity for measurements
to be made of the physical characteristics of the sideshaded environment. The
epidemiology of the weevil infestation on this site will be compared to thatof the
open grown portion of 80-2 which is 1.4 km away. A non-shaded "control" plot
has not been set up at this site in order to avoid the continuous weevil pressure
that is set up by a heavy infestation such as has occurred in 80-2.
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Abstract
A retrospectivestudy was conducted in 1993 which quantified the effectsof overstory
shading on both spruce weevil, Pissodes strobi (Peck) damage, and leader growth on
interior white spruce, Picea g/auca(Moench) Voss x engelmannii (Parry ex Englem.).
The study was undertaken inthe Prince George and Cariboo Forest Regionsof British
Columbia where the weevil is causing extensive damage toplantations of interior
white spruce. Shading on the spruce trees was measured bycalculating the Light
Interception Index (Delong 1991) and percent overstory cover onindividual white
spruce trees at the center of a2.52 m radius plot. Current weevilattacks decreased
significantly with increasing overstory cover. Shading also decreased leader growth.
These results indicate thatthe optimum level of overstory removal maybe a
compromise between volumeloss due to overstory competition and volumegain due
to decreased weevil attacks.
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Introduction
The Prince George Forest Region
(PGFR) of British Columbia, BC,has about 0.3
million hectares of interior spruce, Picea glauca (Moench) Voss x engelmannii (Parry
ex Engelm.), plantations (M.O.F. History Records 1991') of which 36% may be
susceptible to attack by the whitepine weevil, Pissodes strobifpeck), according to a
recent review.of hazard using threshold temperatures for weevilbrood development
and oviposition (Sieben 199Z2). Currently about 12 000 hectares are seriously
affected in thePGFR with current attack rates greater than5% (based on Tayloret. a/.
1991). However, only 22% of the spruce plantations in the Region are old enough to
be considered susceptible. Therefore, it would seem reasonable to expect about 50
000 hectares of plantations to be affected by this pest in the next 10 years in the PGFR
alone. The magnitude of weevil susceptibilityof forest stands in theCariboo Forest
Region (CFR) is assumed
to be comparable to that of the PGFR.
The white pine weevil lays its eggs in the terminal leader fromthe previous year. The
eggs hatch and larvae mine downwards consuming the phloem. An exception to this
behaviour was observed by Cozens (1987)who noted that'the weevil will infest
leaders of interior white spruce below previously attacked leaders. The lateral
branches from below the attacked leader develop upwardsand assume a vertical
position. This process often results in the formationof stem defects like crooksand
forks (Alfaro 1989),which reduce the merchantabilityof the tree. Growth loss also
occurs as the laterals are shorter than the leader
and can take yearsto assume
dominance.
Effects of overstory shade on damage levels and weevil behaviour have been
reported for white spruce, Sitka spruce,Picea sifchensis (Bong.).Carr., and eastern
white pine, Pinus strobus L. Overstory shade has a direct or indirect negative effects
on weevil feeding, oviposition activity and brood development (McMullen 1976),on
the weevil's visual response to the host leader silhouettes (VanderSarand Borden
1977),on survival of overwintering adults (Harman and Kulman 1969,Droska 1982).
Shading also reduces leader diametersand height to less than the size preferred by
the attacking weevil (VanderSar and Borden 1977,Harman and Kulman 1969, Taylor
et a / 1991)and improves tree recovery (Alfaro and Omule1990).
The purpose of this study wasto quantify the effectsof overstory shadingon white pine
weevil damage to interior white spruce and its effects on spruce growth rates.

Methods

-

The study was conductedin the PGFR and CFR in stands located in the Sx oakfern
site series in the willow variant of the wet cool sub-boreal spruce subzone(SBSwk
1/013)
subzone. Based on weevil attack records or ad-hoc surveys, eight stands were
'Data was based on a reviewof the B.C.Ministry of Forest's History Record System conducted in1991.
'This review was conducted byB. Sieben under contractto the B.C.Ministry of Forests andis entitled "Hazardin
selected biogeocliatic subzones in theCarib00 and Prince George Forest Regions". Futher details are available
from S. Taylor, PGFR.
3Subzones and site series
are classified according to methods outlined in Meidinger
and Pojar 1991.
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selected, four in each Region, with a rangeof intensities of attack. The percentage of
trees with current weevil attackin each stand was estimatedby observing
approximately 100 trees in a random walk through the plantation
and determining their
attack status. Stands were excluded from thesample if there was evidence of brush
control in the last four years.
Within each stand, about 245 trees were sampled. White spruce trees were randomly
selected and the levelof shading determined using a modification of Delong's (1991)
light interception index. Only spruce trees greater than 1.3 meters were selected. In
this method, a 2.52 m radius plot is centered on a spruce
tree and the following
measurements are taken for each speciesof overtopping vegetation:
height of the overtopping species in meters;
proximity from the edge
of the overstory species,in decimetres, to the spruce treeat
plot centre. If overstory tree actually overtopped the spruce tree at plot center then
the proximity was recorded as1; and
Percent cover by each overtopping species. This was the sumof the vertical
projection of the crowns of all trees from a given species. Each species which
covered at least5% of the plot and was at least as tall as the spruce tree was
measured. Measurements were undertaken in the period of maximum leaf-out
from July 26thto August 18th, 1993.
The light interception (LI) value was calculated for each competing speciesin a plot by
combining percent cover(C), height (H) and proximity (P),in the following formula:

LI = C X H/P
The light interception valuesfor each species in the plot were then combinedto arrive
at a light interception index value(LII) as follows:

Lll = LI1 + LIZ + Ll3 + ... + LIn
In addition to the above, the densityof each overtopping species wasdetermined as
the number of stems in the plot for trembling aspen(Populus tremuloides Michx),
paper birch (Betula papyrifera Marsh.), subalpine fir (Abies lasiocarpa (Hook.) Nutt.,
lodgepole pine (Pinus contorta Dougl. ex, Loud. var. latifolia), or interior white spruce
and as the number of clumps for willow species(Salix spp.) and alder (Alnus crispa
spp sinuata (Regal), Hult).

Measurements taken on the spruce tree at the center
of the plot included leader length
(cm), total height (cm),DBH (mm), and number of current and old weevil attacks. Also,
if the 1993 leader of the tree was attacked, then the length of the 1992 leader was
measured in centimetres, otherwise, on unattacked trees, the lengthof the 1993 leader
was measured.
For the analysis, data was pooled forall plots and subjected toa logistic regression
analysis (maximum likelihood method) to determine the relationship of current attack
status to LII, total percent crown coverof the plots by overtopping species, presence
of
previous attack and tree height and diameter. Also, logistic regression was used to
I
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determine if the level of current attack was different in plots with different types
of
overstory species. Model significance was assessed by calculating a Chi-square to
evaluate the goodness of fit between actual and model predictions. Significance of
each term in the equation was determined by assessing the significance of its
contribution to the loss function (-21og (likelihood)) in a stepwise fashion andby
observing its effect on the Chi-square goodnessof fit between the observed and the
predicted values.
The relationshipof length of the 1993 leader growthto LII, total crown cover, densityof
other species in the plot and dimensions of the spruce tree was studied using forward
stepwise multiple regression (Fto enter= 11, F to reject = 10).

Results
Current attack rates for all stands averaged13.7%. The attack levels for each stand
were: 6.3%, 8.6%, 9.2% and 11.1 % for the four stands inthe CFR and 11.8%, 14.0%,
18.9% and 28.9% for the PGFR stands. The major shade species that overtopped the
spruce trees were, in descending order of importance: trembling aspen, willow
species, paper birch, subalpine fir, alder, lodgepole pine, and interior white spruce.
Considering all the trees sampled, LII averaged 220 units (Standard deviation, SD=
158) and the percent overtopping crown cover inthe plots averaged 38 % (SD= 18.2).
The average 1992 leader lengthof attacked trees was27.4 cm (SD= 14.8cm), based
on 271 observations, and it did not vary significantly between the various LII classes.
The mean leader length forhealthy trees was 32.6 cm (SD = 14.8cm) based on 1706
observations. It must be noted that measurements of leader length from attacked trees
are based on the leader growthin 1992, while measurements for healthy leaders is
based on the 1993 growth. This precludes any conclusions regarding size
preferences in attacking weevils since the differences could be due to differences in
climate between thetwo years.
A logistic model relating attack statusto Lll, tree height, diameter and numberof past
attacks on the tree proved to be highly significant (Chi-sq=l64, P<cO.OOl) in everyone
of the coefficients, except overstory density. The logistic model (Current attack=
-0.95
0.001 Lit 0.009 Height + 0.056 DBH + 0.179 No. past attacks) indicated significant
reduction in attack with increasing LII and tree height; increasing tree diameter and
number of past attacks increased thelevel of current attack.

-

-

The decrease in current attack with increasing LII demonstrates the beneficial effects
of shading in reducing weevil damageand can be illustrated by plotting the percent
attack sustained by trees grouped in 75 unit Lll classes. Replacing LII in the above
model by the total crown cover overtopping the tree at plot center (Fig. 1) yielded an
equally significant logistic model (Current attack=-0.84 0.01 Crown cover (%)- 0.009
Height + 0.05 DBH + 0.19 No. Past attacks; Chi-sq= 163, PccO.001). Again, a
significant negative effect of shading, as measuredby the percent of crown cover on
the plot, was evident. A study of the Contribution of each factorto the overallfit of the
model, as measured by the contributionto the loss function, indicated that crown
cover, a component of LII, had a stronger relationship with attack status than
LII.

-
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Fig. 1. Decrease in percentag'eof trees attacked by Pissodes strobi among interior
spruce trees under increasing shade, as measured by crown cover class (1 =0-lo%,
8=?1-80%).
Multiple regression analysis indicated a significant relationship betweenthe length of
the 1993 leader on the spruce trees and LII, tree height and
tree diameter (Leader
length = 11.5 0.19LII + 0.74Height 0.1 9 DBH, R2 = 0.39,P < 0.001). Replacing LII
with Percenttotal crown cover in the plot accounted for thesame amount of variation in
leader length (Leader length= 13.6 0.20 Crown Cover % + 0.77 Height 0.25 DBH,
R2 = 0.39,P < 0.001). The correlation coefficient between leader length and percent
crown cover was -0.30and was highly significant, suggesting a negativeeffect of
shading on tree height growth. Leader lengthhad a weaker correlation with LII,-0.27,
also significant, than with percent crown cover. There are several other factors that
determine leader lengthin the tree. Another important factor affecting leader length
was site quality as mean leader length varied significantly from standto stand.

-

-

-

-

Mean leader length decreased significantly with increasing percent cover [Leader
length = 42.1 0.244 (crown class) and increasingLll [log y = 36.9 - 0.0634(Lll).
Therefore a 60% decrease in percent cover will increase the mean leader length by16
cm. It is interestingto note that density of the overtopping stems hadno relationship
with current attack or leader length. The overall mean heights andDBHs for all plots
were 3.8 .m (SD = 1.3m) and 4.8 cm (SD = 2.5 cm) respectively.

-

Detailed analysis using logistic regression of the proportionof the total crown cover in
each of the various brush speciesin relation to current attack indicated a significant
reduction in attack if the overstory contained pine, cottonwood, alder or willow (Chisq=52.8, p<O.Ol).No significant association was found between current attack and
overstories containing aspen, birch or spruce. Also, if crown closure was kept constant
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then willow, alder and trembling aspen all caused significant reductions in mean
leader length. Significant increases in the goodness of fit were achieved when the
number of past attacks andthe DBH of the spruce tree were introduced intothe
-.
equation (R2= 0.42, p<<O.Ol).

Discussion

’

The reduction in weevil damage under shading reported in this paper concur with
those obtained for Sitka spruceby McLean (1989) and for white pine by Stiell and
Berry (1 985). The graphical representationof shading effects by use of crown cover
classes in 10 percent increments provides a practical way for the
field forester to relate
the results to an operational setting. The negative relationship between current attack
and shading, measured either asLII or as percent crown cover is probablyrelated to
food regulation in the weevil populations. Leaders are shorter and slender under the
shade (McLean 1989) and therefore, contain lessfood for the larvae. Also, the
positive effectof tree diameter on degree of attack indicates higher susceptibility
of the
most vigorous trees which probably have longer and thicker leaders.
Our results also demonstrate that a trade-off between reduced leader growth
and
decreased weevil damage could be. expected if overstory brush was left on-site in
order to reduce weevil damage. For example, the data suggests that if 60% crown
cover is left on-site versus total overstory removal then mean leader length wouldbe
reduced by 30% from 40 cm to 28 cm but current weevilattacks would be reduced by
11%, from 20% to 9%. Based on the volume losses due to weevils calculated by
Alfaro (1 992),if current attacks can be reduced by 10% then the corresponding
percent reduction in merchantable volume willbe 16%, provided that the reduction
can be sustained for 30 years and 12%if it can be sustained for 20 years. Tentative
results from an on-going, but unpublished study the
in PGFR indicate that 10%
be sustained for7 to 8 years with partial
differences .in current attacks can at least
overstory removal. The key question which remains is how does the leader length
reductions translate into reductions in merchantable volume.
The significantly higher attack rate among trees with previous attacks
is due to
aggregation in the weevil population. Alfaro and Ying (1990) demonstrated that
attacks in a stand occurin an aggregated fashion and that an attacked treehas a
higher probabilityof being attacked than a tree that has never been attacked.
This study indicated that using percent crown coverinstead of the more complex Light
Interception Index gaveas good of a relation or better to current weevil attack and
leader length. Since crown cover is simpler to measure than LII it should be preferred
in this type of study. This is supported by Wagnerand Radosevich (1991) who found
that the percent cover of vegetation above a certain proportionof seedling height was
more effective at describing variationin seedling performance than other
measurements. Further, Comeau et. a/. (1993) indicated that by adding proximity into
the calculation of a competition indexthe amount of work was increased without
improving the predictive power of the index.
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Summary
A five year weevil leader clipping project, begun1988
in at Antoine Lake in Horsefly
Forest District, was terminatedin August 1992. The 38.5 ha plantation was surrounded
by mature forest providing an isolated trial site. Infested leaders were clipped every
year in July & August and placed in pails covered with plastic screen.
The barrels were
hung in the plantationuntil the following spring to permit emergence of beneficial
parasites and predators, while inhibiting escape of weevils. The average cost for
clipping overthe five year period was $250/ha. The plantation originally had
a current
attack level of 7.2%. Overall the number of infested leaders clipped increased7.5%
from 1988 to 1992. Clipping did not reducethe infestation level significantly over
the
five year period. However it did limit the increase in infestation
level compared to
unclipped plantations where average current attack levels increased
a minimum of 80%
per year. The increase was due partially to mild winters, crew error, and damaged pails
which permitted weevilescape. Leader clipping is of limited value because ofhigh
costs, crew logistics,the limited control window and the extnesive area
(200,000 ha) of
spruce plantations.
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Introduction
The white pine weevil, Pissodes strobi Peck, prefers healthy, open growntrees which
range from 1.5 to 9 metres in height (Wood and McMullen 1983).,The weevil usually
kills two years growth on young spruce trees, resulting in .multiple or crooked
stems,
and a generalloss in height. This greatly reduces the timber value and
endangers the
success of plantations which may stifled
be
by brush and non-commercialtree species
value of the
(Stiell & Berry 1985). Repeated attacks substantially reduce the timber
weevil-infested trees (Wood and McMullen 1983, Alfaro 1989).In the Cariboo Forest
Region (CFR) 17.6% of spruce plantations surveyed had
current attack levelsgreater
than 10% (Lewis 1988a, 1988b). Over 200,000 hectares of white spruce,Picea glauca
(Moench),Voss,and Engelmann spruce,P. engelmannii Parry, have beenplanted in
the interior cedar hemlock (ICH) and sub-boreal spruce
(SBS)biogeoclimatic zonesin
the CFR. These biogeoclimatic zonesare classified as very high hazard zones
for
weevil.

I

of attacked sprucetrees before the adult
Physical control of weevils by clipping leaders
weevils emergein the fall has beentried on a limited scalein a number of localities in
British Columbia. Infested leaders have always been destroyed after clipping
but this
approach also kills beneficial predators and parasites (Hulme
et al. 1987). There is an
extensive list of parasite and predators associated with
P. strobi (Alfaro et al. 1985) and
many are effective for control of weevils (Hulme& Harris 1988, Hulme et al. 1987).
Instead of destroying leaders, depositing them inbarrel
a
with a screenedlid permits
the release of predatory flies and parasitic wasps while preventing
the escape of
weevils (Hulme et al. 1987). Parasite and predator augmentation allowsinsect
associates to return to the plantation to prey upon and parasitize
the weevil.
The objective of this project was to determine if weevil clipping combined
with parasite
and predator augmentationwas a viable operational method for
control and reduction
of P. sfrobi infestations.
Methods
A 38.5 ha spruce plantation located 15km Northwest of the town of Horsefly in the
ICHmk3 biogeoclimatic zonewas selected for clipping. The plantation wasoriginally
planted at 1200 trees/ha with 2+0 bareroot spruce in1967. Douglas-fir, Pseudofsuga
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menziesii, lodgepole pine, Pinus contorta Douglas var. latifolia Engelmann and paper
birch, Betula papyrifera, have become established andare beginning to overtake the
spruce. This may gradually lead to a reduction in infestation levelsthe
asspruce
becomes shaded out (Cozens 1987b, Sullivan 1961, Stiell
& Berry 1985, McLean
1988). The plantation was completely surrounded by mature timber andtherefore
relatively isolated from weevil emigration.It had a current weevil attacklevel of 7.2% in
1988. Surrounding plantationsin the ICH were surveyed from 1987 to1991 to
determine current attack levels and rate of weevil increase.

The insectsassociated with the weevil, with perhaps one exception
(Allodorus
crassigaster (Provancher)), overwinter in the leader (Hulme
et al. 1987). To release the
predators and parasitesin the plantation, the clipped leader must overwinter in situ.
The clipped leaders were taken from burlap sacks and placed in five-gallon
plastic
pails. The pail lids were modified with the additionaof
screen to allow escapeof
parasites and predators.A hole approximately20 cm in diameter wascut in the top of
the lid and screen, with a1.68 mm square opening size, was cemented
to the inside of
the lid with a hot glue gun. Ten drainage holes(1116") were drilled in the bottom of the
pail. The pails were hung vertically to admit moisture for the parasite,
Lonchaea
corticis, which suffers mortality dueto desiccation (Harris pers comm. 1988).

Preparation for clipping commenced in the second week
of July and weeviled leaders
were inspected on the plantation every third day from mid-July
to detect the first>pupae.
After pupation was observed, clipping
was organized and initiated within week.
a
A
north-south baseline was established throughthe plantation and striplinesrun from the
baseline toguide the clipping crew. The eight man crew systematically
inspected the
plantation, locating and collecting infested leaders with clippers attached
to extendable
5.5 m aluminum poles. The wilted leader or "shepherd's crook", which
usually is
coloured red to brown, was the main cue usedfor'detectingweeviled leaders. Leaders
were cut below the infested portion into, healthy green wood, ensuring
that all weevil
progeny were removed. Ail remaining laterals but one were removed
from the top
healthy whorl of branches in order to create
a future leader. Old attacks are frequently
so old attacks werealso clipped
re-attackedjust below the first leader (Cozens 1987a)
to avoid this risk. Old attack without new attack were not includedin any counts. The
crew boss collected the leaders fromthe crew, clippedthe uninfected lateral branches

264

from the infested leaders and placed the infested leaders in a burlap sack.
The number
of leaders clipped and emergence holes present in each leader was recorded on a tally
.sheet. Upon return to the truck, clipped leaders were transferredto the pails and
immediately coveredwith a meshlid.
The clipping windowis approximately three weeks,and the entire plantation was
clipped twice during this period each year.The second pass detectedlate attacks and
slow fading leaders. Bythe end of the second weekin August, most weevilshad
completed pupation and begunto emerge. Emergence holes in clipped leaders
provided an estimate of weevil escape intothe plantation. Clipping usually began in the
last weekof July and was complete before the second week
of August. At the end of
the clipping project, groups of leader-filled barrels were hung vertically trees
from in the
plantation at 25 m intervals along the baseline. The pails were suspended
to avoid
bear and rodent problems. In mid-summer of the following year, pailswere collected
and cleaned.
The project was initiatedas a eo-operative project withJ.W.E. Harris of Forestry
Canada. It was initially plannedto augment the plantations with leaders clipped from
adjacent plantations. During the first two years approximately
4,500 additional leaders
per year were clipped from adjacent infested Plantations, placed in pails and hung in
the plantation. This did not appearto have an observable effect and as itdoubled the
work load and increased therisk of escapement of weevils into the plantation,it was
discontinued. Adjacent plantations of similar age were surveyed
in the ICH in 1987 and
1991 to determine infestation levels in unclipped plantations.

Results
From 1988 to 1991, the numberof infested leaders clipped gradually declinedby 38.5%
(Figurel). In 1992, leaders clipped increased by62.3% from the previous year and
7.5% overall from 1988 (Figure1). The number of emergence holes detected in
clipped leaders was minimal in
the first four years, averaging only12 per year. In 1992,
however, 469 emergence holes were recorded. This significant increase was partially
due to an unseasonably warm year which resulted
in rapid weevil development and
emergence beginingin late July instead of mid-August. The average clipping cost over
five years'was $250/ha to clip the plantation twice per year.The highest cost was
\
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$365/ha in the final year. Labour composed 89.6%of total costs withfixed costs
(clippers, vehicles) constitutingthe remainder. Unclipped stands surveyed in the ICH
had current attacklevels which increased an average of 80% every year during
a five
year period (Lewis 1988a, 1988b, Smith 1991)(Figure 2).

Figure 1: Weevil Infested Leaders clipped annually
Antoine Lake Plantation, Cariboo Forest Region

1000

1200
U

.-n

T

on

1080

800 --

G 600 -EQ

3

A

400

2oo0

--

L

t

1992 1991 1990 1989 1988

Discussion
The clipping and parasite/predator augmentation limited
the increase of weevil
infestation but it did not lower the infestationf significantly. If a plantation had been
selected with a lower infestation level, control population
reduction.mayhave been
possible. However an isolated plantationof the correct age with alow infestation level
could not be located. The control project limitedthe increase in infestation level
significantly comparedto unclipped plantations. Current attack in plantations surveyed
over a five year period had increased by
80% to 280% per year(Figure 2). The
isolated nature of the Antoine Lake plantation prohibited large scale emigration.
However enough weevilsescaped from barrels or leaders were
missed during clipping
to maintain the population at original levels. The substantial increase
in leaders clipped
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in 1992 may be attributed to high weevil survival during the mild winter and escape
from pails damaged by animals.

Changes in Infestation Levels in Plantations in the ICH
Biogeoclimatic Zone from 1987 to 1991.

1

2

3
1 =Antoine 2=Gavin 3=Poquette 4=Spanish

4

A number of factors make leader clipping unfeasible as an operational
control for weevil
damage. The cost of clipping is prohibitive, considering that clippingshould continue
until the trees reach a height where weevil attackis negligible, whichcould take fifteen
to twenty years. The logistics of mounting an effective largescale clipping project are
complex. The clipping windowin the Caribou Forest Regionis roughly three to four
weeks which permit minimal management flexibility. Any delay inclipping infested
leaders may becritical and endanger yearsof effort and investment. Supervisionmust
be intense and'clipping personnel high quality, well motivated and
well trained in
identification of weevil damage. Damage to pails inthe field may release hundreds of
weevils into plantations, again jeopardising years of effort.All adjacent plantations
containing significant spruce components have to be completely
clipped to inhibit weevil
spread. P. strobiattack has been observed on four year -old spruce
plantation due to
emigration from adjacent heavily infested plantations functioning
as infection reservoirs
(L. Rankin, pers observ). Leader clipping may be a viable alternative
in small isolated
plantations with low infestation levels for limited time periods. However
it is not a cost
effective control treatment for large areas of commercial plantations.
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NEW OBSERVATIONS ON ADULT BEHAVIOROF THE
WHITE PINE WEEVIL AND IMPLICATIONS ON
CONTROL WITH DIFLUBENZURON

Arthur Retnakaran' and Luc Jobin2
Natural Resources Canada
Canadian Forest Service
'Forest Pest Management Institute
P.O. Box 490, Sault Ste. Marie, Ontario P6A 5M7
'Quebec Region, 1055 Rue de P.E.P.S.
Sainte Foy, Quebec G1V 4C7
Summary

Studies on the biology and activity of the white pine weevil,
fissodes strobi (Peck)
(Coleoptera: Curculionidae), .a severe, deforming pest of several conifers, revealed that it was
active in temperatures as low as0.5' and emerged very early in spring and shortly thereafter
mated and oviposited in the terminal leaders. We found the weevils emerging had turgid
abdomens even before they had a chance to feed on the leaders suggesting that they might
have fed on the roots underground. Such feeding would facilitate rapid mating and
oviposition. If the terminal leaders are sprayed, early in spring, prior to weevil emergence with
diflubenzuron, an insect growth regulator that inhibits chitin synthesis, near perfect controlof
the weevil can be achieved. The eggs laid by the female get coated with diflubenzuron either
it inhibits the
directly or indirectly, which is then absorbed into the developing embryo where
synthesis of chitin resulting in a malformed integument. Such an embryo is unable to eclose
and dies within the egg. We recommend applying diflubenzuron at the rate of2 30 g/ha very
early in spring when the snow is still on the ground making sure that the terminal leader
is
completely covered by the sprayfor preventing weevil damage.
Introduction

The white pine weevil,Pissodes strobi (Peck), is a tenacious pest on pines and spruces,
severely deforming the growing tip and degrading the value of the lumber (Belyea and.
Sullivan 1956,Hopkins 1907, 1911, MacAloney 1930). Weevil damage adversely affects the
first-log quality of merchantable timber and control of this insect could substantially raise the
value of a species such as white pine, Pinus strobus L. (Brace 1972, Stiell 1979). Serious
questions have been raised regarding the economic utility of planting white pine because of
the persistence of weevil attack and the lack of an effective control measure (Dixon and
Houseweart 1982).
Although many types of preventative and control measures have been tried, as yet a reliable
method is unavailable. In this paper, we report for the first time, some new observations on
adult behavior during post-diapause emergence and its implications on the development of an
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effective method of controlling the white pine weevil with diflubenzuron and at the same time
preventing damage to the shoots.
Materials and Methods

Biology
A 15-year-old- Scots pine
(Pinus sylvestris L.) plantation of 4 ha with a white pine weevil
infestation of around 45% located in Thessalon Township (latitude46"30) near Sault Ste.

Mane in Ontario was selected as the permanent plot. Samples were taken at bi-weekly
intervals for 4 years, -1986 to 89. Ten leaders were clipped each time, beginning in April and
ending in August, and were examined for the presenceof eggs, larvae, pupae and adults.
Weather records for the period was obtained from the Kirkwood Nursery, Ontario Ministry of
Natural Resources, located5 km from the permanent plot. Adult weevils collected both in the
spring (post-diapause) and in the fall (pre-diapause) were maintained in the laboratory on

white pine twigs. Adult weevils were sexed on the basis of the 8th abdominal tergite in the
to form a triangular
male being round and the 7th and 8th tergitein the female being fused
shaped pygidium. The weevil was held in place in a male-male Luer adapter in a vacuum
No. 1 filter paper) and
manifold using minimal suction (sufficient to pick up a 6-cm Whatman
examined under a binocular microscope (Fig. 1). Weevils maintained in cold storage were
allowed to feed on white pine twigs for a least 8 h to enable the abdomen to become turgid
which was a prerequisite to sexing.
Diflubenzuron or Dimilin tests
Mated females and-virgin male and female pairs were treated with a 1% AI suspension of
Dimilin-WP25 in water for 30 s and maintained on white pine twigs. Mortality, oviposition and
egg viability were observed20 days after treatment to determine contact effects. Treated
white pine twigs were used for determining feeding effects. Field trials were generally
conducted with a back-pack sprayer using Dimilin-WP25 in water or Dimilin-ODC45 in 7N oil.
In 'Madoc Township near Belleville, the spraying was conducted with a tractor-mounted power
sprayer.
Activity assay
A rectangular box containing 8 cylindrical Plexiglas tubes, 50 cm long x 5 cm diameter, lined
with window screening was used (Fig. 2). Ten weevils, pre-cooled to total inactivity by being
held for2 h at 0" over ice, were placed at thebottom of each tube and the entire box placed
0.5" to 5". The light shining at
in a lighted incubator maintained at a particular temperature,

the top .provided the phototactic stimulus for the weevil to climb up and the distance climbed
was periodically measured and used as the measure of activity.
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Fig. 1. A method for sexing the white pine weevil using the dimorphium of
the lasttwo abdominal tergites.A) Scanning electron micrograph
(SEM)of the last three abdominal tergites
(6,7 and 8) in the male
8th
after removal of the elytra showing the characteristic, rounded
abdominal. tergite.B) SEM of the samein the female showing the
characteristic, triangular, fused 7th and 8th abdominal tergites
(pygidium). C)Weevil held in place in a male-male Luer adapter by
mild suction. D) Viewing the flexed abdominal end
of the weevil
under a binocular microscope.
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Fig. 2. Climbing chamber assay to measure white pine weevil activity at
different temperatures.
Results

Biology
The weevil overwinters as an adult, about 30 cm from the bole of the host tree, underneath
et a/.
the dry pine needles at a depth5 cm
of and our observations confirmed that of Dixon
(1979). In northern Ontario, where ourplot is located, we found the adults emergedin April
when the daylength was around 13
h and the ground temperature
in the overwintering area
was above freezing, and moved up to the terminal leader where they fed, mated
laidand
eggs. Resin oozing from feeding punctures was indicative of the presence of the weevil.
It is
univoltine and each female lays close to 100 eggs
in the feeding punctures which
is then
plugged. The weevils generally prefer trees that are 2-6tallmhaving terminal leaders that
in about 2 weeks and go through 4 or
are >4 mm thick for oviposition. The larvae hatch
occasionally 5 larval instars. As the larvae start growing they feed
in the cambium, girdling
the terminal leader and killing the shoot. The dead leader takes on the characteristic shape of
a “shepherd’s crook” thatis usually noticeablein mid July and counting the number of dead
in the pith regionof the
shoots is used as a measure of weevil damage. Pupation occurs
lateral
dead leaderin late July. Adults emergein early August and start feeding on the
leaders. The results of the 4-year study
(1986-89) of weevil biology conducted near
Thessalon Township is summarized in Fig.
3. The hours of daylight (photoperiod) for the
latitude of 46O30’ was taken from Beck(1 980). It extends from a short day 8ofh 30 min to a
long day of 15h 30 mln. In April at the time of weevil emergence the daylength was
h. 13
The mean temperature was above 0” only after mid-April. Adult emergence extended from
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DevelopmentofthewhitepineweevilintheScotspineplantation
in Thessalon
Township (latitude 46"30) during 1986 to 1989in relation to photoperiod and
temperature. The average values for the 4 years are shown.

mid-April to the end of June and coincided with the distribution of eggs. Larvae started
appearing in mid-May and extended into August. Pupae appeared at the end of July andfall
adults emerged in August. The various phases of weevil life history, the different stages and
the damage caused is shown in Fig. 4 a and b.
Sexing of adults

Two hundred field-collected adults were sexed on the basis of the rounded 8th tergite in the
male and the triangular, fused 7th and 8th tergite
in the female. None of the weevils showed
any sign of injury and the diagnosis was confirmed in every instance by dissection of the
reproductive organs.
For conducting tests with diflubenzuron, weevils were. individually maintained prior to sexing
and treatment.

Diflubenzuron effects
Topical treatment hadno effect on mated femalesas well as pairs of virgin males and
females. Ingestion on the other hand resulted in total inhibition of egg hatch (TableI).
Field trials with Dimilin WP-25 andODC-45 formulations were both effective. When Norway
spruce (Picea abies [L.] Karst.) was sprayed with Dimilin WP-25,it was ineffective on tall trees
but provided protection on the shorter trees (Table 2). The percentage of current year's
0 in the treated plotin St.
terminal leaders that were damaged ("shepherd's crooks"), was
Narcisse where the average height was3 m. In Madoc, near Belleville, the use of water or oil
formulation did not appear to have too much difference (Table
3). A comparison between fall
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andeffect on the
Fig. 4a. Developmental stages of the white pine weevil its
host. A) Adult white pine weevil. B) Gross section of an infested
terminal leader showing eggs, larvae and feeding chambers in the
cambium region. C ) Longitudinal section of infested leaders showing
in the pith region. D) “Shepherd’s
fully developed larvae and pupae
crook”, the characteristic appearanceof an infested terminal leader.
and spring treatment indicated that spring
trial was more effective (Table4). In 1989, when
spraying was done on jack pine trees
(Pinus banksiana Lamb.) <3 m tall, earlyin spring when
the ground wasstill snow covered and no feeding punctures with oozing resin flows or weevils
were present, the control achieved was
>99% even when low dosages of Dimlin were used
(Table 5).
The climbing chamber assay showed that the spring weevils were active 0.5
even
(Fig.
at5).
The activity progressively increased with temperature and
5”,at
the weevils werefully active.
275

Fig. 4b. Life history of the white pine weevil during the year.
Discussion
Life history

The life historyof the white pine weevil has been relatively well studied (Belyea and
Sullivan 1956, Dixon and Houseweart1982, Hopkins 1907, MacAloney 1930, Wallace and
Sullivan 1985). Our studies confirmed most of the findings of the others and provided the
back-drop for the diflubenzuron tests.
Control methods

The cryptic lifestyle of the damaging larval stage together with the general inefectiveness of
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TABLE 1. Topical versus feeding effects of Dimilin on oviposition and egg viability in the white pine

weevil.
Adult
Treatment

41.9

Untreated,female,
10
1.
single, mated (control)

se

Virgin pair,
64.9 4. 4.8ztl.47
7.4kZ.06
topically treated

5. Virgin pair,

8.5k4.14
20.3k7.54

6

10 pairs

4

10 pairs

x eggs
-+ SE

x hatch
+ SE

% hatch

2

10

2. Mated, single,
female, topically
treated
3. Untreated,
67.3
7.W1.90
10.4zt2.50
virgin pair
(control)

mortality

Replicates

3

10 16.4k4.24
pairs

10.a3.61
62.8

3

6.4k2.63

0

0

feeding on
treated twigs

TABLE 2. Effect of tree height on the efficacyof ground spray trials (April4, 1988) against the
white pine weevil on Norway spruce near Quebec City, Quebec using the wettable
powder (WP 25) formulation of Dimilin in water.
Plot number
and location

Treatment
( in 200 Uha )

1. Beauceville

Control

2. Beaucevilie

250 g AI

Area
treated(ha)

0.8
4.5k0.3

3. St. Narcisse
Control
St.

4.

250 g AI
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Tree height

(m kSE)

Mean %
damage

4.5k0.4

40

36

0.4
0.4

3k0.2

21

0.4

3k0.2

0

Control

TABLE 3. Effect of oil versus water formulation of Dimilin on the efficacy of ground spray trials
(March 30, 1988) against the white pine weevil on white pine near Belleville, Ontario
using a tractor-mounted, power sprayer.
Plot number
and location

AreaFormulation
Treatment
(in 200 Uha)

Treated(ha)

1. Madoc

Control

2. Madoc

250 g AI

25% wettable
powder
in water

3. Madoc

250 g AI

45%
dispersible
oil
concentrate in 7N oil

~

Mm %
cimg?

5.0

23

1.9

7

6.0

3

TABLE 4. Effect of fall versus spring treatment on the efficacy of ground spray trials with Dimilin
WP-25 in water in 1987-88 against the white pine weevil on Scots pine near Sault
Ste. Marie, Ontario.
Plot number
and location

Treatment
(in 100 Uha)

Time of
application

Area
damage (ha)
1.o

1. Kirkwood

2. Kirkwood
3. Kirkwood

(Sept.Fall

AI 375 g
(April
Spring
375 g AI

15, 1987)
2, 1988)

1.o
1.o

Mean %

47

12
2

systemic insecticides on conifers, makes the white pine weevil an extremely difficult insect
pest to control. The various control strategies that have been tried are summarized in Table
6. None of the methods, excepting for the diflubenzuron treatment, have provedto be
effective. Chitin synthesis inhibitors or benzoylphenyl ureas, upon ingestion, selectively inhibit
chitin synthesis in larval insects where there is active chitin biosynthesis during the moulting
cycle (Retnakaran et a/. 1989, Retnakaran and Wright 1987). The Curculionids show a
characteristic ovicidal or embryocidal response that was initially discovered in theboll weevil,
Anthonornus grandis Boheman (Wright and Villavaso 1983). Our initial studies with two such
chitin synthesis inhibitors, diflubenzuron and alsystin indicated that the white pine
weevilshowed a similar effect (Retnakaran and Smith 1982). Eggs laid by treated insects
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developed normally but the fully developed
Js
embryosfailed to hatchbecause of apoorly .
formed, fragile integument that lacked chitin.
Unlike the boll weevil, the white pine weevil is
univoltineandlaysonlyoneclutchofeggs
30 making it an attractive candidate for testing this Z0
type of control
strategy.
Als0,'diflubenzuron
.Z
remainsactiveforseveralweeks(longerthan
zs
2
the emergence period of weevils in spring)
V
beingadsorbedtothewaxysurfacelayerof
2o
conifers while at the same time any
diflubenzuron
reaching
the
forest
floor
is
0
'W
rapidly degraded within a week by
microorganisms (Retnakaran and Wright

P

1987).

In order to determine whetheror not
diflubenzuron had any topical effect, we tested
the material on mated females as well as virgin
pairs of males and females. As a prerequisite,
the weevils had to be sexed. Harman and
Kulman's (1966) method of prying open the
2
3
bent
minuten
elytra
observe
with
atopin
the
last two tergites
injury.
frequently
resulted
in
TIME(hr)
We therefore modified the method of observing
thedimorphism in thelast two abdominalFig.
5. Activityofpost-diapause or spring
tergites
using
vacuum
a
holder
similar
to
the
white
pine
weevil
at
temperone
described
by
Kinzer
and
Ridgill
(1972).
atures
ranging
from
0.5 to 5" in
When
the
weevil
was
sucked
into
a
malemale
the
climbing
chamber
assay
(see
down insect
flexes
its
text
for
details).
Luer
adapter,
the
upside
abdomen exposing the last two tergites which
can be observed under a binocular
microscope.
4

0

1

The males show the characteristic rounded 8th tergite whereas the females have a fused 7th
and 8th tergite in the form of a triangular pygidium (Fig.1). Weevils heldin diapause under

cold temperatures had to be fed for at least
8 h for the abdomen to become turgid prior to
sexing by this procedure. Our tests indicated that the ovicidal effect was due to the
diflubenzuron being ingested (Table1). The importanceof coverage of terminal leader was
evident when we failed to get good control on
tall trees where the terminal leader could not be
reached with the spray (Table2). Both oil and water formulations were effective (Table 3).
Spring treatment was better thanfall treatment probably because much of the sprayed
4).
material was lost during the long winter period (Table
While we always had almost100% control in the laboratory, our field trials were not nearly as
effective (Table2,3 and 4). We suspected that the weevils were emerging a lot earlier than
previously reported, even when there were patches of snow on the ground. This became
readily apparent when we found that the weevils were active at temperatures below
5",even
at 0.5".In early spring, the areas immediately under the pine trees, are the first places to lose
their snow cover mainly because of the radiant heat absorbed by the trees (Sullivan
1959).
Since the weevils are immediately under the host-trees, once the snow melts and the
temperature goes above freezing, they would emerge and climb on the tree. We even
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TABLE 6. Overview of control strategies for the white pine weevil.

References

I Prophylactic Garrett treesResistant
1. Genetic
systems
(prevention of
2. Ecological
Shading
of
infestation)

3. Sanitation

1972, Gethold 1966,
Heimbuger 1967

'

host
Dixon
trees,
moist overwintering
sites

et at. Berry
1979,
and
Stiell
1985, Sullivan 1961

Clipping and burning of
infested leaders

MacAloney 1930

4. Biochemical
Aggregation,
pheromones,
Booth

et al. 1983, Brooks et a/.
1987, Wilkinsan 1985

voiatiles host
Stickers
5. Physical
I1Therapeutic
systems
(trealment of
infestation)

unpublished)
(Retnakaran,
as barriers

1. Biological

Parasites, predators,
nematodes and fungi

Alfaro and Borden 1980, McGugan and
Coppel 1962, Schrniege 1963,
Turchinskuya and Sherlygina 1974,
VanderSar 1978

2. Broad spectrum

Methoxychlor, lindane,
permethrin, a l d i c a r b ,
etc.

DeGroot 1985. Kerr 1970.

Juvenile hormone
analogues, chitin,
synthesis inhibitors

McMullen and Sahota 1974,
Retnakaran 1974, Retnakaran et al.
1985, Retnakaran and Smith 1982,
Retnakaran and Wright 1987,
Sahota and McMullen 1979

insecticides

3. Biorational

insecticides

Nigam 1973

~

suspect some underground feeding, possibly on the roots, since even the earliest weevils
captured in ground traps have turgid abdomens as opposed to the ones maintained in the
laboratory. Strangely enough, when lab reared weevils in diapause were placed on white pine
to burrow and feed on
twigs inserted in wet sand to prevent dehydration, the weevils tended
the twig below the surface of the sand. When all these factors were taken into consideration,
it became obvious thatif we spray very early, priorto the emergence of the weevils, when the
snow was still on the ground, in late March or early April, we should be able to get near
perfect control. When we followed this prescription, our prediction came true and we obtained
>99% control (Table 5). It also became clear that lower dosages were just as effectiveso
long as the terminal leaders were completely covered with the spray.
We feel that an emergence model can be developed for the white pine weevil using
photoperiod, thermoperiod and phenology at several latitudes which can then be used to
accurately predict the optimal time for spraying (McCannet a/. 1989, Wickman 1988).
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Summary
Chemical insecticides have been suggested for control
of the white pine weevil since
1886.
The developmentof chemical insecticidesis reviewed and followed by a discussion
of the
main problems and constraintsto their use. It is expected that chemical insecticides
will
remain useful for small high-value plantations when other methods
of control are
impractical or inadequate.

introduction
For over 175 years, the white pine weevil,Pissodes sfrobiPeck, has been regarded as a
destructive insect of pine and spruce plantations. Foresters and entomologists have
to the 'white
devoted considerable time and money over
the decades to develop a solution
pine weevil problem,' yetno panacea has emerged. Insecticides were the predominant
method to protect trees in small young plantations from weevil damage during
the 1950's
to the early 1980!s. In recent years the useof chemical insecticides has diminished largely
because they are considered
to be environmentally less desirable or because they are
prohibited from use. Nevertheless, insecticides continue tobe used primarilyto protect
high-value plantations where alternative management options are inadequate or
impractical to achieve the desired level
of protection (e.g., de Groot and Helson1993;
Fraser and Heppner1993).
The aimof this paper isto provide a reviewand perspective about the use
of chemical
insecticides for controlof the white pine weevil. We begin with a chronicle
of insecticide
use and follow with a descriptionof the main constraints and solutions the
in deployment of
this tactic. Finally, we offer our view aboutthe future of chemical insecticides.
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A Brief History
Before chemical insecticides were
used, infested leaders were removed from
the tree and
burned (e.g. Fitch 1858; Harris 1862)or placed in barrels fitted with screeningto allow the
escape of natural enemies (Hopkins 1907). These practices are
still recommended and
used today (e.g., Lavallee and Morissette 1989).
The first report on chemical insecticides appears
to be Packard's (1886) recommendation
to apply a wash of Paris Green(a copper aceto-arsenite), orto place a block of carbolic
acid soap inthe crotch of the tree. This recommendation was repeatedby Smith (1896).
Chittenden (1899) suggested that leadersbe sprayed in April or May with agood thick fish
oil soap mixed with Paris Green and carbolic acid. Britton and Walden (1912) reported
that considerable injury couldbe prevented if the trees were sprayed with lead arsenate
at
the proper time and that
no phytotoxic effects resulted. Lime sulfur and whaleoil soap also
was effective, but applicationsof tangle foot were impractical. In the same year, Weiss
and Patterson (1912), and two years later
Headlee (1914), suggested adding whaleoil
soap to lead arsenate sprays. Graham (1916) whose objective was to
"...find a control for
and tangle foot appeared to
this pest in nurseries found that creosote and carbolineum
be effective, but that further trials were necessary before recommendations could
be
made. In hisexperiments, applications of lime sulfur, sulfur, lead arsenate, kerosene and
calite were ineffective. During the 1920's and 193O's,interest in chemical control
measures waned and much exciting work on silvicultural techniques
and natural enemies
was undertaken. Most notable of these studies wereby Blackman (1919), Peirson (1922),
Belyea (1923), Graham(I 926), Taylor (1929), Plummerand Pillsbury (1929), and Cline
and MacAloney (1 935). Plummer and Pillsbury (1929) attemptedto attract the weevils with
oil of pine, oil of pine
needles and pinene, but none
was
attractive.
'I,

.

\

The evaluation of lead 'arsenate was revived when Baldwin
(1942) and Pottset a/. (1942)
reported thatone part lead arsenate mixed with10 parts' waterand 0.3 parts adhesiveoil
was effective. Crosby (1950) also found itto be effective. During the late 1940's and
19503, comparisonsof lead arsenate with other chemicals began. Shenefelt (1951)
reported thatfield trials with DDTin 1947, and in 1948 with DDT, chlordane, toxaphene,
BHC and lead arsenate indicated that all were effective.Lead arsenate was preferable
because it left a visible deposit and remained visible onthe leader for as long as 5 months,
did not havea contact action onthe parasites, and seemed safer to use. Methoxychlor
and benzene hexachloride were compared
to lead arsenate, and all were about equally
effective, although the application of benzene hexachloride wasa "...disagreeable material
to work with and the men applying the sprays were outspoken
in their objection to it."
(Rhodes 1956).
Several interesting developmentsin weevil control tacticshappened in the 1950's and
early 1960's. Up to 1950, all spray trials were conductedby ground-based equipment
(usually hydraulic knapsack sprayers), but
this limited the use of chemical applicationsto
small plantations. Aerial spray trials with DDT conducted in 1950 and 1951 witha
helicopter, and with fixed-wing aircraft in 1952 provided effective control
of the weevil in
white pine plantations (Connolaet a/. 1955). Aerial control trials were first undertaken in
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Ontario in 1957 and16 separate operational control operations were carried out from 1961
to 1973 (Sippellet a/. 1975) with varying degrees of success.
In 1955, Connolaet a/. reported that afall (September) ground spray applicationof DDT
provided some leader protection the following year;
until this time insecticide applications
were made inthe spring. This work was followed up by Crosby (1958) with hydraulic
sprayers, and later by Hastings and Risley (1 962) and Connola and Smith (1964) with
mistblowers. These three studies indicatedthat fall applications, although less effective
than spring applications, could be useful since they provide more
time and-betterweather
for treatment. Spring applications can be hampered by
the short 'spray window' in which
the insecticide must be applied before too many eggs laid
are and by cold and wet
weather.
The cost and time required
to treat plantations with ground spray equipment were reduced
when motorized mistblowers
were used insteadof hydraulic sprayers (Connola1961;
Hastings and Risley 1962; Connola and Smith 1964). While work on different
concentrations and formulations of DDT continued (e.g., C.onnola and Smith 1964), several .
new insecticides were added
to the list of chemicals tried, including, malathion and lindane
(Connola 1961), phosphamidon (Silver 1968; Kirby and Harnden 1964), granular endrin
(Hastings 1956), and granular aldrin and heptachlor(A.R. Hastings unpublished in
Hastings and Risley 1962). The granular systemic insecticides were applied
to thesoil and
thus represented the first departure from insecticide sprays.
Interest in contact and systemic insecticides peaked from
the mid 1960'sto theearly
1970's. Johnson (1965) evaluated 12 insecticides (listedin increasing order of
effectiveness) : malathion, carbaryl, ZectranB (mexacarbate), BidrinB (dicrotophos),
heptachlor, dimethoate, benzene hexachloride, Metasystox-RB (oxydemeton-methyl),
GuthionB (azinphos-methyl), DDT, endosulfan, and dieldrin. Johnson (1965) appears to
be thefirst to have testedthe effectiveness of a foliar systemic insecticide applied after
heavy attackby theweevil, as this would alleviatethe need for precise timing.Of the three
insecticides tested inthis manner (Bidrin, Metasystox-R, and dimethoate), Metasystox-R,
was the most promising. Johnson and Zingg (1966), conducted additional experiments
with systemic insecticides for postoviposition control
and concluded that Bidrin,
Metasystox-R, and possibly Azodrin
8 (monocrotophos) appliedto Sitka spruce leaders
between early May and
the first week of June would be effective. Later Johnson and
Zingg
(1968) demonstrated that Bidrin and Metasystox-R gave excellent control when applied by
mistblowers or hydraulic sprayers. Johnson and Zingg (1968) also showedthat Bidrin and
Metasystox-R, also had promise for control when
they were injectedinto the tree's trunk.
Granular heptachlor (Nichols 1968) and aldicarb (Kerr 1971) also proved
to beeffective in
controlling the weevil. Nichols (1968) noted that the possible wildlife hazards from use
residual soil -insecticides may limit their use.
in thereports
Concern aboutthe environmental impactof insecticides become prominent
by llnyztky (1973) and Nigam (1 973).llnyztky (1973) treated individual trees with
fenitrothion, Methyl Triton@, GardonaB (tetrachlorvinphos), Phosphamidon, benzene
hexachloride, and. propoxur, and found that
2% solutions of fenitrothion and MethylTrithion
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Gardona

were the most promising for control. Laboratory
tests conducted by Nigam (1973) showed
that BHC, Dursban8 (chlorpyrifos), Gardona, lindane, methomyl, phosphamidon, phoxim
and Zectran had higher contact
toxicity than methoxychlor, and recommended Dursban
I
and
field evaluation.
From 1971 to 1974, De600 and Campbell (1971, 1972a, 1972b, 1974a, 1974b), conducted
a seriesof field tests with ground and aerial spray equipment
to "obtain optimal population
reduction using insecticides causing minimal disturbance
to the environment" (DeBoo and
Campbell 1971). They demonstratedthat early spring applicationsof methoxychlor and
Gardona with hydraulic sprayers gave excellent control, but that aerial applications
of
methoxychlor, Gardona, and carbaryl were usually ineffective. Garaet a/. (1980) reported
that Metasystox-R andOrtheneB (acephate) when applied as foliar sprays provided
complete control in the year of application and good control
the following year.
Lindane has remained in use for some
time in the United States; Robbins (1986) indicated
that in operational programs Lindane applied
by back pack sprayers, before weevil activity
begins in the spring, reduced weevil damage from about
60% to 10%.
The insect growth regulators and synthetic pyrethroids
are the latest groups of insecticides
that have been tested. Insect growth regulators in additionto causing a disruptionin
moulting also have a sterilizing-typeof activity (Retnakaran and Smith 1982). Retnakaran
and Smith (1 982)
and Dimond and Bradbury(1992) found Dimilinto bevery effective in
reducing weevil damage; Retnakaran provides specific details
of these and othertests in
this publication.
Dixon et a/. (1979) showed that a helicopter applications
of permethrin in September
reduced weevil damage on white pine leaders the following spring
and were more effective
two pyrethroids, Pounce@ and
than methyoxchlorand carbaryl. McGalliard (1 985) applied
PydrinB with ground spray equipment
in thefall and found that although both insecticides
were effective in reducing weevil populationsin the fall, reinfestationof the sites the
following year resultedin poor leader protection.
In spring field trials conducted by Bradbury (1986)to control the weevil on white pine,
permethrin (Ambush@) andtwo other synthetic pyrethroids, esfenvalarate
(AsanaB) and
fluvalinate (MavrikB) were effective in reducing damageto theleaders when applied by
compressed air sprayers or mistblowers, or both. Bradbury (1986)
found no significant
differences in efficacy between single applications
and double applications (single rate
repeated onthe same spray plot 10 days later)of the three pyrethroids. de Groot and
that back pack sprayerand
Helson (1993) and de Groot et a/. (1 994), have shown
mistblower applicationsof permethrin and methoxychlor were effectivein controlling weevil
damage on jackpine leaders.
Recently, there has been a renewed interestin systemic insecticides. Bradbury (1986)
to determine if it was effective against
applied Metasystox-R with a compressed air sprayer
larvae inside the leader. Four single applications made at 10-day intervals beginning 18
April each resulted in complete leader protection. Fraser and Heppner (1993) reported
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that stem implants with acephate:or Metasystox-R were effective in controlling
the weevil
on Sitka spruce. More detailed information on the use of systemics is provided by Fraser
in this publication.
Currently there is much interest in the insecticidal properties of plant-produced molecules.
Recently, we testedthe extracts from the neem tree (Azadirachtin) in a small scale field
trial to determineif this insecticide was effectivein killing larvae inside white pine leaders.
Significantly fewer leaders suffered weevil damage in the treatment trees than the
untreated trees at a low dosage (de Groot and Helson, unpublished). More work with this
natural product is planned for 1994.

Constraints and Solutions
The fact that entomologists
and foresters continue to hold symposia
to discuss methods to
manage the weevil is testimony
to the persistent difficultyin finding a solution. Chemical
insecticides have not been a silver bullet, and except, perhaps, for a few brief periods, they
have never been considered
to be one. Several constraints have prevented chemical
control from becoming a widely useful tactic, most prominently timing
and delivery
systems. These problems are relatedto the. cryptic nature ofthe larvae, which feed
(protected from contact insecticides) within a vertically-oriented leader.
Determiningthe window of opportunity to apply an insecticide is paramount asit must
remain effective throughout
the target period. Contact insecticides must be timed to
coincide withthe time that adults will be exposed either directly or indirectly
to foliar
residues. This has meant that insecticides are applied in the spring before the peak
oviposition period, orin the fall when adults are feeding. Each window of opportunity has
its' advantages and disadvantages. Fall applications have the advantage that weevils are
exposed for a longer period
of time, adults are exposed on more horizontal targets
(laterals) than in the spring when they are active on vertical terminal leaders, there is less
insecticide exposureto beneficial insects, and weather
is generally better for spraying
(Houseweartand Knight 1986). The disadvantagesof fall spraying include, reinfestation of
a
the sites the following year resultingin poor leader protection (McGalliard 1985), killing
large po.rtion of the adults that would die naturally overwinter,
and poor persistence of the
insecticide the following year. Although the window
of opportunity for control appears
to be
wider in the fall than in the spring, fall applications muststill be accurately timed before
weevils leavethe tree to overwinter in the soil litter. Spring applications havethe
advantage that leaders are protected from damagethe
in year of insecticide application,
but timing is very critical. de Groot
and Helson (1993) and de Grootet a/. (1 994) have
demonstrated that single applications
of permethrin or methoxychlor can
be made within23 weeks of emergence ofthe first adults without a noticeable reduction
in efficacy.
Similarly, Dimond and Bradbury(1992) found that applicationsof Dimilin made within2
weeks of adult emergence were effective. Typically the first adults emerge while there
is
still snow on the ground, thus limiting accessto and within the plantation. Although neither
spring nor fall applications have a clear advantage,
in balance, we favor spring applications
to avoid the problems of lack of insecticide persistenceand reinvasion of sites. The main
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advantage of systemic insecticides isthat timing is less critical and thatthe spray window
is much larger asthey control the larvae within the leader directly.
Inadequate spray deposit (spray volume
loss due to drift and evaporation, and uneven
coverage) onthe leader, frequent unsuitable weather, and
the difficutty in maneuvering
fixed-wing aircraft around tall trees has hamperedthe development of operational aerial
spray programs and has contributed totheir abandonment. This has restricted chemical
spray applications (contact and systemic)
to time-consuming ground-based equipment and
has meant that applications were only
practical and economical in small, well-managed,
4 m in height. Implants of systemic insecticidesare not as
high-value plantations less than
limited bytree height and stand conditions, but.because
they have usually been more
expensive and time-consuming than foliar sprays may be even
more restricted by
plantation value andsize.

Future prospects
We expect forthe immediate future that the use of conventional, contact insecticides
will
be limitedto small (e 10 ha), high-value plantations such as seed orchards and genetic
tests, and ornamentals. The reality that conventional synthetic insecticides have
a
negative public perception (even when used
in small doses and accurately targeted to
reduce non-target impact), and
that there is little interest now in the research and
development of conventional insecticides for forestry registration
will contribute to the
decline in their use.
Implants of conventional systemic insecticides such as acephate and Metasystox-R may
become more common sincethey offer leader protectionfor more than one year, but most
importantly, there is little off-target insecticide contamination. Improved delivery systems
such asthe EzjectB lance would likely lowerthe cost and improvethe speed of operational
systems (Fraser and Heppner 1993). Ifnew systemic compounds whichare more
selective and saferto humans can be discovered
this approach may become even more
attractive. Neem extracts containing azadirachtin meetthese criteria.
There appearsto be little chance that aerial applications will ever be used again for
chemical insecticides. Although buffer zones could alleviate some
of the apprehension,
the public concern over non-target impact and environmental contamination lead
has to a
of chemical insecticides. Moreover the technical
broad policy ban of aerial applications
requirements and research needed to develop a better system
to deliver an appropriate
(de
dose of insecticide to a vertically-oriented leader have not been developed Groot
1985),nor likely will be. These restrictions and constraintswill mean that insecticideswill
only be practical in small plantations.

it is ourview, that insecticides can continue to provide an effective pest management
tool
for small high-value plantations wherehigh levels of protection are needed and where
of
silvicultural, genetic, andbiological methods are impractical or provide inadequate levels
control. One promising area of insecticide developmentis thediscovery and use of natural
products from trees, which possess properties particularly
suited to thecontrol of this pest.
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Another isthe use of transgenic plants containing genes inserted from microbial pathogens
(such as Bacillus thurinaensis). Like synthetic insecticides, these
new techniques also
have risks, such as the evolution of biotypes which are resistant to
the insecticide. Finally,
within the historical contextof the use of chemical insecticides for controlof the-whitepine
weevil, we would advocate that chemical insecticides
be only considered where other
methods fail, where economic injury levels are well established, and as part of an
integrated pest management strategy that emphasizes prevention of damage foremost.
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THE POTENTIAL OF ALLODORUS CRASSIGASTER FOR THE
BIOLOGICAL CONTROLOF PISSODES STROBI
Michael A. Hulme
Pacific Forestry Centre
Canadian Forest Service
506 West Bumside Road
Victoria, British Columbia
Canada
V8Z 1M5

Summary
Many parasitic insects attack the brood
of Pissodes sfrobi (Peck). Of these
insects, the most promising candidate for use
in the biological control of P. sfrobi,
particularly in western coastal regionsof North America,is considered tobe the
egg-larval braconid, Allodorus crassigasfer (Provencher). The biology of this
parasite is reviewed, the host range and geographic
distribution of the insect are
summarized, and the possible useof A. crassigasfer, particularly in western
coastal regions of North America is outlined. Finally, other possible candidates,
closely related to A. crassigasfer, are mentioned for usein the biological control of
P. sfiobi These related insects, all found in Europe, appear to havean impact on
Pissodes broods throughout their European range.
Allodorus crassigaster, a natural enemy of Pissodes strobi

The Nearctic weevil, P. sfrobi, damages several speciesof pine (Pinus spp.) and
spruce (Picea spp.). The pestis commonly known aswhite pine weevil in most of
in its
its eastern range, and Engelmann spruce weevil or Sitka spruce weevil
western range. Although pest
damage is unacceptably high in most areas, several
of the weevil, and thus help prevent
natural factors help to limit the population
even more damage. One factor limiting the population the
of weevil is the
destruction of f .sfrobi by a variety of natural enemies. For example,the brood of
the weevil is partly destroyed by several insects, most of which found
are
et a/. 1985, Stevenson
throughout the entire range occupied by the weevil (Alfaro
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1967, Taylor 1929). Among the insect natural enemies with
a more limited
distribution?one parasitic insect, A. crassigasfer, is only foundwith P. sfrobi in the
A. crassigasfer can sometimes
western part of the weevil's range. When present,
be foundin abundance, and cankill a large proportion ofthe weevil brood.
Biology of Allodorus crassigasfer

.

The brachistine braconid,A. crassigasfer, has been givena variety of generic
names including Brachisfes, Calyptus and Eubadizon, and different specific
parasite has
names including sfrigitergurn. The general biology of the Nearctic
been describedby Deyrup (1978). Moredetailed information canbe found on
closely related Palearctic species (Haeselbarth 1967, Annila 1975, Roques 1975,
in the egg of thePissodes host,
Alauzet 1987).The adult female deposits her egg
and has evenbeen observed waiting nearbyfor the weevilto finish laying her
eggs. The adultparasite inserts her ovipositor through the cap by
leftthe weevil
over the cavitycontaining the weevileggs. The progeny of theparasite develops
as far as a first-instar larva within the developingPissodes larva. The neonate
parasitic larva has a well-differentiated headcapsule, mandibles in the form of
tapering hooks,and an anal vesicle, which according to Haeselbarth (1967)
is still
in rudimentary form.When the Pissodes larva is mature and has excavateda
pupal cell in the wood, the parasitic larva moults to produce
a second-instar larva,
and beginsto feedrapidly on fluids inside its host which soon dies. The
parasitic
larva is clearly divisible into 3 thoracic and9 abdominal segments, but the head
capsule is no longer present, and the mouth parts are not sclerotized.
The anal
vesicle is stillpresent. Moulting from the second to the third-instar
larva occurs as
the parasite emerges from the host, using
its mandibles to chewa hole in the
larva thus
ventral cuticle of the last abdominal segment. The newly emerged
completes its feeding on the host remains as an ectoparasite. The
parasite spins a
transparent cocoon, pupatesin the pupalcell made by thePissodes larva, and
emerges by chewing throughthe odter bark. The male emergesbefore the female,
and as oftenfound with insects that exhibit protandry, the males
have been
observed waiting to mate withthe female as soon as she emerges. The female
adults appear tolive for approximately one month, while the males
die within 3
weeks.
Many useful.attributesof the parasite canbe exploited forapplied biological
control. If released?the adult braconid shouldfind and attack onlyPissodes
weevils, because its host range appearsrestrictedto Pissodes species (see
below) all of which are classed as pests. The parasite appears to have good
searching ability,and because its fecundityis high, one gravid female can
parasitize many hundred Pissodes eggs. Haeselbarth (1967),for example found
females of a closely related brachistine braconid with 200 mature eggs in one
ovary, in addition to almost 1,000 oocytes in both ovaries. In laboratory tests using
cut spruce leaders containingPissodes eggs, over 80% of the eggs could be
useful
readily parasitized in a leader (Hulme, unpublished data). These many
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attributes of A. crassigasfer are not shared by any of the other parasites
found
attacking P. sfrobi brood. In particular, the other parasites attack insects besides
with the impact of any
those in the Pissodes genus, thus potentially interfering
release onthe population of thePissodes target.

Host range and geographic distribution
Allodorus crassigasferhas been found to parasitize a numberPissodes
of
species,
besides P. sfrobi. These species includeP. fasciafus Leconte on boles of
Douglas-fir, Pseudofsuga menziesii(Mirb. ) Franco (Deyrup 1975, 1978);P.
dubius Randall on root crowns of stressed noblefir, Abies procera Rehd. (Furniss
and Carolin'1980), and stems of stressed balsamfir, Abies balsamea(L.) Mill.
(Wall 1988) andred spruce, Picea rubens Sarg. (Baker 1972); andP. ferminalis
Hopping in shoots of lodgepole pine,Pinus confortaDougl. var. lafifolia Engelm.,
jack pine, Pinus banksiana Lamb., Bishop pine,Pinus muricafaD. Don, and
Monterey pine, Pinus radiata D. Don (Cameron and Stark 1989; Stevens and
Knopf 1974; Stevenson 1967; Stevenson and Petty 1968). The parasite is thus
distributed throughout muchof the Nearctic region. Some authors (e.g. Deyrup,
1975) suspectthat a number of distinct ecotypes A.ofcrassigasfer exists because
Pissodes hosts areso varied.
the microhabitats occupied by the various
Distribution of Allodorus crassigasfer on Pissodes strobi in coastal areas

Allodorus crassigasfer can be found parasitizing
P. sfrobi throughout much ofthe
western coastal area occupied byP. sfrobi. for example, it iswidely distributed in
coastal areas of Vancouver Island (Alfaro
et a/. 1985, Silver 1968).In general, the
Picea
range of A. crassigasfer on P. sfrobi matches the range of Sitka spruce,
P. sfrobi is not
sifchensis (Bong.) Carr., the notable exceptions being areas where
found on Sitka spruce, such as the Queen Charlotte islands. The Canadian

Biosystematics Research Centre has no records A.
of crassigasferfrom P. sfrobi
in interior regions of the country (Sharkey 1993 personal communication). One
P. sfrobi is
published record of A. crassigasferfrom an interior population of
reported for Engelmann spruce,P. engelmannii Parry ex. Engelm. (Stevenson
1967). However, these insects may have transferred transiently from a sympatric
in the study does not allow
the
species ofPissodes. The sampling method used
P. sfrobifor only one
possibility to beeliminated thatthe parasite transferred to
generation.

Prime sites for control of Pissodes sfrobi through reieaseof the parasite
Inundation with adult A. crassigasferat the time the weevilis laying eggs should
The tactic
reduce the sizeof the f .sfrobi brood in all parts of the weevil's range.
should be effective throughout North America. As more weevil eggs are
parasitized, lesswill be able to produce newP. sfrobi adults, but caninstead
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produce the adult parasite. In most areas, A. crassigasfer is not normally
from
associated with P. sfrobi, and the adult parasite that would eventually emerge
generation of
parasitized P. sfrobi does not appear capable of continuing the
parasites onP. sfrobi. Thus if parasitism byA. crassigasfer is to be maintained in
subsequent years, further inundation wouldbe required in these areas. The
control tactic would affect the population of the pest in
only
the year ofapplication.
No cany over into subsequent years would be expected except
in western coastal
regions, since these are the only areas that appear to have a resident
population
of A. crassigasferon P. sfrobi. Here, inundation withA. crassigasferwould be
expected to increase the populationof the parasite for more
than one year. Thus,
A. crassigasfer
these wouldbe the primefirst areas to attempt manipulation of
a release of A. crassigasfer
populations..Areas that should especially benefit from
are those adjacentto the cooler coastal areas which have a low
population of P.
sfrobi. These cooler coastal areas approximate the low-hazard areas
defined by
McMullen (1976). Populations ofP. sfrobi were thought to below here becauseP.
sfrobi is unable to complete its development in the cool summer climate. However,
P. sfrobi can overwinter in these mild coastal conditions and can complete
its
development thefollowing spring (VanderSar 1977). Thus, populations of the
weevil may be low here because insect natural enemies, including
A. crassigasfer
play a major role in destroying broods ofP. strobi during the cool summer and mild
winter. In adjacent areas, which are excellent sites for the growth of Sitka spruce,
where summer conditions are slightly warmer and populationsP.ofsfrobi are
higher, release of A. crassigasfer may well increase mortality ofP. sfrobi by A.
crassigasferfor more than one generation
of the host and parasite.
This increased
mortality of thepest wouldbe obtained in conditions wherenatural control by the
parasite without human interventionis considered unacceptable.

Close relativesof AIIodorus crassigasfer that may be more effective

In Europe, the insect parasite occupying the same ecologicalniche as A.
crassigasfer has been examinedin a number of species of Pissodes
(Mills and
P. casfaneus DeGeer on youngPinus
Fisher 1986). The Pissodes species include
stems including the leader,P. phi (L.) on olderPinus stems, P. piniphilus (Herbst)
on the leaders of Pinus of all ages, P. validirosfris Gyllenhal onPinus cones, P.
piceae (Illiger) on older Abies stems, and
P. harcyniae (Herbst) on older Picea
stems. As with A. crassigasfer, there has been much confusion with the
sp. (generally
nomenclature of the European insect parasite, Eubazus
semirugosus Nees), whichhas been formerly recorded under the genera
Brachisfes, Calypfus, and Eubadizon. Eubazus is often the dominant parasite in
European collections of Pissodes, unlike collections of
A. crassigasferfrom P.
sfrobi in most of North America. For example,E. semirugosus has been described
as the most limiting factor in the development ofP. casfaneus (formerly knownas
P. nofafus F.) (Alauzet 1982). Thepotential thus exists forE. semirogosus to
better control populations ofP. sfrobi than does A. crassigasfer. Theparasite can
be chosen fromthe European Pissodes species having the same phenologyP.as
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sfrobi, or having similar microhabitat preferences to
P. sfrobi, or attacking the
same genus oftree as that attacked byP. sfrobi. If parasitism byE. semirugosus
on P. sfrobi is as high as that found on European speciesPissodes;
of
then more
brood of P. sfrobi should be killed than is killed by A. crassigasfer. This increased
mortality may in turn lower the damage caused by the weevil. We have contracted
the expertiseof the International Instituteof Biological Control tohelp us
investigate thepotential of these parasites to manage populationsP.ofsfrobi.
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PEST PROBLEMSOF INTENSIVE FORESTRY: THE SHOOT MOTH INVASIONOF
RADIATA PINE IN CHILE.
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Valdivia
Chile

Summary

.

Rhyacionia buoliana (Schiff), a pine shoot moth, is the main insect associated with the
in the X
extensive Pinusradiata plantations in Chile.Thepresentstudywasmade
Region(Va1divia)where R. buoliana is a. pest, causing stem defects an losses at the
harvest time. Biological aspects, evaluation and evolution of
the defects and control
measures are presented.In Chile biological control was adopted and
Orgilus obscurator
a specific parasitoid has been introduced. Also some generalist native parasitoids and
predatorsarehelpingasacomplementarycomplex.Neverthelesssomedensity
indicators such as degree of infestation, apical infestation, larval density and survival
rates arestill increasing.

Introduction
Themassiveincrease
in numberofexoticplantations
in Chile is aneconomical
response to a number of situations playing a role at one particular time: clear and
optimistic market expectations in relation to the future of the forestry resource, as well
as the recognitionandmanagementofthecomparativeadvantagesof
the forestry
sector in a country hoping to continue with
its economical growth. Such projections
however,were based,onprivateassessmentstherefore,they
did notconsiderthe
impacts dueto external factors.
On the other hand, soon after the expansion of the pine monoculture the susceptibility
topestsanddiseasesincreasedandconsequentlytheriskanduncertainty
inthe
strategic plans of the companies. The first products derived from the plantations were
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raw logs but later, and dueto the market requirements, it was necessary to intensify
the
silvicultural management in order to obtain a greater variety and better quality products.
Thephytosanitaryaspectwasanunderestimatedvariable.Thus,
Pinusradiata
plantations feltthe effect of the shoot mothRhyacionia buoliana,whose impact severely
damages the form which is oneof the most desirable parameters of a tree.

Rhyacioniabuoliana (Schiff.) the pine-shootmothisatpresent
the mainagent of
Pinusradiata plantationsinChile.Passivelyintroducedfrom
damagecausingto
Argentina in the early 80's it shows today a distribution area fromthe VI1 Region in the
north to the X Region in the south (Fig.1). Only in the X Region it is considered a
forestry pest due to the population levels reached and the number and type of defects
caused. Here it has a strong impact in the quality as well as in the yield at the end of
the harvest. If we consider that in Chile there are more than 1,400,000 ha of P. radiata
plantations, it is possible to see the magnitude of the problem we are facing today.

.986

Figure 1. Historical advanceof R. buoliana in Chile.
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This pest has motivated joint actions from the government and the companies whose
forests are being attacked. Thus, the control has become a priorityin the management
of the resource. However, the trilogy "effect - control economical impact" still lacks of
an adequate knowledge for a correct application of an integrated control system, which
according to some experts, it is the correct method
to extend the feared economical
threshold to acceptable ranges.

-

The strategies developed include the following:
1.- Biological studies: they have allowed to know the biological cycles, development
strategies and some aspects
of population dynamics.

11.-Evaluation and evolution of the stem defects: to define the type of stem defects,
to estimatethe
theirfrequency,theirtime-coursechanges,theirrecoveryandhow
losses at the age of rotation.
Ill.-Control: awidevariety
of types of controlhavebeenattempted:chemical,
microbiological;biological,silvicultural,mechanicaland
the use of pheromonesas
mating distractors.
Material and Methods
The results reported here derive from data collected since 1987in two sites (IS28and
IS22 m) of the Province of Valdivia (X Region) which correspondto 24 permanent plots
of 0.2 ha in 1986 plantations where pine-shoot moth started
to attack alreadyin 1987.
Mensuration parameters and some variables such as silvicultural management, the use
of preventive insecticides and the site indices have been monitored in all the trees of
theplots. In addition,somepopulationaspectssuchasdensity,mortality,survival,
generalandapicalinfestationlevelsandspatialdistributionhavebeenstudied.
Similarly, the damage has been evaluated
in terms of type, evolution and degree of
recovery. The information collected has generated a data base.

Results
Biological cycle and its importance
in planning strategies.

R. buoliana has one generation per year in Chile. It was expected that in the northern
Regions it could have more than one generation per year, but
this has not yet 'been
observed in the country.
Oviposition takes place mainly between the end
ofNovemberand thebeginningof
January; the larvae with six stages, live from the second stage mainly inside the buds
from the middle part of the tree. At the end of May the third stage larvae goes into
dormancy, and they are activated and give rise to the fourth stage in September. The
majority migrates to the biggest shoots of either the same part or to the upper part of
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the tree. This is the time they produce the greatest damage to the tree. At 'the end of
September in warmer Regions and at the end of October in the southernmost Regions
pupationoccurswithintheshootswhichbecomechlorotic,breakableanddry.The
adults fly from the middle of October in the north until middleof March in the south (Fig.

2).

Figure 2. Life cycle of

R.buoliana in Chile.

Population levels : density indicators.
To determine the populationlevels is akeyfactor
to evaluateand to predictthe
damage, totake decisions in relation tothe control andto define the production goals in
terms of yield and quality or type of end-product. This study included: the degree
of
infestation (% of damaged shoots over total number of shoots), apical infestation (% of
damaged apical shoots), larval density (measured as the average of living larvae per
tree and partsof the tree)and mortality- survival rates ( Figs. 3, 4).
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Figure 3. Apical damage / infestation degree.
a. Peleco IS 28
b. Peleco IS 22
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Figure 4. Apical damage/ population density.
a. Peleco IS 28
b. Peleco IS 22
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I

Evaluationandevolution
interactions.

of thestemdefects:thehistory

of Rhyacionia-Pinus

When the pine-shoot moth attacks the apical shoot starts a series of events which go
from the apical fall to the formation of a defect from which the tree may not recover.
The
most
frequent
defects
are:
multileader,
biforked
and
different
degrees'
of
curvatures. In some places, there are up
to 3 defects inthe stem caused by successive
infestations of the primary or secondary apices which inducethe tree to lose its shape
and to a strong reductionof the final volume.
Defectsundergochangesintime.Thus,themostfrequent
initial defectisthe
multileader andat the end it is the strong curvature. A recent 3-year follow-up study of
plantations of the same age and two places is shown
in Fig. 5 a and b.

Control: trials, operative actions and recent decisions.
Since the detection of
R. buoliana (1985)until 1992, the species was considered a
to the Chilean
regulations,
the
actions
were
the
quarantine
pest.
According
reponsability of the Setvicio
Agricola
Ganadero
y
(SAG).
The first
control
measurements were the aerial application of chemicals in the whole X Region (1 9851986) and in the northern advance front of dispersion (1 986- 1987). Such emergency
measurements were not effective due to the lack of knowledge of the basic biological
aspects of R. buoiiana.

Natural and biological control.
In 1986, the Chilean Forestry sector decided to launch a biological control program
against the pine-shootmoth, so theyintroducedfromEurope
Orgilus obscurator a
specific parasitoid of R. buo/iana.The work of introduction, quarantine, massive rearing
and
releases
was
carried
out
by
the lnstituto
Nacional
de lnvestigaciones
Agropecuarias (INIA). The results have been satisfactory although the percentages of
control are quite fluctuating, from 10 60 % (Cisternas, 1993),depending on the time
interval from the first releases, the number of them and
the population density of R.
buoiiana . In 1992, INlA transferred the methodology to the private companies and
today, many of them have their own production of Orgi/us. In the same year, the pineshoot moth was declared an endemic pest and since 1993,
the Corporacion Nacional
Forestal (CONAF) coordinates the control strategies at a national level.One recently
adopted measure (1993) is to subsidy the small forestry farmers to collaborate in pest
control. It is a modest amount of money but it is a concret action. People are now
talking about the possibility to declare the obligatory control of the pine-shoot moth
which will necessarily imply a legal regulation.

-

In the meantime,
generalist
native
parasitoids
Diptera-Tachinidae
(2
and
3
Hymenoptera-lchneumonidae) have been observed to parasite the moth and although
the percentages of control are still verylow h o t higher than 20%), they have increased
their frequency in some places thus, generating a method of complementary control to
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Figure 5. Evolution of stem defects. Tree number per hectare by type of damage, total
number of damaged trees(%) and their changes in three years.
a. Peieco IS 28
b. Peleco IS 22
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that of Orgjhs (Lanfranco, et a/. 1993). Theyareconsideredasanon-competitive
parasiticcomplexwhichshares the resourcemothwith Orgilus. Theirdevelopment
strategies and their incidencein the control have been studied. The most promising
is a
. pre-pupae
of and
pupae
in
very
common
idiobiontic
endoparasitoid
Chi1e:Coccygomimusfuscipes. Itisabivoltinespeciesadapted
to themoth in an
opportunistic strategy due to the abundance of the available resource. Figure 6 shows
the functioning of the entire parasitic complex.

C. ++es

I. diZmis

I! casanoevai

/”

Figure 6. Relationship betweenR. buoliana cycle andits parasitoids.

Lately, some native predators have been observed which are under study due to
the
frequencytheyhaveshown.Importantaresomearaneae,anearwig
(Forficula
auricularia)ahemipteraNabidae(Nabispunctipennis)andacoleopterousCleridae
(Eurymetopumprassinum).
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The usemicrobiological
of chemical
and
insecticides

J

Studies have shown that plantations must
to be protected at least for the first
five years.
This meanstoinvest
in protection, an actionwhich has beenunderstoodbylarge
companies, but which can not be made compulsory for middle-size and small farmers.
Here, intervention by the government
is proposed.
Thereareseveralexperimentalevidences(treatmentsoflessthan
300 ha)forthe
control ofthepine-shootmothusingcontactchemicalproducts,
chitine synthesis
inhibitors, systemic products for the foliage and stems and microbiological insecticides.
It has beenof great importance for the success
of control to establish :

- the optimaltime of application ( when over 70% of the adult population has emerged).
- calibration of equipments
- doses

- number

of applications

- evaluations of the pre and post application densities, also control treatments
.

Due to the country topography,it is better to use fumigation by helicopter and since the
ecologicalrestrictionsarenotyetverystrong
in relation to theuseofchemical
insecticides, the decisions ofwhat,whenandhow
to apply the products are in the
hands of foresters.This situation will not be maintained for
a long time specially if we
think in extensive applications. Despite ofthe acceptable results obtainedin this type of
control,specially whenkey factorshavebeentaken
into consideration, this year
(January 1994) a mixtureofanorganophosphorousinsecticide(triclorfonasactive
ingredient) of ingestion andcontact and a chitinesynthesisinhibitor(triflumuron
as
active ingredient) will be used
in most of the younger than seven year plantations inthe
province of Valdivia. The idea is to reduce the larvae population andto allow parasites
to act later although there are not studies to assure the lack of interference with the
action of the biocontrollers, including predators.
In relation to microbiological insecticides, the results are less encouraging even when
considering two applications. It seems that the size of the drop and the lability of the
product in the middle of the summer season have actedas negative factors. Values of
20 and 78% have been reported fromcontrol trials evaluated by Universidad Austral.

Towards an integrated management of the pest
Eight years have passed since the detection of the pest,
and yet there is much to learn
in relation to how to respond. A national management plan of the pest
still has not
been developed, not only because it is a pest affecting mainly the X region but, apart
from the biological controlby Orgilus which works as a national programme, the rest of
theactionsaredeterminedbytheowners
of theresourceandtheyvaryfrom
mechanical control (pruning the infested shoots in low density foci to the application of
chemical products specially in plantations under high risk (less7than
years old).
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