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Summary 

The  most  common  major  defect resulting from  weevil  attack is 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-subalpine fir 

itself by the third growing  season following attack.  Therefore, it  is critical 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  growth by approximately  one third and  one fifth 
in the year of attack and the year following attack, respectively. The selection of 
hosts  by P. ferminalis appears  to be mediated  by  a number 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.  When the pattern of the host 
becomes  more  regular,  because  of juvenile spacing  or  planting,  the  attack  pattern  of P. 
ferminalis also tends  to  be  more  regular  or  random in pattern. 

' zones. The stem  defect formed as a result of P. ferminalis attack usually expresses 
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Introduction 

The lodgepole  terminal  weevil,  Pissodes  ferminalis  Hopping, is one of the most 
commonly  encountered  insects in regenerating  lodgepole, Pinus conforfa var. latifolia 
Engelm., or jack pine, Pinus banksiana Lamb., stands in western  Canada.  The relative 
incidence  and  impact of P. ferminalis  have  not been quantified despite  increasing 
records  from  surveys  done in young  stands.  The potential impact  of the lodgepole 
terminal  weevil includes minor  volume loss due  to  height  growth reduction 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  has an extremely  flexible life history  (Cameron and Stark  1989)  and 
causes  a  range  of  growth  defects  that  apparently  depend  on  geographic location and 
host  parameters including genetics,  age,  size,  and relative growing  space available 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  switches to a univoltine life cycle. The adult feeds and 
oviposits  on  the  expanding  terminal  shoots  of its hosts  (Stark  and Wood 1964). 
immediately  after  hatching, the larvae feed in any direction in the  phloem  and  cortex  of 
the new  growth for a brief period before  becoming  clearly  negatively  geotropic  and 
mine  upward  toward the apical bud (Drouin et a/.  1963). During the third instar  they 
move into the xylem  and pith to  prepare pupal chambers. In many leaders all the  larvae 
die before  completing  development,  but  due  to their spiral feeding pattern in the leader 
and mining  of the pith the  leader is  killed despite  unsuccessful  weevil  emergence,  thus 
causing  defects in the main  stem  of the tree.  Immature P. ferminalis have a  very high 
mortality rate but  due to the longevity  of the adult  (Maclauchlan  1992)  many  terminals 
can be attacked during a  weevils life span, plus in one  season  a  female is capable  of 
ovipositing in, and killing, more  than  one  terminal. 

P. terminalis  has been especially  damaging  to  young  lodgepole  pine  stands in  the 
southern interior of B.C. that have  undergone silvicultural treatments  such  as  spacing 
very early in the  life of the stand. In the  Kamloops  Forest  Region,  lodgepole pine  is an 
important crop tree species,  as it accounts  for  almost  65% of  the forest  cover, totaling 
1,357,405  ha.  Of this area,  approximately  430,562 ha  is immature pine forest, 
accounting for 25.5% of the total immature  forest  area in the  Regionl.  Lodgepole  pine 
is primarily found growing in the Interior  Douglas-fir,  Montane  spruce  zone (MS), and 
Engelmann  spruce-subalpine fir (ESSF)  zones, but little  is known  of the relative 
incidence of terminal  weevil in these  biogeoclimatic  zones  and the severity  of  attack. 

~ ~~~ ~ ~ _ _  
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Host  density  influences  the  severity  of  defect  (Maher  1982),  but it is  debatable  whether 
P. ferminalis prefers  stands  of  low  or high density  (Keen  1952;  Stark  and  Wood  1964; 
Stevenson  and  Petty  1968;  Stevens  and  Knopf  1974). In a  study  of P. sfrobi (Peck) in 
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  host that may 
influence its probability of being  attacked  by P. ferminalis; to  quantify the incidence  and 
severity  of  attack in three  biogeoclimatic zones; and  to  elucidate  the spatial dynamics 
of  attack.  One  method  of  investigating  spatial  dynamics is to  compare the unique  area 
potentially available (APA) to each  tree  (Brown  1965).  The APA is also the space 
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  for the next  generation of 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 
established  between  1987  and  1991 in the IDF, MS  and ESSF. The  study is based on 
detailed annual  records  of  attack  obtained  from 6 of  these  plots  from  establishment 
through  1993. 

Materials  and  methods 

Fixed area plots were  established in young  lodgepole pine regeneration in three 
biogeoclimatic  zones (IDF, MS and ESSF). Stands  were  selected on 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  comparable age. Only  one plot 
was  established in the  ESSF  due  to  a  very  recent  logging  history in this ecosystem. 
The target  number  of  trees  per plot was 250 to  350  trees.  However,  due to  the 
differences in densities among  ecosystems,  and  between  spaced  and  unspaced 
stands, tree numbers  varied in each  plot. At the  time  of  establishment  measurements 
and  observations  recorded  for  each  tree were: total height;  incremental height growth; 
diameter at 1.3 m  (diameter  at  breast  height or dbh);  year(s)  of  weevil  attack; height to 
attack;  defect  (crease,  crook,  fork  or  staghead)  and  any  other  pertinent  observations. in 
increasing severity,  the  defect  types,  modified  from  Maher (1 982)  and Alfaro (1 989), 
are: 1) crease, minor  defect  comprised  of  a  linear  indentation,  but little or no  stem 
curvature at point  of  attack; 2) crook, a  major  defect,  defined  when  a lateral assuming 
dominance is offset  from the main  stem  by  at  least 112 the stem  diameter; 3) fork,  a 
major  defect resulting when  two  laterals  assume  dominance;  and  4) staghead, a  major 
defect resulting from  three  or  more  laterals  assuming  dominance.  Each  subsequent 
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Table 1. Location,  biogeoclimatic  zone  classification,  and  summary  statistics for 8 
permanent  sample  plots  established in the  Kamloops  Forest  Region for long 
term  monitoring  of  P. terminalis attack  dynamics  and  impact.  Data is from  the 
1993  assessment  unless  otherwise  stated. 

Geographic  Size  Density  (sph)  Mean  Attacks % stems  attacked 
location BECa  (ha) 1989 1993 age per ha 1989 1993 

Okanagan Falls-I IDF  0.220 1,291 1,077 18 1,091 51.4 59.9 

Okanagan Falls-2 IDF  0.035  6,400  1,429 18 943 12.1  44.6 

Ketchan  Creek  IDF 0.096  3,820  3,640 17 1,740 21 -4 30.5 

Dillard  Creek-I MS 0.250  1,636 1,592 18 888  22.3  41.2 

Dillard Creek-;! MS 0.023  23,500 - 18 1,645  7.0 - 

Ellis Creek MS 0.168  2,688  2,263 17 1,450  31.4 47.0 

Conkle  Lake MS  0.045  12,354  919 15 381 7.8  41.5 

Beblow  Road ESSF 0.250 1 ,I 80 - 17 52 4.4 - 
a BEC=biogeociimatic ecosystem classification (Lloyd et a/. 1990). 

assessment  examined tree height,  diameter  at 1.3 m, new  attack and 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  measured with a digital planimeter, giving the APA for each  tree. A 
program  was written using LOTUS  1-2-3R (A.J. Stock  and L.E. Maclauchlan, 
unpublished)  which  took  one tree at a time,  calculated its 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  the spatial pattern of trees in 
the study plots.  The  same  procedure  was followed for trees  which had been weeviiled 
one or more  times,  excluding all other trees from the calculation, to examine the spatial 
pattern of  attacked  trees in the  plots.  The relationship 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  of the three 
biogeoclimatic  zones  were  then  pooled, and the  number of attacks per tree and defect 
severity  was  analysed using a  Chi-square  analysis and 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 
concordance  (Tau-b)  was  used  to  test  for  change in defect  over  time. 

Results 

Okanagan Falls Plots 

Attack  was  first noted 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  then in 1993 both plots were  spaced.  Prior  to  the  1993  spacing, 
the  per  cent  stems  attacked  was  significantly  less in plot 2 (Fig. I), but in terms  of 
attacks on an  area  basis  (attacks  per  ha),  the  attack  level in the two plots was not 
significantly  different  (Chi-square  analysis, PcO.05). Following the 1993  spacing, the 
stem  density in  plot 2 was  reduced  drastically  from  6,400 to 1,430  stems per  ha  and  the 
per  cent  stems with one or  more weevil  attack  rose  from 12.1 % to 44.6%  (Table A) .  
This indicates  that  during  the  spacing  process  care was not  taken  to  remove  damaged 
trees.  The  attack level in plot 1 did not  change  significantly  during this time  period, 
having 51.4%  stems  attacked in 1989  and  59.9% in 1993. 

At  higher stem densities  the  per  cent stems  attacked  remained low and  multiple  attacks 
per  tree  were  infrequent  (Fig. 1). Multiple  attacks  per  tree  more  than  doubled in the 
lower  density  scenario (Fig. I) ,  with  multiple  attacks  per tree increasing  from 14.4% to 
29.1 % and 4.4% to 12.5% in plots 1 and 2, respectively.  On  average, tree form  and 
growth  was  good in  plot 2 prior  to  the  1993  spacing.  By  lowering  the  number  of  hosts 
available to the weevil  a  higher  proportion  of  trees will be  attacked  and as  seen in 
Figure 1, more  trees will be  attacked  more  than  once.  By the 1993  assessment,  over 
50% of the defects  caused by P. terminalis attack  were  major  defects,  crooks,  forks  or 
stagheads  (Fig. 2). Plot 2 had a  higher  occurrence of multiple  tops  (Fig. 2) than Plot A ,  
which formed more crooks.  The  reason of this abundance of multiple tops in Plot 2 
could be that in the more  "crowded"  environment  prior  to  spacing,  the  competition for 
growing  space and light was high  and this competition  may  have  forced both competing 
laterals to assume  a  more  vertical  orientation.  This  extremely  dense  scenario is 
common on MS and IDF sites  which  have  naturally  regenerated following fire or 
clearcut  harvesting. 

At this early stage in the life of the  stand it  is difficult  to  assess the end result of  attack 
definitively,  but some  trends  are  evident.  Upon  casual  observation it appears that 
defects  change  over  time as  the  tree  grows,  usually  lessening in severity. To test this 
hypothesis, in 1987,  each  weevil  attack in plot 1 was  assessed  and  assigned  a  defect 
category.  The plot was  evaluated  annually,  and  at  the  1990  assessment, all weevil 
attacks prior to 1987  were  again  assigned a defect  category.  There  was  no  significant 
change in defect in 1990  from  the  original  assessment  done in 1987  (Tau-b=0.602) 
(Table 2) although  there  were some minor  fluctuations. 
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Figure  1.  The  per  cent of trees  in  each  of  the two Okanagan  Falls  plots  having  no  attacks, 
1,2,3 or 4 attacks  per  tree. The upper  graph  shows  attacks  up to 1989  for  plots 
1 and  2.  The  lower  graph  shows  plot  status  in  1993.  The  per  cent  of  total  trees in 
each  plot  in  each  attack  category is shown  above  each  bar. 

39% 

Plot 1 

Crook 
29% 

Plot 2 

Figure 2. Frequency of four defect  categories caused 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  plot 2 (N=33)(right). 
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Table 2. The distribution of defect  categories in Okanagan Falls plot 1 , expressed  as 
total trees as  assessed in 1987  and  then again in 1990. The Tau-b  statistic  is 
0.602 indicating little change in defect  category  over  time 

1987  defect  assessment Distribution of 1987  defects in 1990 
TvDe  Number Crease  Crook  Fork  Staahead 

Crease 61 46  9 4 2 

Crook 30 6 22 0 2 

Fork 59 11 8 38  2 

Staghead 11 0 1 1 9 

Impact  was  also quantified in terms  of  growth loss. The  annual  height  increment was 
analyzed  from  a  subsample of 22  trees cut  near  the  2  Okanagan Falls plots. Of the 22 
trees  randomly  selected,  17 had been  weevilled  1  or  more  times and 5 had no weevil 
attacks.  The  mean  number  of  attacks  per  tree (fS.E.) was  1.4 f 0.2, with 70% of the 
attacks resulting in major  defects  (12  crooks, 8 forks, 1 staghead).  There  was  no 
significant  difference in mean height  increment  between  attacked and unattacked  trees 
in the growing season prior  to  attack  occurring  (Table 3). Both in  the year of attack  and 
the  year following attack, the height  increment  of  the  compensating lateral of  attacked 
trees was significantly less  than  leaders  not  attacked the previous  year  (Table 3). This 
difference in height  growth  was  quantified in terms  of per cent  of potential height  growth 
(Table 3). In the year of attack,  the  height loss was  31.4% of  the  annual  potential height 
increment. In the following growing  season,  the  incremental  growth  was still only 83% 
the potential of  unattacked stems (Table 3). Cameron (1 974) 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)  observed a 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  midge infestation was significant for  only two 
years  (Cerezke  1972;  West  1990).  The  western pine shoot  borer, Eucosma sonomana 
Kearfott  (Lepidoptera:  Olethreutidae),  which  mines the pith of elongating  terminal 
shoots  of  ponderosa  pines, Pinus  ponderosa Laws., also  causes  losses of about  25% 
of  one year's vertical growth  per  attack  (Sower  and  Shorb  1984;  Sower et al. 1988). For 
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  the rotation age  as  well  as  decrease  the quality of  the  stem  due to defect 
formation. 

Many plant species including lodgepole  pine  naturally  grow in a  clumped  distribution. 
The CED value of -1 -43 (P=0.08) generated  for  trees in 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  Okanagan Falls plots 
comparing  mean  incremental  height  growth in the  year  of  weevil  attack  and in 
the  years  immediately  before and after  weevil  attack.  Height loss is expressed 
as  a per cent (in brackets) of the total height increment potential of  unattackad 
growth  years. 

Increment Mean  annual  height  growth  (cm) f S.E.a 
status N 1 vear before attack  Year  of  attack 1 vear after attack 

Attacked 30 43.2 f 2.9a 30.7 & 1.6a  (31.4%) 41 .O f 3.5a (I 7.2%) 

Unattacked , 34 41.6 f 2.6a 45.2 f 2.5b 49.5 f 2.3b 

a Means in each  column  followed by 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)  which in 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 of attacked trees in plot 2 was  very 
aggregated prior to spacing (CED=-1.61,  P=O.O5), with weevil  attacks distributed 
around  the  perimeter of natural clumps  of  the  host.  After  the  1993  spacing, the 
distribution of all trees,  and of attacked  trees in plot 2 approached  a  random to regular 
distribution, CED=0.435  (P=0.044)  and  CED=5.305  (P=0.013), respectively  (Fig. 3). As 
cumulative  attack  levels  increase in a  stand, the attack pattern changes  from  very 
aggregated  to  random or regular in situations of high attack intensity (Maclauchlan 
1992). 

The blank and  shaded  polygon  areas in Figure  3  represent the area potentially 
available to  unattacked  and  attacked  trees,  respectively.  The APA values for trees 
remains  static  over  time  unless  trees are removed,  die, or new trees establish,  but the 
status of "attack"  changes  yearly;  therefore,  the  mean  values  of  APA for attacked and 
unattacked  trees  change  over  time  as  does the spatial relationship of attacked trees to 
one  another. The mean  APA of all attacked  trees prior to 1993 was significantly 
different  (t-test, P<0.05) from the mean  APA of unattacked  trees in plot 1. On average 
weevils  were  choosing  larger, taller trees with  ample  growing  area, often situated on 
the edges  of  more  densely clustered hosts  (Table 4). Annually,  attack  occurred in small 
clumps,  perhaps  suggesting the "working  range"  of  one  female  weevil. 

Spatial attack dynamics  and  impact  among  biogeoclimatic zones 

Differences in attack  incidence  among  zones is suggested  but  the variability among 
sites and density of trees  makes  interpretation difficult (Table 5). The attack  dynamics 
of P. ferminalis was  similar to that observed in the  Okanagan Falls study site with high 
density  plots having aggregations of both the  host and attack,  and lower density plots 
indicating a  more regular distribution of both. In all plots,  the  mean  height and dbh of 
attacked  trees  was significantly greater  than  that of unattacked  trees (Table 6). Height 
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0 17.5 0 17.5 
CED, all trees = -1.434 CED, attacked trees = -1.614 CED, all trees = 0.435 CED, attacked trees = 5.305 
P = 0.076 P = 0.054 P = 0.044 P = 0.013 

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

and  diameter  of  trees is highly  correlated so dbh  was  used  as a parameter  to  compare 
hazard  between  the  IDF  and MS zones.  For  each  stand,  dbh  was  converted to percentiles 
and  the  number of attacked  and  unattacked  trees  falling  into  each  percentile  range  was 
observed.  The  plots  were  then  pooled to produce  an  overall  view  of  the  trends in the IDF 
and MS zones.  Trees  attacked  by P. 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 
and  unattacked  trees was  60.3  and  31 .l, respectively. 

Early in a  stands  life,  when  the  incidence  of weevil 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 
trees  sustain  one  or  more  attack. It is of  adaptive  advantage to the  weevil  to  choose  these 
superior  hosts,  especially  at  the  early  stage  of  an  infestation,  because  more  weevils 
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Table 4. Comparison of area  potentially available (APA), total height  and dbh between 
attacked  and  unattacked  trees in the two Okanagan Falls plots. The data 
presented reflects the  status  of trees prior to the 1993  spacing. 

Mean f S.E.a 
Plot No. Tree  status Nb APA  (m2) Height  (m)c DBH (cm)C 

Plot I Attacked  116  7.20 f 0.21a  4.22 f 0.07a  6.7 f 0.2a 

Unattacked  156 5.50 f 0.23b  3.47 f 0.25b  4.9 f 0.2b 

Plot  2  Attacked  40 1.82 f 0.19a  4.56 f 0.27a ' 6.7 f 0.6a 

Unattacked  196 1.58 f 0.1 1 a  3.22 f 0.09b  3.3 f 0.2b 
a Means followed  by  the same letter  in  the spaced  or  unspaced  plots are 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  and 1991 for the 
unspaced  plot. 

Table 5. Comparison  among three biogeociimatic  zones before and after 1993 spacing, 
of the number  of P. terminalis attacks  per  tree,  attacks  per ha  and  the defect 
type resulting from  the  attack.  The  defects  were  coded  0,1,2,3 or 4  according 
to  the defect  exhibited, with O= no attack, l=crease, 2=crook, 3=fork and 
4=staghead. 

Biogeoclimatic  Mean f S.E.a 
zone N No. attackdtree Attacks/ha  Defect type 
1990 
IDF 890  0.37 f 0.02a 369 f 120a 0.62 f 0.034a 
MS 1969 0.16 f 0.01 b  436 f 123a 0.38 f 0.02b 
ESSF 303 0.04 f 0.01 c  44 f 9b 0.27 f 0.03~ 

1993 
IDF 664 0.67 f 0.04a  1,451 f 147a 1.87 f 0.09a 
MS 892  0.52 f 0.03b  906 f 309a  2.05 f 0.14a 
a Means  followed by the same letter  are not  significantly  different,  Chi-square  analysis  and 

Tukey's  multiple  range  test, PcO.05. 

successfully  develop and emerge  from the longer  thicker  terminal  shoots  (Maclauchlan 
1992)  which  are  found on the  dominant,  more  open  grown trees 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 
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Table 6.  Comparison  between P. terminalis attacked  and  unattacked  trees  (plots  from 
same  zone  pooled) in three  biogeoclimatic  zones.  Data  represents  tree  status 
prior to  1991. 

Biogeoclimatic Attack Means (fS.E.)a 
zone status  Height  (m) DBH  (cm)  APA  (m*) 

IDF 

MS 

Attacked 4.13 f 0.13a 6.6 f 0.3a 3.79 f 0.22a 
Unattacked 3.21 f 0.13b 4.2 f 0.2b 3.11 f 0.15a 

Attacked 3.75 f 0.02a 5.0 f 0.2a 3.05 f 0.15a 
Unattacked 3.04 f 0.08b 3.6 f O.lb 2.64 f 0.10b 

ESSF Attacked 3.01 f 0.22a  4.5 f 0.5a  9.57 f 1 .OOa 
Unattacked  2.49 f 0.05b  3.3 f O.lb  8.19 f 0.94a 

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

the  leader  silhouette  against  open sky (low  density  stand or tree in opening).  The 
female may  work  from  host  to  host  within  a  relatively  small  area, ovipositing in the 
larger  more open grown  hosts until her  egg  compliment is depleted. 

In 1990, the  number  of  attacks  per  tree  was  significantly  greater in the  IDF  than in the 
MS or ESSF (Table 5). Similarly, in 1993 the attacks  per  tree  are still significantly 
greater in the IDF than MS,  0.67 f 0.04  and 0.52 f 0.03 attacks  per  tree,  respectively. 

’ This  may indicate some genetic  susceptibility or resistance among  trees,  or  that  sele 
ction of  morphologically  superior hosts by  the  weevils is more  pronounced in the IDF. 
On an area  basis,  there  was no difference in attack  incidence  between the IDF  and MS, 
but there were  lower  attack  rates in the ESSF (Table 5). The  sample size 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 
been  lowered in 6  of  the 8 plots and  the  number  of  attacks  per tree on average  had 
doubled in the IDF and MS. The  attacks per ha increased  four-fold in the plots in the 
IDF zone  over  a  three  year period (Table 5). The most noticeable  change is stem form. 
Mean  defect type increased  significantly  during  the  three  year period in both the IDF 
and MS zones  (Chi-square  analysis, PcO.05). This statistic is  an artifact of  removing . 
trees  with  good  form  and  leaving behind many  trees  with  attacks and defects,  therefore 
increasing the relative frequency of poorly  formed  trees in the  plots. 

Discussion 

In summary, there is a difference  among the IDF, MS and  ESSF in the number of 
weevil  attacks  per tree and the defect  caused  by  attack.  The  highest  incidence  of 
weevilling  occurs in the IDF and MS biogeoclimatic  zones  and  trees in these  zones 
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also  develop the most  severe  defects  as a result of P. terminalis attack.  The spatial 
arrangement of lodgepole  pine  influences the patterns  of  attack  observed in the 
different  stand  densities and biogeoclimatic  zones.  Trees having larger available 
growing  areas had the highest  probability  of being attacked  by P. ferminalis. P. 
ferminalis yearly and cumulative  attack  approaches a clumped pattern in the early 
stages  of  stand  development,  except in those stands  which  have been spaced  to a very 
rigid intertree distance and low  stem  density.  Growth 'loss occurs  as a result of weevil 
attack  whether or not a stem  defect  develops. Up to 31 % of  potential  height  increment 
is lost the year  of  attack  and 17% in the following growing  season. 

The IDF and drier MS sites  promote  the highest weevil  populations and suffer  the 
greatest  impact.  However,  the  hazard is intensified when  stem  density is brought  down 
to very  low levels especially  when  attacked  trees  are  not  removed  during the spacing 
process.  The  defect  severity on an individual tree  basis  changes little over  time,  and 
usually the stem  form  has  been  determined  by  the third growing  season following 
attack. 

The defect  created  because  of  weevilling can be quite  accurately  assessed by the third 
growing  season after attack.  By this time the tree has  determined the orientation of the 
laterals and only minor  changes will .occur  over  time (Table 2)(Maclauchlan 1992). 
Therefore, if stands  are initially left at higher  densities,  and  are  brought  down to target 
density in two to three entries, trees which have been weevilled more  than three 
growing  seasons prior to the spacing  and  which  are  only  exhibiting a crease could be 
left.  Conversely,  trees weevilled three or more  seasons prior to  spacing and which  bear 
major  defects, such as  crooks, forks and/or  stagheads,  should be 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. ferminalis attack, is from  age 6-25 years, 
or  when  mean stand 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  edges  of the "clumps" of trees  and  removing  attacked 
stems with defects in the process,  may  greatly  improve the quality  of  the residual stand. 
"Feathering" a stand is a process  which  removes  trees  at  varying  intertree  distances, 
leaving a range  of large and small APA to trees in a stand  rather than spacing to a rigid 
intertree  distance. This style of initial spacing  treatment will leave  some  clumps of 
lodgepole pine  within the stand. If further  attack by P. ferminalis occurs  after this  initial 
spacing,  these  host  aggregations  could be spaced a second  time,  creating a more 
regular pattern of trees later in the stands life and remove  attacked  trees in 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 obtain  information  on  population  fluctuations  and  to 
determine if there  were  any  differences in 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  located in 8 different  biogeoclimatic  subzones  with an additional  4  sites 
to be  added  in  1994.  An  estimated 13% 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  continue in 1994  with 
additional  sites  placed in 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  are to be remeasured 
annually  for  the  next 10 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  for all plots in a 
stand.  The  minimum interval between plots was 50 m, but the interval length 
between  stands  varied to accommodate  opening  size.  Larger  plantations  usually 
required  longer  plot  intervals to ensure that as  much  of  the stand  as  possible 
was  covered. 

Plot Location  and  Biogeoclimatic  subzone 

A total of 15 suitable  sites  were  located in 8 different  biogeoclimatic  subzones 
in 5 different  Forest  Districts (Map 1). Attempts  were  made to have at least 2 
sites in each  biogeoclimatic  subzone. This was  accomplished in all but  the  SBSj2 
and  the lCHk subzones,  where  only  one  site  was  located in each.  An additional 
site  will  hopefully be added to these  subzones in 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.  Due to inaccessibility,.  no  suitable  sites  were 
located in the BWSc subzone;  attempts  will be made in 1994  to  establish 2 
helicopter  accessed  sites in this area. 
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Map 1. Locations and biogeoclimatic  subzones  and  variants of white  pine 
weevil  monitoring  plots,  Prince  George  Forest  Region, 1993. 
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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  average 9% (range 0 - 16%) of the stems  and 3% of 
the  trees  had  both old and  new  attacks.  Defects  representing  possible  previous 
attacks  were  noted  on  an  average  of 4% (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  highest level of  current  attack  occurred in this  subzone,  with  25%  of  the 
spruce  attacked at a  site  along  the  McGregor  River.  Average old attack  was 18Yo 
in the  three  stands.  The  second  highest level of old attack (21 %) and stem 
defects  (19%)  were  reported  at  a  site  on  the  Bowron Rd. Levels  of  current 
attack at the Humbug  Cr.  and BowronfRd.  sites  were  very  similar  at 15% and 14% 
respectively.  Tree  species  cornposition  vaned  widely  with white spruce only 
making up 29% of the  trees at Humbug  Cr.  compared  with 100% at Bowron Rd. 

Mossvale-Moist Cool Sub-Boreal  Spruce (SBSe2) 

Weevil  attacks at  the  Davie  Lake  Rd  location  were  estimated  at  21 Yo for  current 
attack  and 34% for  both old and  new  attacks.  Current  attacks  at  the  Davie 
Muskeg  site  was  considerably  less  with  only  1  1 % of the  leaders  currently 
infested.  Again  species  composition  varied at the two  sites  with  only 64% of 
the  trees  white  spruce  at  Davie Lk. compared  with 92% at Davie Muskeg. The 
total  weevil  attack  showed  an  even  greater  difference  with 34% of the trees 
attacked at  Davie  Lk.  and 14% at  Davie  Muskeg. 

FinlayiPeace  Wet Cool Sub-Boreal  Spruce  (SBSjP) 

The  one  site in this  subzone  had 20% 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  Cedar Hemlock (ICHf) 

Current  and old attacks were  less in the  stand  with  the  higher  spruce 
composition in this subzone. Total  attack  was  33% at Lunate  Creek  which had 47% 
white  spruce  stems  and 26% at Sugarbowl Cr.  where  spruce  was 80% of  the  stand. 
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Willow - Wet Cool Sub-Boreal  Spruce (SBSjl) 

Spruce  weevil  populations  were  relatively  constant in both  stands in this area 
with  current  attack at 16% (Vama  Vama #1) and  14% at #2. Total  weevil  attack 
was the same  at  both  sites  with 30% 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  attack in 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  regenerated and less  than  half  the  height of the  spruce. 

Stuart - Dry Warm  Sub-Boreal  Spruce  (SBSk3) 

Weevil  attack  levels  were  very  low  at the two sites in this  subzone  with  no 
attacks  recorded  at  the #2 site at Jack  Pine Alley and  only 3% current  attack at 
the #1  site.  White  spruce  was  more  than 50% 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  attacks were  recorded  during  the  weevil  surveys of these two stands. 
Further  assessments  were  able  to  determine that spruce  weevil  were  present in 
the  stands but at  such  low levels  that it was  not detected  during  original 
survey.  The low  level of weevil  attack  could be due to lack  of  suitable  host, 
extreme  climate  and/or  fluctuations in populations. 

94 



Table 1: Location, biogeoclimatic  subzone, stand composition,  weevil aitack and 
defect in sprzcce weevil  monitoring plots, Prince George  Forest  Region, 
F D S ,  1993. 

Location  Biogeoclimatic  Tree Species1 $% Smuce Weevil Attack %Defect2 
subzone % of s tand  OM New Both 

McGregor R SBSf 

Humbug Cr. It 

WS - 83 
alF- 17 

w s  - 29 
WB - 32 
4- 32 
alF - 7 

Bowron Rd I t  w s  - 100 

Davie Lk Rd SBSe2 w s  - 64 
tA - 12 
SA - 11 
lP - 11 
bCo-  2 

Davie-Muskeg 'I w s  - 92 
lP- 8 

Gagnon Cr.  SBSj2 w s  - 77 
tA - 18 
lP- 5 
WB - 8 

Lunate Cr. ICHf w s  - 47 
WB - 31 
alF- 11 wrc- 10 
W H -  1 

Sugarbowl Cr. " WS - 80 
tA- 7 wrc- 7 
bCo- 5 
Df - 1 

9 23 2 3 

4 13 2 0 

15 8 6 19 

13 14 7 4 

3 10 1 0 

12 16 4 1 

13  16 4 0 

9 15 2  3 

.... 
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Location Biogeoclimatic Tree Species' !& Snruce  Weevil Attack %Defect2 
subzone % of stand Old New Both 

Vama  Vama 
Cr. I 

vamavama 
Cr. 2 

Goat R 

Jackpine 
Alley 1 

Jackpine 
Alley 2 

Ft. Nelson R 

Muskwa R 

SBSj 1 ws  - 82 14 12 4 0 
WB - 15 
lP- 3 

11 WS A 86  16 6 8 5 
WB - 12 
l P .  - 1 
alF- 1 

ICHk w s  - 54 16  8 4 3 
d- 42 
w H -  4 

SBSk3 w s  - 54 4 3 0 20 
SA - 15 
1P - 8 
alF" 8 
tA- 5 

I t  ws - 57 0 0 0 0 
ll? - 36 
tA- 7 

BWBSal w s  - 100 0 0 0 0 
V I  w s  - 100 0 0 0 0 

AVERAGE 9 10 3 4 -  

WS - white  spruce 
alF - 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 

2 Defect is forks, crooks or multiple.tops  that may  be  caused  by  spruce  weevil 
attack. 
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Conclusions  and  Recommendations 

1. 

2. 

3. 

4. 

5. 

6. 

The  surveys  should be expanded to include two additional  stands in the  BWBSc 
and  one  each in the  SBSj2  and  lCHk  biogeoclimatic  subzones. 

That  height  of  competing tree species be recorded  during  surveys to enable  a 
better.analysis of the  effects of mixed  stands  on level of weevil  attacks. 

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

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

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

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

Acknowledgments 

We thank  Stuart  Taylor  of  the B.C. Forest  Service,  Prince  George  Regional 
office, for providing  funding,  helicopters, maps  and  assistance in planning this 
survey. We also  thank  Bruce  Doerkson,  Chris  Broster,  Dave  Crabbe,  Steve 
Lindsay, Neil Edwards,  Sherilyn  Smith  and  Dave  Banham of the B.C. Forest  Service 
for assistance in obtaining maps  for site  locations. 

97 



Provenance  Variation in Weevil  Attack in Sitka  Spruce 

by 
Cheng  C.  Ying 

Research  Branch 
B.C.  Ministry of Forests 

and 
Tim Ebata 

Prince  Rupert  Forest  Region 
B.C.  Ministry of Forests 

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)  at midcoast 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 (Pissodes sfrobi) 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);  none of 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 
reforestation  on  the  coast,  except  in  the  fog  belt  where  hazard of weevil  attack  is  low  (MacSiurtain 
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  differences in amount of weevil  attack  since  the  last  report.  We  focus  on  time  trend  in 
amount  attacked in  the  last 5 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. 

Sitka  spruce  provenance  tests  were  established  from  1973  to  1975  at  14  locations  (Figure 2) 
involving  a  total of 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  1  and 2; Table  1). 
Each  clone  was  represented  by 16 ramets  (grafts)  in 16 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 Soil 

Nass 55"  26' 129" 26' 15  10 Alluvial,  deep, dark brown  silt  loam 
Kitimat 540 14' 128" 33' 1 00 10 Deep  silty  clay  loam  over  loamy  sand 
Head  Bay 499 48' 126" 28' 15 10 Marine  clay  overlying  glacial till 

Sayward 50"  13' 125"  45' 75 38 Sandy  loam  with  gravel  bottom 
Fair  Harbour 50" 03' 127O 04' 20 a Alluvial,  deep,  silty  loam 

a The same 10 provenances  were  tested  at  Kitimat  and Head Bay,  but  only 6 in  common  with Nass; only  results  from the 8 provenances 
at Sayward  (the  same  provenances  tested at Fair  Harbour)  are  reported. 
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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 
grafts  weeviled)  and  peaked  to 58% after 6 years  (Figure 3); amount  of  attack  varied  from 22 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 (80 vs  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  severe at 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. 
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FIGURE 3. Time  trend in percent  of  attacks  at  Fair  Harbour. 
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FIGURE 4. Time  trend  in  percent  of  attacks  at  Head  Bay,  Kitimat,  and  Nass. 

Provenance  Differences 

Relative  provenance  differences in 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  resistance in terms  of  number  of 
attacks  per  graft  from  1990  to  1993  were  identical  to  that in the  previous  period  (Table 2). Haney, 
the  most  resistant  provenance,  had  less  than 70% of the  plantation  average  attacks.  The two 
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 

Fair  Harbour  Sayward 
Provenance  code  Location No. of No. of attacks No. of No. of attacks 

IUFRO Local 1989 1990-93 Total 
trees 

1988’ 1989-92 Total 

63 

36 
32 
45 

59 
52 
51 

66 

29  Haney,  UBC 128 

18 Cedarvale,  Nass 64 

06  Kitwanga,  Nass  64 
15 Aberdeen,  Nass  64 

32  Fair  Harbour, V.I. 64 
36 . Tasu  Cr.,  Q.C.I. 64 
37  Moresby Comp.,  Q.C.I. 62 

30  Muir  Cr., V.I. ’ 64 

0.09 0.11 0.20 

0.36 0.61 0.97 
0.41 0.85 1.26 

1.08 1.62 2.70 
1.25 1.95 3.20 
1.16 1.86 3.02 
1.37 2.05 3.42 
1.34 1.90 3.24 

136 0.8 0.70 1.50 
134 0.9 0.81 0.71 
117 1.1 0.81 1.91 
131 1.2 1.34 2.54 

251 1.7 1.63 3.33 
110 1.5 1.49 2.99 
98 2.2 1.75 3.95 
64 1.5 1.46 2.96 

Mean (total)  574 0.81  1.21  2.02  1041  1.5  1.35 2.85 

a Cumulative number of attacks  per  grafts  from  1986 to 1989. 
b Estimate  based on 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 
differences  between  provenances  were  not  large  (Table 3). All other  coastal  provenances  were 
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 
in  the  same  pattern  as  plantation  average  (Figures 3 and 4), but  the  resistant  provenances  had 
consistently  the  least  attacked  and  the  susceptible  ones  the  most  attacked  every year (Figures 5 
to 8). This  consistency  gives  strong  evidence  of a genetic  component in 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 
those  from  the  the  hybridization  zone  were  not  significant  (Figures 6 to 8). Attack  records in recent 
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 5. Time  trend in percent of attacks  among  provenances  at  Fair  Harbour. 
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FIGURE 6. Time trend in percent of attacks among  provenances  at Nass. 

106 



100 

80 

60 

40 

20 

0 
6 10 16 17 18 19 

1980  1993 
Year 

FIGURE 7. Time  trend  in  percent of attacks  among  provenances  at  Kitimat. 
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FIGURE 8. Time  trend  in  percent of attacks  among  provenances  at  Head  Bay. 
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Discussion  and  Conclusions 

Weevil  attack  records  in  the  last 5 years  (1989-93)  have  further  reinforced  the  conclusion  of 
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. 

Consistency in time  trend  in  attack  between  resistant  and  susceptible  provenances  (Figures 6 to 8)  
suggests  that  decisions  on  selecting  resistant  seed  sources  can  be  made  at a relatively  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 
consistency  level  in  time  trend of individual  trees.  There  is  no  reason  to  doubt  the  effectiveness  of 
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  must be considered in the  context  of  integrated  pest  management. 
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Summary 

Evidence is presented to show  that  resistant  Sitka  spruce  trees  can  inhibit  or  block 
reproductive  processes of Pissodes strobi and are  able to survive  a  forced-attack of the 
weevils.  Resistant  trees  can be identified  within  one  growing  season by their  effects  on 
,weevil reproduction.  Progress  and  planned  research  for  understanding  how  resistance 
works  and  what  causes  it  are  outlined. 

Introduction 

Being  new to 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  side we may not  possess  specific  knowledge of the 
various  aspects of the  host  or  the  pest. On the  positive  side,  we  may be able to look  at 
this  subject  in  a  manner  that is somewhat  different  from  the  main  theme  and  thoughts of 
contemporary  workers.  The  main  aim of this communication is to present  our  approach 
and a short progress  report on our  work on weevil  reproduction and progeny 
development in relation to host  resistance. We will also present  our  outlook on 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  causes it, and 3. developing  tools  that  can be used for  practical  forestry and also 
in aid of other  research  directed  toward  practical'solutions  for  the  weevil  problem. 

Approach 

Discovering and identifying  resistant  trees and seedling  expeditiously  is of obvious 
value  to  tree  breeding and 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  (Brooks and Borden 1992).  The  British  Columbia  Ministry 
of Forests  (BCMoF)  have  a  continuing  program  to  select  for  resistance on the  basis of 
weeviling  history of provenances,  families and 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  signals to 
develop a multicomponent  resistance  index to select  resistant  trees  directly  from 
among  the  unknowns  (Tomlin  and  Borden,  these  proceedings).  The tree 
characteristics  used  are  considered  to  be  either  those  that  cause  resistance or those 
that  are  somehow linked 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  be a life  cycle  process  that is sufficiently 
affected  by  resistance  factors of the  tree so that  weevils'  ability  to kill resistant  leaders 
is  noticeably.reduced.  Thus we  must  look  not  only  at  what  weevils do to a tree,  but 
also at  what a tree does to the  weevil  (adults,  eggs  and  larvae). We have  taken the 
view that feeding  on the leaders of susceptible  and  resistant  trees affects weevils' 
physiology  differently. In this view, the  effect of a tree  on a weevil's  metabolic and 
reproductive  processes is of main  importance. . It differs  from  the  widely  held  view  of 
host  resistance  based on host  acceptance or rejection  resulting  from a 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  and survival sufficiently to reduce a weevil's  ability  to kill resistant 
leaders.  The  degree  and type of the  inhibitory  effect  depend  on  the  magnitude of a 
tree's  resistance  as  well  as  the  reproductive  state of the weevil. 

Of a fundamental  significance to our  approach  has  been  the field trials  set  up by the 
BCMoF. Here  we  make a particular  reference  to the clonal trial  near  Fair  Harbour, B.C. 
which  has  shaped  our thinking and where  our own field  work  has  been  done.  This 
plantation  contains Sitka spruce  trees  belonging  to nine 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  that the different  clones  differ  markedly in the 
frequency of weevil attack . Even a casual  walk  though  the  Fair  Harbour  plantation 
reveals  that  trees  belonging to 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  were led to view  resistance  to  weevil in 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  detect possible effects of resistance on weevil  reproduction and progeny 
development,  we  elected to work  with  trees from'the Haney  provenance  as  they  appear 
to be the least  attacked  (Alfaro  and  Ying  1990)  and,  thus,  were  most  likely to show 
significant  effects on weevil  reproduction  and  progeny  development.  Indeed,  most  of 
our  work  was subsequently  done  with  one  particular  genotype,  selected  for  its  effects 
on weevil  reproduction,  on the basis of our initial experiment  in  1991.  Fair  Harbour 
trees  were  used  as  susceptible  tree. 
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Progress 

In a  recent  communication,  Sahota et a/., (in press) have  compared the effects of 
resistant  and  susceptible  leaders  on  feeding  and  oviposition  by  weevils  caged on  them, 
and the fate of  the  leaders so infested.  The  experiment  was  carried  out  from  the  middle 
of  May to the middle of June to coincide  with  the  natural  field  mating and oviposition 
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  revealed no significant  difference  in  the  numbers of 
feeding  punctures  on  the  two  host  types,  but  oviposition was drastically  reduced  on  the 
resistant  leaders (Table.l). Because of the  reduced  oviposition,  distribution of feeding 
and  oviposition  punctures  on the two  host  types  presented  distinctly  different  patterns. 
Resistant  and  susceptible  leaders  were  clearly  recognizable,  on  the basis of such 
patterns,  without having to count the punctures  (Fig.  1).  Oviposition on the resistant 
leaders  occurred to a  small  extent  and  only if the  females  weevils  contained  mature 
eggs  at  the time of caging. All the  susceptible  leaders  were killed whereas all the 
resistant  leaders  survived. 

feeding  puncture 

oviposition pur 

a b 

xture 

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

Host  type No. Trees  Mean  feeding  Mean % Dead 
punctures  oviposition  leaders 

punctures 

Resistant 9 1 OOa 20b Od 
Susceptible 10 106a 80c  1 OOe 

Numbers  followed  by  different  letters  within  a  column  are  significantly  different  (p e 
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  allowed to 
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  run in triplicate 
on  both  host  types.  Results  show no significant  difference in the  number of feeding 
punctures  during  any  time  period on  the  two  host  types  (Table 2). The weevils  were 
not  ready  for  reproduction at this  stage and only two weevils  showed  indications  of 
ovarian  maturation;  thus  possible  effects  of  weevils'  reproductive  status  on  feeding 
were  minimized. 

Table  2.  Mean  number of feeding  punctures  made by Pissodes strobion cut  laterals of 
resistant and susceptible  trees. 

Lateral  type  Day  1  Day 2-4 Day 5-10 Day 11-16 

Resistant 38 (1 4.7) 24 (3.5) 26 (3.5) 18 (18.3) 
Susceptible 23 (0.58) 24 (8.1) 24 (9.2) 16 (5.3) 

We are in the  process of 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  weevils is 
not  related to the  host  type.  These  data  support the view  that  the  reduced  oviposition 
on  resistant  leaders in our  field  experiments  is  due  most  likely  to  the  effect of 
resistance  on  the  weevil's  reproductive  processes  rather  than  due to any  taste 
differences  between  the  two  host  types. 

Effects of resistant  leaders  on  ovarian  maturation and oviposition  are  also  indicated by 
the  preliminary  data  presented in 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  time of  caging.  Weevils  were  removed  from  one  susceptible and 
one  resistant  leader  at  weekly  intervals.  There  were  fewer  oviposition  punctures on the 
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  processes of the  weevil.  Again, all susceptible 
leaders  were killed whereas all resistant  leaders  survived. 

Table 3. Oviposition  punctures  made  by Pissodes sfrobicaged for  varying  durations  of 
time  on  resistant  and  susceptible  leaders 

Host  type  Week 1 Week 2 Week 3 Week4 YO Dead 
leaders 

Resistant 26 25 16 6 0 
Susceptible 26 103 92 85 100 

Perspectives  for  future 

Where  does this lead? We share  the  common  view that,  ultimately,  a  tool  or  procedure 
that  allows  identification of resistance  based  on  tree  or  seedling  samples  without 
having to use  weevils  as  an  assessment  tool will be more  desirable and more 
amenable  to  practical  use.  We  also  realize,  that at  this  stage we 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  access to 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  effects on weevil  reproduction,  progeny 
development  etc. 

Applications 

We believe  that  our  current  data,  particularly the ovarian  regression  data  (Sahota et 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  for a more  sensitive assay 

We  are  also  aware  that we need  a  more  sensitive tool for  detecting  resistance  where it 
is weak.  More  importantly,  we  need  this  more  sensitive  tool  if  we are to test  and 
identify  factors  (chemicals)  that  may be 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  delayed if they  have  not  already  started. On the basis of  our  present  results we 
anticipate  that  production of vitellogenin, a storage  protein  sequestered by the maturing 
eggs, is shut  down  or reduced  due  to feeding on resistant  leaders. We are developing 
probes  to  monitor  the  activity of vitellogenin gene to give a more  sensitive  assay  for 
resistance  based  on the dynamics  of the process  of  vitellogenesis.  We are also 
working  on  the  chemistry of resistant and susceptible  trees to identify  candidate 
compounds  that  could  affect  weevil  reproductive  processes.  Such  compounds  will be 
tested  using  the  vitellogenin assay.  We  are  continuing  entomological  work  to  provide 
direct  evidence  for  effects  of  resistance on the  hormonal  system of the weevil  along 
with  studies on 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  resistance of 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  works is not 
necessarily a curiosity  related  process.  Our  data  on  ovarian  regression  provides a 
reasonable  basis  for  developing a practical tool  for  detecting  and,  perhaps,  ranking 
resistance,  on  the basis of weevil  reproduction,  within  one  field  season.  More 
importantly,  it  provides us a very  different  outlook  on the very  nature of resistance  and 
reveals  directions  for identifying resistance  factors. It appears  that monitoring the 
dynamics of.vitellogenesis will  provide a tool for testing host  chemicals  responsible  for 
resistance;  it  may  also,  in  the  meantime  provide a more  practicable and sensitive 
method  for  diagnosis of resistance  than our  weevil  caging. 
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Summary 

The  white  pine  weevil  has  virtually  eliminated  Sitka  spruce as 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  with Sitka spruce, Picea sitchensis (Bong)  Carr., in coastal British 
Columbia  (Wallace & Sullivan  1985).  The  rapid  growth rate of this tree makes it 
desirable  for  planting in 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 1 985). 

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  improve the selection  process,  as  well  as the 
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  would be possible  to  develop  a  multicomponent 
resistance  index  (Brooks & Borden  1992),  which  would  allow  parent trees to  be 
screened for use in  weevil  resistance  breeding  programs,  and  progeny to 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  stimulants or deterrents, 
and  morphological  characteristics of the leader,  as  well  as  factors  involved in 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  spruce to the white pine weevil,  and  (ii)  to  use  these traits to 
develop  a  multicomponent  resistance  index  for  use in 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  from all 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 
replicates  of 10 resistant  clones  were  examined  and  compared  with 10 wild 
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  examination of 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  the primary  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  determine the 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  the number of  resin  ducts  present,  although the most 
ducts  were  found in the leaders of heavily  weevilled  trees  (Wilkinson 1983), 
suggesting that traumatic  resin  canals  (Berryman 1972), may have  developed in 
response to weevilling . 

Methods 

The  number,  depth  and  spacing  of resin ducts  were  measured  to test the hypothesis 
that  resistant  trees  might  have  larger,  shallower or more  numerous  resin  ducts  than 
susceptible  trees,  and  thus  a  greater  capacity  for  resinosis.  Resin  ducts  were 
examined as described  by  Tomlin & Borden (1 993). 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  tended to 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  outer resin ducts  than  the  susceptible  trees  with the 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 -c S.E. 

Haney 

Cedarvale 

Haney 

Kitwanga 

Haney 

Haney 

Green  Timbers 

Kitwanga 

Green  Timbers 

Cedarvale 

Big  Qualicum 

Susceptible  Trees 

1 

2 

1 

13 

Unknown 

Unknown 
- 

13 
- 
2 

2,15 
- 

1 

4 

2 

8 

7 

5 

2 

2 

3 

5 

692 
- 

24.98k2.58  a 

23.81  22.44  a 

21.85k2.58  a 

20.9822.44  a 

19.84k2.44  a 

19.73k2.44 a 

19.70~2.44 a 

18.1 8~2.44 a 

16.1 1 k2.44 a 

14.27k2.44 ab 

8.65k5.47 ab 

3.1  2k2.44 b 

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 (1 965),  who  found  that  western 
white  pine, an unfavorable,  host  for P. sfrobi, had larger  and  more  numerous  outer 
resin  ducts than Engelmann  spruce.  There  are  several  reasons  why  large  numbers of 
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  the first line of  defense  encountered by 
weevils  feeding  or  ovipositing  on  trees in which the production  of  traumatic resin had 
been  induced. In eastern  white  pine,  Stroh & Gerhold (1965) observed that only 
9.3%  of 215 feeding  cavities  contacted the 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  kairornones in addition  to 
other  cues. It was  observed that two monoterpenes,  isoamyl  and  isopentenyl 
isovalerate  were  present in 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  extracted in a  mixture of  ether:  methanol: 
water (79:20:1) using  heptyl  acetate  as an internal  standard. The extracts  were 
filtered  through  activated  charcoal  and  cotton  to  remove  chlorophyll  and  through DEAE 
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  gram of 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  isoamyl and isopentenyi 
isovalerate than did  susceptible trees (Fig. 1) (ANOVA, fcO.0001). An analysis by 
clone  revealed that there was  signifcant  variation  between dones and that the 
susceptible trees conained  higher  amounts of isovalerates  than  most of the resistant 
trees  (Table 2) (ANOVA, P<O.OOOl). 
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Table 2. Mean  concentration  of  isovalerates in 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.) 

Provenancea  Family  Clone  Isoamyl  lsopentenyl 

Green  Timbers - 2 0.0020.25a  0.00-cO.09a 

Kitwanga  13  8  0.0020.27a  0.00k0.09a 

Cedarvale  2  4  0.00=0.27a  0.00+_0.09a 

Kitwanga  13 

Cedarvale  2 

2 0.06-cO.26a 0.1  0+0.09a 

5  0.25k0.26a 0.1  320.09a 

Big Qualicum 2,15 62 0.3520.58ab 0.07-cO.21 ab 

Green  Timbers - 3 0.9020.27ab 0.3420.09ab 

Haney Unknown 7 0.91  -c0.26ab 0.27-cO.09ab 

Haney 1 1 0.9620.26ab 0.27k0.09ab 

Haney Unknown 5  1.24k0.26ab 0.42k0.09ab 

Haney 1 2 2.08-cO.27b 0.81 20.09b 

Susceptible - - 2.1  2a0.26b 0.69k0.09b 

a 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. 
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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  the attractive odour  of  trees, 
suggesting that resistant trees could  be  less  attractive to 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  to resin 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  to be 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  extracted twice in acetone,  using  1,2- 
dichlorodehydroabietic 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  using NH2 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  of dry 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  was that resistant 
provenances  had,  on  average,  significantly  more total 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  acid in cortical  tissue of resistant 
clones from Fair  Harbour.  Means  followed  by  the  same  letter  are  not 
significantly  different,  Bonferroni  t-test, Pc0.05. 

Provenancea  Family  Clone  Total  resin  acid  content 
Mg  /g  dry  weight  (mean 2 S.E.) 

Kitwanga 13 2 

Haney Unknown 7 

Green  Timbers - 2 

Kitwanga 

Cedarvale 

Cedarvale 

Haney 

Haney 

Haney 

Green  Timbers 

Susceptible  Trees 

. Big  Qualicum 

13 

2 

2 

1 

Unknown 

1 
- 

2,15 

8 

4 

5 

2 

5 

1 

3 

39.89k3.36a 

34.20k3.36ab 

32.1 1 k3.36ab 

30.89k3.36ab 

30.36a3.53ab 

29.05k3.36ab 

28.91  k3.53ab 

28.06k3.35ab 

28.05k3.36ab 

24.83k3.36ab 

20.33k3.36  b 

10.93k7.50ab 

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  toxic or 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).  Non- 
volatiles  were the 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  optimal in Sitka  spruce  (Alfaro & Borden  1985). 
Some  feeding  deterrency  was  observed  with  some  resistant  Sitka  spruce 
provenances,  and it was concluded  that  feeding  deterrency may not  always  be  present 
in resistant  trees  but that 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  present in Western  white  pine that differ from feeding  deterrents. 

Methods 

Resistant  clones  from  Fair  Harbour  were tested for  feeding  deterrency  using  a  paired 
twig  bioassay  (Brooks & Borden  1992). .Twigs of 5 cm  lengths  were  cut  from 
branches  collected  from  resistant  clones  Each  resistant  twig  was  pinned  end-to- 
end  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  indicate that 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. 

1 26 



Table 4. Percent  feeding  deterrency of  clones  from  Fair  Harbour.  Values in 
bracket  represent  percent  stimulation. 

Percent  Deterrecyb 

Provenancea  Family  Clone  Female  Male 

Green limbers - 3  (3.6)" 69.7 

Green  Timbers - 2  47.6" 75* 

Kitwanga 13 8 0 1.1 

Kitwanga 13 2 7.6 3.9 

Cedarvale 2 4  23.8" 58.9 

Cedarvale 2 5 40.3 20.5 

Haney 1 2  45.4 (8.3) 

Haney 1 1 30.2* 53.1 

Haney Unknown 5 (40.8) 31.7 

Haney Unknown 7 32.1 * 45.5 

Big  Qualicum 2 6  64.3* 33.3* 

Big  Qualicum 15 2  53.8* 48.6 

a 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. 

significantly  between  resistant  and  susceptible twigs (t-test, Pe0.05). Brackets indicate 
a negative  number. 

An asterisk  indicates  cases  where the number  of  feeding  punctures  differed 
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To Come 

A  number  of  other  potential  resistance traits are  currently  being, or soon  to be 
investigated.  These  include  comparison  of the wound  reaction  between  resistant  and 
susceptible  trees,  with the 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  index is based on a preliminary study 
by  Brooks & Borden  (1992).  Each  variable  determined  could be given a certain weight 
based  on  importance  to  resistance  (if this can  be  determined).  Each tree would  then 
be  ranked  with  respect to 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  selections or 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  of trees with  index  values above the 
cut  off  level, but possessing  different  combinations  of traits 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  also be 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  Score 

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

1 

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

1 
Significantly  higher  total  resin acid 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  Possible  Score , 4  
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The  results  of this preliminary  resistance  index  compilation  show  that the value 
calculated  does  not  correlate  very  well  with the 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  differently than others  if  their  relative  importance  can be determined. 
Also,  the  score  obtained  for  each  variable  should  depend  on  the  magnitude of the 
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  range of susceptibilities  and  might  be  expected  to 
achieve  similar  scores. 
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Delivering  Durable  Resistant Sitka Spruce for Plantations 
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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  how we  might  proceed  with  the tree improvement 
program  for  Sitka  spruce in 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  than on  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  content to 
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.  There is also the  assumption  that  the 
phenotype  in  this  population  improvement  model is 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  spacing and 
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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  at the single  genotype level for  both  host and 
pathogen,  while  tree  breeders  have  been  working  at  the  population  level,  but there  is 
no reason to believe  that  there  is any  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  monogenic or polygenic  control 

3. expression  of these resistances  can  be  either  quantitative or qualitative 

4. pest  response  may be specific (some  pest  genotypes  can  overcome the 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  (Figure la)  (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  as DDT. It is expected  to  make  an  abrupt  and  qualitative 
response to the pest  population.  However, if there is a  virulence  response in  the pest 
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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 1 b). 

A  quantitative  response  affects  r  (rate of 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  reduces its 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  for  a long time and 
over  widely  grown  areas  (Johnson  1984).  Because  population  variability is maintained 
in the quantitative  improvement  model  (including  variability of resistance  mechanisms), 
the evolutionary  pressure  for  a  virulence  response in the  pest is less  (Namkoong, this 
volume) and resistance  is  likely  to  be  more  durable  than in the  agricultural  approach. 

Quantitative Genetic Model Applied to Resistance in Sitka Spruce 

In this quantitative  improvement  model,  populations  can be 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  for  a durable 
resistance  system  (Namkoong  1991). 

Gene  Resource  Base 

Information  about  natural  population  resistance  originates  from the provenance testing 
program  for  Sitka  spruce  (Ying  1991 ; Ying  and  Ebata, this volume).  Provenance 
sources  from the high weevil-hazard  zone  (such  as  Big  Qualicum  or  Haney) indicate 
weevil  attack  levels of one-half  to  nearly  one-tenth the 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  purposes we have  defined the high weevil- 
hazard  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  range of inland 
sources  of Sitka spruce),  Puget Sound, East  Vancouver  Island as far north as 
Campbell  River,  the  Sunshine  Coast of 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  from low 
weevil-hazard  sources,  such as the Green  Timber  trees  (Alfaro  1982),. will also be 
chosen for  the breeding  population.  With  a  wide  distribution  of  genetic diversity in the 
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gene  resource  population  and  with  different  resistance  mechanism  systems aiding 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  number of 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  were planted in the 
1930s  (Alfaro  1982).  These  three  trees were 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  provenance zone 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])  show levels of attack of 
approximately  one-tenth  the level of coastal  provenance  sources  (mean  differences of 
0.37 attacks-  per tree compared to nearly  3  attacks  over the 6 years  of  measurement). 
Hybrid  lots  show  one  attack per tree - a  significant  improvement  over the typical 
coastal  provenance  sources  of  Sitka  spruce.  The  Green  Timber  trees  show 1.7 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 

Hazard  zone  Prov.  Fam.  Clone/Fam.  Reg.no.  Mean  attack 

Resistant 29 
29 
29 
29 
29 
29 
29 
29 

Mean 

U Ka 
UK 
1 
1 
1 

UK 
UK 
1 

898 
1253 
1210 
1272 
1360 
1059 
1056 
1359 

0.00 
0.1 9 
0.25 
0.25 
0.25 
0.25 
0.25 
0.75 

0.37 

Hybrid  zone 18 
6 
18 
6 
18 
18. 
6 
6 

Mean 

12 
13 
12 
13 
12 
12 
13 
13 

1363 
1367 
1362 
1365 
1361 
1364 
1366 
1368 

0.06 
0.56 
0.81 
0.94 
1.31 
1.31 
1.50 
1.50 

1.03 

Green  Timbers 

Mean 

1 1 037  1.19 
2 1 038  2.28 

1.73 

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

Mean 

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

7 
3 
4 
7 
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 

1.88 
2.1 9 
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  mean 2.00 

a unknown  or  mixed  seedlot 

140 



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  inadequacy of the  model  rather  than  indicating that 
family  effects  are  not  important.  The  results of  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  can be made. 

Additive  genetic  variance  is  the  variance of 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  proportion of the total phenotypic 
variance  is the heritability of the  character  (heritability in the narrow sense [Falconer 
19811).  The heritability  provides a guide  to  how  an  individual's  phenotype will predict 
its breeding  value  (or  performance of progeny). 

The  dominance  genetic  variance  proportion of  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  heritability in 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  options will outfavour  seed  options in delivering 
genetic  gains.  Further  details  on  partitioning  genetic  components of variance and the 
underlying  assumptions  are  found in Namkoong  (1979)  and  Falconer  (1981). 

In this analysis, the variance  among  families  (from  Table 2) is: 

u: = ?4 u i  = 0.038 

and the variance  among  clones  within  families is: 

uCQ = % ut + CJ; = 0.096 2 

Additive  and  dominance  genetic  variances  are  respectively  estimated as: 

u i  = 0.152 

u; = 0.0 

This  result  suggests that most  of the genetic  variation is additive.  Further  evidence  for 
resistance  with  a  large  amount of additive  genetic  variance is found in  the white 
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TABLE 2. Anova  of  Fair  Harbour  clonal  trial 

Effect d.f. ss MS F Ratio 
~~~~ 

P< 

Rep 15 51.372  3.425 3.1 5 0.0001 

Zone 3 684.237  228.079  45.45 0.0001 

Fam (zone) 7 35.1 27 5.01 8 1.96 0.1 

Clone  (tam) 27 68.969 

Error 585 597.392 

2.554 

1.021 

2.50 0.0001 

TABLE 3. Calculated  heritabilities 

Reference  selection  Heriiability 

individual  tree  selection 

Clonal  selection 

Family  selection 

narrow-sense  heritability = 0.13 

broad-sense  heritability = 0.13 

clonal  mean  heritability = 0.67 

family mean  heritability = 0.45 
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spruce  program.  Besides  the  strong  family  resemblance  represented  by the family 
heritability of 0.77 (Kiss  and  Yanchuk 1991), there is an  indication of a  positive 
correlation  between the resistance of open-pollinated  progeny  in  progeny  test sites 
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  expression is not  present  for 
resistance,  but  it  does  .indicate that 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  help in 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 0.06 to 
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,  then this range  goes  from 0.06 to 3.00 attacks  (Table l), 
clearly  overlapping  susceptible and resistant  ranges.  The  degree  of the 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  might be 
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  year to 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.  Frequency of 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  propagation of clones in 
many  species,  and  that  wind-pollinated  orchards  required  many  parents in order  to 
avoid  the  deleterious  effects of 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  amplification of small  seedlots  or 
clonal  deployment  is  also  feasible.  Concern  has  been  expressed  over the risk of 
catastrophic -loss associated  with  narrowly  based  clonal  deployment,  and  it  was 
thought  that  deploying  large  numbers of clones  could  provide  a  genetic  buffering to 
such loss (Kleinschmitt  1979).  However,  analysis  shows  that this is not  necessarily so 
(Libby  1982;  Roberds et a/. 1990), and  genetic  variability per  se does  not  protect 
against  pests  and  pathogens. For a  risk  such  as  plantation loss to weevil,  having 
genetically  variable  seedlots  may  provide  more risk 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  (Table 1) 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 [ 3 1  

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 op are 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.  Figure 3 
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  gains in 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  out of 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  of Pissodes  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  (after the 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  includes 0.1 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  up 300 clones in tests  and 300 
open-pollinated  families.  These  are  all  currently  under  test.  Instead of clonal  re- 
propagation,  under this scenario  small  full-sib  seedlots  would  be  made  up  and 
amplified  through  juvenile  cuttings or  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 
broad-sense  and  narrow-sense  heritabilities  are  the  same  (Table 3). 

5. Provenance + Clonal  and  Family  Selection + Clonal  Selection. 

In this scenario the individuals  from  full-sib  families  created  above will be used in a 
further  round  of  clonal  testing.  Clonal  lines  would  be  best  developed  using the somatic 
embling  technique  with  cryogenic  preservation until testing  results are available 
(Roberts, this volume). 

Extra  gain  above  number 4 includes  an  extra 30% 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  individual tree within 
provenance.  The  assumption  used  above  gave  conservative  provenance level gains 
(reductions in attacks)  of 50% based  on all the  provenance  material  available  (Ying 
and  Ebata, this volume).  The  older  northern  provenance trials that show the 50% 
reduction  use  mainly  the Big Qualicum  source  instead of Haney.  Factors in this 
discrepancy  may  be:  differences  between  provenances  within this hazard  zone, the 
age of the relative  trials, or the inadequacy of the quantitative  model  used. 

Conclusions 

The  fundamental  feature  of this 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  expected to add  incrementally to this quantitative 
population  improvement. This model  of  genetic  resistance  therefore fits 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  again be 
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  simplifications in 
this model  and  assumptions  that  are  unlikely  to  be  valid.  Several  independent 
mechanisms  are  likely  to  be  part of 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  deployed in 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,  treating the pathosystem  as  a  quantitative  trait  might  provide  a 
reasonable  alternative  method of providing  gain  with  durability.  Because it is deployed 
as  a  managed  population,  the  variability in 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  without putting 
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 
supporting  our  assumption.  Until  we  have  a  clearer  idea of what  the  mechanisms  are 
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  understanding the interaction of Pissodes sfrobi and its host. 
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