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Genetic Variation in Tolerance of Douglas-fir to Swiss Needle Cast 
as Assessed by Symptom Expression 

By G. R. JOHNSON 

USDA Forest Service, Pacific Northwest Research Station, Forestry Sciences Lab., 3200 SW Jefferson Way, 
Corvallis, OR 97331-4401, USA randyjohnson@fs.fed.us 

(Received 5th July 2001) 

S u m m a r y  

The incidence of Swiss needle cast on Douglas-fir has 
increased significantly in recent years on the Oregon coast. 
Genetic variation in symptoms of disease infection, as measur- 
ed by foliage traits, was assessed in two series of progeny trials 
to determine whether these "crown health" indicators were 
under genetic control and correlated with tolerance; tolerance 
being continued growth in the presence of high disease pressure. 
Foliage traits generally had lower heritabilities than growth 
traits and were usually correlated with diameter growth. Foliage 
traits of crown density and color appeared to be reasonable 
indicators of disease tolerance. In the absence of basal-area 
data, assessing crown density and color can help screen for 
families that show tolerance to the disease. 

Key words: resistance, Phaeocryptopus gaeumannii, Pseudotsuga men- 
ziesii, genetic gain. 

In troduct ion  

Since the late 1980s, Swiss needle cast (Phaeocryptopus 
gaeumannii (ROHDE) PETRAK) has become increasingly severe 
in plantations of Douglas-fir (Pseudotsuga menziesii (MIPm.) 
FRANCO) in coastal Oregon and Washington, USA, and, more 
recently, in older, naturally established stands. In severely 
impacted stands, symptoms of Swiss needle cast infection 
include yellowing and premature loss of older foliage. Annual 
growth lost by young Douglas-fir plantations from this disease 
on the north Oregon coast was estimated to be 23% in 1996 
(MAGu[RE et al., 2002). The disease is reaching epidemic pro- 
portions along the north coast of Oregon (Oregon Department 
of Forestry, 1998). Swiss needle cast is endemic to the Pacific 
Northwest, yet apparently caused no detectable injury to 
Douglas-fir in the region until the 1970s when Christmas tree 
growers began to report needle loss (MICHAELS and 
CHASTAGNER, 1984; HANSEN et al., 2000). The disease was 
known to injure Douglas-fir in Europe (BoYCE, 1940; MERKEL, 
1951; BONIFACIO et al., 1970), New Zealand (HOOD et al., 1990), 
Australia (PEDER[CK and MARKS, 1975), the Lake States 
(MERRILL and LONGENECKER, 1973) and the east coast (MORTON 
and PATRON, 1970) of North America. 

The disease impairs water relations in the needles by occlud- 
ing stomates with fruiting bodies (pseudothecia). Typically, new 
needles become infected in the spring and early summer, 
shortly after they emerge from buds. The fungus grows inside 
the needle and eventually form pseudothecia which release 
spores in the spring and early summer. The amount of fungus 
and number of pseudothecia increase with age of the needle 
until the needle is dropped (HANSEN et al., 2000). In heavily 
infected stands, first-year needles become chlorotic the follo- 
wing spring and drop from the tree during the second growing 
season. The loss of foliage and the impaired function of needles 
remaining on the tree combine to reduce tree growth and vigor. 
Typically, healthy Douglas-fir have at least 5 years of needles 
(HOOD, 1982); but stands on the north Oregon coast have 
3 years or less (MAGUIRE etal. ,  2002). 

A likely hypothesis for the cause of increased disease severity 
in the Pacific Northwest is that recent forest management 
practices, combined with a climate conducive to the disease, 
have shifted conditions to favor the pathogen (KANASKtE et al., 
1996; ODF, 1998; HANSEN et al., 2000). Douglas-fir plantations 
have often replaced natural mixed stands of Sitka spruce, 
western hemlock and Douglas-fir, or alder. Because Douglas-fir 
cone crops are not reliable in low elevation coastal areas, the 
seed sources used to establish these plantations tended to be 
from areas farther inland and at higher elevations - areas that 
may lack any natural resistance to the fungus. Also, the 
sources of seeds used to reforest the vast area of the Tillamook 
burns of the 1930s, 40s and 50s are largely unknown. The 
combination of a climate that favors the disease, increased 
amount and density of Douglas-fir in coastal areas, and off-site 
seed sources may have set the stage for rapid and efficient 
spread of the fungus. As a result, the pathogen population may 
have increased enough to overwhelm natural mechanisms of 
disease tolerance, resulting in loss of tree growth and health in 
impacted areas. 

In Europe, where the disease was first observed, it is controll- 
ed by restricting Douglas-fir establishment to drier sites and 
using coastal (not inland) provenances. Early provenance 
studies in Europe showed coastal provenances were much more 
resistant than inland provenances (FERRE, 1955; ROHMEDER, 
1956). Later studies showed that within the coastal variety of 
Douglas-fir, resistance increased as the seed source origin 
approaches the coast, with lower elevation, and northward 
from California (HOOD and WILCOX, 1971; PEDERICK and MARKS, 
1975). MCDERMOTT and Robinson (1989) found a positive correla- 
tion between resistance and rainfall in the parent location. 
Family variation was shown in a study of Christmas trees by 
NELSON et al. (1989) and BLADA'S (1988) results suggest that 
genetic resistance could be increased through use of resistant 
clones. 

Examination of heavily infected stands reveals that there 
can be considerable variation in the expressions of symptoms 
from tree to tree, but all trees are infected as evidenced by 
fruiting bodies. There is also limited data that indicates the 
amount of fungus per needle does not differ by family (TEMEL 
and JOHNSON, 2001), suggesting that any genetically controlled 
defense mechanism is a tolerance function as opposed to a re- 
sistance function (actually repelling the fungus). Tolerance to a 
forest manager is defined as continued growth in the presence 
of high disease pressure. This definition will also be used in 
this paper. Whether the growth rate is a function of inherent 
growth rate or some other resistance mechanism cannot be 
examined with the available data at present. Such a question 
requires a more complex study than is available. 

The objectives of this study were to examine the within-prov- 
enance genetic variation in disease symptoms (i.e., foliage 
traits) and to determine whether they are correlated with past 
and/or subsequent growth (tolerance). Such data is useful in 
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d e s i g n i n g  t e s t i n g  p r o g r a m s  for deve l op i ng  Doug la s - f i r  t o l e r a n t  
to Swi s s  need l e  cas t .  

M e t h o d s  a n d  M a t e r i a l s  

Two se r i e s  of  p r o g e n y  t r i a l s  were  e x a m i n e d  in  t h i s  s tudy.  T h e  
m o s t  c o m p r e h e n s i v e  se t  of  d a t a  w a s  f rom t h e  N e h a l e m  t ree  

b r e e d i n g  coopera t ive ,  w h i c h  is a f f i l ia ted  w i t h  t h e  N o r t h w e s t  

Tree  I m p r o v e m e n t  Coopera t ive .  T h i s  b r e e d i n g  p r o g r a m  h a s  10 

p r o g e n y  t e s t  s i t e s  t h a t  e n c o m p a s s  t h e  n o r t h e r n  C o a s t  R a n g e  of  
O r e g o n  f rom Hebo  to t h e  C o l u m b i a  River ;  however ,  on ly  five 

s i t e s  w i t h  t h e  m o s t  s eve re  d i s e a s e  s y m p t o m s  were  a s s e s s e d  for 
fol iage h e a l t h  for t h i s  repor t .  T h e  second  se r i e s  of  p r o g e n y  t e s t s  
w a s  f rom t h e  U S D A  F o r e s t  Serv ice  (USFS)  b r e e d i n g  p r o g r a m  
on  t h e  Hebo R a n g e r  Di s t r i c t  of  t h e  S i u s l a w  N a t i o n a l  Fores t .  
F r o m  a se r i e s  of  s ix  p r o g e n y  t e s t  s i t e s  in  t h e  Hebo  R a n g e r  
Dis t r i c t ,  on ly  two w i t h  t h e  m o s t  s eve re  s y m p t o m s  were  a s s e s s -  

ed  for fol iage h e a l t h .  A t  all  s e v e n  of  t h e s e  p r o g e n y  t e s t  s i tes ,  
t h e r e  w a s  on ly  t h r e e  age  c l a s se s  of  fol iage r e m a i n i n g  on t h e  

t r ee s ,  a n d  t h e  r e m a i n i n g  age  c l a s se s  did  no t  h a v e  100% re t en -  

t ion  (Table 1). D i s e a s e  seve r i t y  a t  t h e s e  s i t e s  were  no t  mon i to r -  
ed  p r io r  to age-10.  D i s e a s e  seve r i t y  h a s  b e e n  r e l a t i ve ly  con- 
s t a n t  s ince  age  10. 

Nehalern 

T h e  N e h a l e m  t e s t s  were  e s t a b l i s h e d  in a " r eps - in - se t s "  
des ign ,  w h e r e  r ep l i ca t ions  (blocks) a r e  n e s t e d  w i t h i n  f ami ly  
se ts .  F o r t y  open -po l l i na t ed  f ami l i e s  were  a l loca ted  to e ach  of 
t e n  se t s ,  for a to ta l  of  400 fami l ies .  All r ep l i ca t ions  of  e ach  
i n d i v i d u a l  se t  were  p l a n t e d  toge ther ,  r e s u l t i n g  in  e s s e n t i a l l y  10 
s e p a r a t e  p r o g e n y  t e s t s  p l a n t e d  s ide -by-s ide  a t  e ach  si te .  T h e  

t r i a l s  were  e s t a b l i s h e d  as  t h r e e  r ep l i ca t i ons  of  four - t r ee  
n o n c o n t i g u o u s  p lo ts  pe r  si te .  H e i g h t  a n d  d i a m e t e r  a t  b r e a s t  
h e i g h t  (DBH) were  a s s e s s e d  on all t r e e s  in t h e  w i n t e r  of  

1995/1996 a t  age  11 f rom seed.  H e i g h t  d a t a  f r om a n  age-5 

a s s e s s m e n t  were  a lso  ava i lab le .  At  t h e  five p r o g e n y  t e s t  s i t e s  
j u d g e d  to be m o s t  in fec ted  w i t h  Swiss  need le  cas t ,  five s e p a r a t e  

fol iage t r a i t s  were  a s s e s s e d  as  po t en t i a l  i nd i ca to r s  of  t o l e r ance  
to t h e  d i sease :  

• Need le  r e t e n t i o n  on t h e  1994 p r i m a r y  l a t e r a l s  (NR94p)  - 

scored  0 to 9, w h e r e  0 = 0% to 10% re t en t i on ,  a n d  9 = 9 1 %  to 
100 % re t en t ion .  

• Need l e  r e t e n t i o n  on t he  1994 s e c o n d a r y  l a t e r a l s  (NR94s)  - 

scored  0 to 9. 

• Need l e  R e t e n t i o n  on t h e  1993 s e c o n d a r y  l a t e r a l s  (NR93s)  - 
scored  0 to 9. 

• C rown  D e n s i t y  - a sub jec t ive  score  w h e r e  1 = s p a r s e  c rown  

to 6 = d e n s e  crown.  T h i s  score a t t e m p t e d  to "quan t i fy"  t h e  
a m o u n t  of  fol iage on a t r ee  by e x a m i n i n g  how d e n s e  (or t r a n s -  
p a r e n t )  t h e  live c rown  a p p e a r e d .  

• Color - a sub jec t ive  score w h e r e  1 = yellow, 2 = g r een ,  
3 = d a r k  g reen .  

O n  16 M a y  1996, b u d  b u r s t  w a s  e x a m i n e d  on four  s e t s  of  
f ami l i e s  a t  one  s i te  (Coal Creek)  to see  i f  ea r l i e r  or l a t e r  f l u sh -  
i ng  f ami l i e s  were  m o r e  r e s i s t a n t  to Swi s s  need le  cas t .  B u d  

b u r s t  w a s  scored  as:  1 = t i g h t  buds ,  2 = swol len  buds ,  3 = b u d  

b e g i n n i n g  to b u r s t  t h r o u g h  tip,  4 = e x t e n d e d  b r a n c h l e t ,  n e e d l e s  
no t  ref lexed,  5 = e x t e n d e d  b r a n c h l e t  w i t h  n e e d l e s  ref lexed.  

In  t h e  s p r i n g  of  1998 a s ing le  se t  (40 fami l ies )  a t  t h r e e  s i t e s  

w a s  a s s e s s e d  a s econd  t i m e  for fol iage scores  to e x a m i n e  t h e i r  
r e p e a t a b i l i t y  over  t ime .  T ra i t s  a s s e s s e d  were  c rown  dens i ty ,  

color, a n d  need le  r e t e n t i o n  of  t h e  1996 s e c o n d a r y  foliage.  Nee-  
dle r e t e n t i o n  could on ly  be a s s e s s e d  on two of  t h r e e  s i t e s  becau-  

se t h e  t r e e s  h a d  become  so ta l l  on  t h e  t h i r d  s i te  t h a t  a s s e s s i n g  
r e t e n t i o n  was  difficult .  

I n  D e c e m b e r  of  1998, D B H  w a s  m e a s u r e d  on four  s e t s  (160 
fami l i e s )  on t h e  s a m e  t h r e e  p r o g e n y  t e s t  s i t e s  t h a t  h a d  r ep ea t -  
ed a s s e s s m e n t s  for fol iage scores.  T h e s e  d a t a  were  u s e d  to 

d e t e r m i n e  t h r e e - y e a r  b a s a l - a r e a  i n c r e m e n t ,  w h i c h  is a d i rec t  
m e a s u r e  of t o l e r ance  per. se. To le rance  b e i n g  de f ined  as  con- 
t i n u e d  g r o w t h  in  ti le p r e s e n c e  of  d i s e a s e  p r e s s u r e .  

U S F S  - Hebo 

S i m i l a r  i n f o r m a t i o n  w a s  col lected on two s i t e s  f rom t h e  

U S F S  se r i es  of  p r o g e n y  t es t s .  T h e s e  t r i a l s  were  e s t a b l i s h e d  as  
a " se t s - in - r eps"  des ign ,  w h e r e  s e t s  a r e  n e s t e d  w i t h i n  repl ica-  

Table 1. - Needle retention percentages* for 2 nd and 3 rd year needles and narrow-sense heritabilities for color, crown density, needle retention (NR), 
height and DBH on seven progeny test sites of Douglas-fir (standard errors in parentheses). 

% Needle Retention • Narrow sense heritability 

Series Site 2 "d year 3 rd year Crown NR NR NR Age-5 Age-10/ll Age-ll  Age-13/14 Budburst 
foliage foliage Color density .94p 94s 93s height height DBH DBH 

Nehalem Cole Mr. 78 55 0.10 0.16 0.21 0.15 0.34 0.31 0.30 0.27 
(0. 03) (0. 04) (0. 04) (0. 04) (0.05) (0. 04) (0. 04) (0.04) 

Nehalem Davis 64 30 0.27 0.28 0.24 0.28 0.28 0.39 0.33 0.32 
Creek. (0. 04) (0. 04) (0.04) (0. 04) (0.04) (0. 0.~) (0.04) (0.04) 

Nehalem Slick 80 50 0.20 0.22 0.10 0.06 0.20 0.39 0.37 0.32 0.34 
Rock (0.04) (0.04) (0.03), (0.03) (0.04) (0.05) (0.05) (0.04) (0.05) 

Nehalem Acey 80 56 0.04 0.23 0.07 0.03 0.16 0.36 0.38 0.40 0.36 
Creek. (0. 03) (0. 04) (0. 03) (0. 03) (0. 04) (0. 05) (0.05) (0.05) (0. 05) 

Nehalera Coal 74 45 0.10 0.19 0.07 0.05 0.13 0.30 0.32 0.32 0.36 0.96 
Creek (0.03) (0. 04) (0.03) (0.03) (0. 04) (0.05) (0. 05) (0. 05) (0.05) (0. 07) 

USFS Salal 65 0.30 0.44 0.27 0.08 0. i 2 0.18 0.62 
(0.07) (0.08) (O.06) (O04) (0.05) 0.05) (0.10) 

USFS Gordy 83 0.12 0.21 0.20 0.10 0.23 0.14 
(0.05) (0.06) (0.06) (0.05) (0.07) (0.06) 

* % needle retention represents the percentage of foliage as indicated by the average needle retention score on the secondary branches for second 
year  foliage (NR94s) and third year foliage (NR93s). 
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t ions. Each  site had  five replicat ions of 4-tree noncontiguous 
plots. In these  tr ials ,  each field replication included all th ree  
sets. Each  of the  th ree  sets had  35 open-poll inated families,  for 
a total  of 105 families. Height  a t  age 10 was assessed in the  fall 
of 1995. In the  spr ing of 1996, crown density, color and  needle 
re ten t ion  on 1994 secondary la tera ls  was assessed on the  two 
sites. Bud bu r s t  was assessed on one site wi th  the  same scoring 
procedure, except t h a t  no dist inct ion was made  between t igh t  
and  swollen buds. In 1998, DBH at  13 years  was measu red  on 
all t rees  in the  USFS series of trials.  

In  order  to examine the  correlat ion of foliage t ra i t s  wi th  sub- 
sequen t  basal  area  inc rement  (i.e., tolerance) for the  USFS 
series, i t  was necessary to first  es t imate  DBH at  age 10. The 
a g e - l l  Neha lem da ta  were used to es t imate  a d iameter -he igh t  
equation.  The first  step was to l imi t  the  Neha lem da ta  to only 
those t rees  in  the  he ight  range  of the  USFS t rees  at  age 10 
(32,720 t rees  in total). Both he igh t  and  d iamete r  were log 
t r ans fo rmed  because the  res idual  var ia t ion  increased wi th  
increas ing  height .  The final equat ion for predict ing d iamete r  in 
mi l l imeters  wi th  he ight  in cen t imeters  was: 

Age-10 DBH = e (-21"29 ÷ [6.8539*Ln(height)]- [0.4435*(Ln(height)) 2] ) (r2=0.869) 

Genet ic  calculat ions 

The t ra i t s  were f irst  examined  for normality. The Kolmo- 
gorov test,  an  extremely sensi t ive tes t  for normality,  indicated 
t h a t  the  res iduals  for all foliage var iables  were not  normal  a t  
any  site, while the  growth var iables  were not  s ta t is t ical ly  
normal  a t  some sites (c1=0.05). F u r t h e r  examina t ion  of plot 
means  (rep-by-family means)  indicated t h a t  only the  re ten t ion  
scores were skewed to a significant  degree; a log t ransforma-  
t ion resul ted  in a more normal  d is t r ibut ion  and  the  t ransform-  
ed.data,  were used. for her i tabi l i ty  es t imates .  I t  was unneces-  
sary. to t r ans fo rm the  o ther  var iables  for her i tab i l i ty  es t imates  
because the  assumpt ion  of normal i ty  typically is not  required 
for e s t ima t ing  components  of var iance  (STEEL et al., 1997, page 
174). The F s ta t is t ic  is directly re la ted to her i tabi l i ty  and  only 
in ext reme c i rcumstances  does the  normal i ty  assumpt ion  affect 
F tes ts  (SNEDECOR and  COCHRAN, 1967, page 276; NETER and  
WASSERMAN, 1974, page 513). Because there  was very li t t le 
change in correlat ions be tween t rans formed  and  un t rans fo rm-  
ed data,  the  un t r ans fo rmed  da ta  were used for correlations.  
Resul ts  are more easily in te rpre tab le  wi th  un t r ans fo rmed  
data,  and  for tes t ing  the  null  hypothesis  t h a t  r = 0, use of 
un t r ans fo rmed  da ta  may be used provided t h a t  one of the  
var iables  is normal  (SNEDECOR and  COCHRAN, 1967 p. 193). 
Because the  var iance  of color and  needle re ten t ion  at  a site was 
re la ted  to the  site mean,  da ta  were s tandard ized  for all 
var iables  a t  each site for the  computa t ion  of correlations.  
S tandard iza t ion  took the  form of sub t rac t ing  the  site m e a n  and  
dividing by the  s t anda rd  deviat ion of the  t rai t .  

Narrow-sense  her i tabi l i t ies  were de te rmined  in each progeny 
tes t  site by us ing  the  formula: 

h 2 = (4 O2fami,y) / (O2fami]y + O 2 within family ) 

S t anda rd  errors  for the  her i tabi l i ty  es t imates  were calculat-  
ed according to BECKER (1984). 

The her i tab i l i ty  formula assumes  t h a t  the  open-poll inated 
families were t ru ly  half-sibs such t h a t  O2family = one qua r t e r  the  
addi t ive genetic var iance  (O2a), and  ignores any  bias from geno- 
type-env i ronment  interact ion.  Variance components  for the  
Neha lem da ta  were obtained by us ing  SAS Varcomp procedure 
(SAS, 1990) wi th  the  REML option from the  following model: 

Yijk] = ]~ + seti + rep(set)~j + family(set)ik + errorljkl 

where  Yijkl is the  response for the  l th t ree in the  k th family in the  
jth rep in the  i th set  

p is the  populat ion mean;  

set  i is the  effect of the  i th set; 

rep(set)i~ is the  effect of the  jth replicat ion in the  i th set; 

familYik is the  effect of the  k th family in the  i th set; 

errorijk, is the  pooled effect of the  replication-by-family inter-  
action for the  jth replicat ion and  k th family in the  i th set, and  the  
effect of the  ijkl th plot, i.e. the  wi th in  plot variat ion.  The 
rep*family component  was pooled because no evidence was 
found of rep*family interact ions.  

Because the  USFS tr ia ls  uti l ized a "sets-in-reps" design, the  
model was modified to: 

Yijkl ---- P + repj + set  i + (rep-by-set)lj + family(set)ik + errorijkL 

Type B genetic correlat ions examining  the  correlat ion of the  
same t ra i t s  measu red  a t  different  si tes (r b) a s sumed  t h a t  the  
genetic var ia t ion ,  bu t  not  the  env i ronmen ta l  var iat ion,  was the  
same a t  each site, and  used the  YAMADA formula  (1962) cited in 
BURDON (1977): 

rb = a2famfly / ((~2family + O2family x site ). 

Variance components  came from the  analysis  of var iance  for 
each combinat ion of two sites. The analyses  were done on the  
s tandard ized  da ta  and  used the  model: 

Yhijkl = ].1 + site h + s e t  + rep(site-set)hi j + family(set)ik + fami- 
ly*site(set)hi k + errorhijk , 

Genetic  correlat ions among different  t ra i t s  (ra) were calculat-  
ed us ing  the  s tandard ized  da ta  with  the  following equation:  

r a = (12famdy.crossproductA.B / (O family-traitA X (3 family-trait B ) 

where:  

O2fami'y-crossproduct A*R is the  family covariance component  for 
t r a i t s  A and  B; 

(12family_trait A is the  family var iance  component  for t r a i t  A; and  

O2family-trait B is the  family var iance  component  for t r a i t  B. 

In Nehalem,  a separa te  r a was calculated for each set so t h a t  
i t  was possible to obtain a m e a n  correlat ion and  a s t anda rd  
error. Because the  USFS t r ia ls  were a sets- in-reps design and  
had  only th ree  sets, the  correlat ions (var iance and  covariance 
components)  were es t imated  for the  model t h a t  included sets, 
and  therefore  gave only one es t imate  of the  genetic correlation. 

Family  means  for correlat ions were obta ined by first  ge t t ing  
family means  a t  each site and  then  averag ing  the  families over 
all sites, giving equal  weight  to each one. 

When  the  same t ra i t s  were assessed a t  different  ages, age- 
age genetic correlat ions were es t imated  as: 

ra  = (12family crossproduct / (O family-1996 assessment X O family-1998 assessment ) 

where  the  family var iance  components  es t imates  come from 
a complete ANOVA model, including sites, sets, repl icat ions 
and  families. 

R e s u l t s  

Foliage t ra i t s  were unde r  less genetic control t h a n  were 
growth t rai ts ;  t h a t  is, they had  lower her i tabi l i t ies  in all 
ins tances  but  one, the  USFS Salal  site (Table 1). Trees on this  
site suffered more defoliation t h a n  did t rees  on any  other  site 
in e i the r  t r ia l  series. 

For the  Neha lem sites, the  crown densi ty  and  color scores 
showed signif icant  positive correlat ions wi th  age-11 DBH, and  
color was correlated with age 5 to 11 he igh t  i nc remen t  
(Table 2). None of the  needle re ten t ion  scores were signif icantly 
correlated with growth (Table 2). Fami ly -mean  correlat ions of 
color and  crown densi ty  wi th  DBH were larger  for the  five 
Neha lem si tes chosen for the  needle cast  a s se s smen t  ( the most  
infected sites) t h a n  for the  r ema in ing  five si tes r = 0.30 vs 0.13 
for color, and  r = 0.32 vs 0.17 for crown density).  
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Table 2. - Family mean correlations (above diagonal) and genetic correlations (below diagonal) for 10 sets of families planted on 5 sites (standard 
errors in parenthesis). All family mean correlations are statistically significant at a = 0.01 unless otherwise noted. 

Age- 11 Age- 14 Age- 11 Height Crown Retention Retention Retention Bud 
DBH DBH height increment Color density 93 sec. 94 prim 94 sec. burst ~ 

1.0 0.971 0.750 0.689 0.411 0.445 0.038 "~ 0.068 "~ 0.114 "~ -0.078 ~ 
(0.005) (0.017) (0.026) (0.025) (0.035) (0.038) (0.060) (0.054) (0.160) 

1.0 0.770 0.697 0.449 0.503 0.159* 0.097 "~ 0.197 ~ -0.085 ~ 
(0.027) (0.056) (0.052) (0.040) (0.041) (0.060) (0.127) (0.072) 

0.774 1.0 0.961 0.223 0.167 0.041 "~ -0.028 °S 0.025 "~ -0.137 "~ 
(0.034) (0.005) (0.037) (0.043) (0.034) (0.041) (0.036) (0.069) 

0.728 0.969 1.0 0.278 0.145 0.142" 0.076 °~ 0.109 ~ -0.164 "s 
(0.074) (0.005) (0.038) (0.049) (0.033) (0.041) (0.039) (0.075) 

0.650 0.211 0.306 1.0 0.436 0.353 0.420 0.475 -0.010 "~ 
(0.161) (0.049) (0.052) (0.051) (0.033) (0.028) (0.050) (0.141) 

0.570 0.162 0.156 0.546 1.0 0.160 0.225 0.263 -0.038 "~ 
(0.040) (0.058) (0.065) (0.081) (0.033) (0.048) (0.051) (0.146) 

0.204 0.057 0.177 0.526 0.200 1.0 0.782 0.699 -0.196* 
(0.064) (0.047) (0.047) (0.054) (0.051) (0.016) (0.029) (0.064) 

-0.054 -0.060 0.073 0.626 0.269 0.898 1.0 0.823 -0.234 "~ 
(0.3 l 0) (0.059) (0.057) (0.058) (0.071) (0.025) (0.021) (0.114) 

0.244 -0.007 0.109 0.687 0.314 0.854 0.966 1.0 -0.165 "~ 
(0.240) (0.047) (0.055) (0.064) (0.080) (0.032) (0.028) (0.319) 

-0.128 -0.164 -0.272 0.040 -0.153 -0.173 -0.249 -0.084 
(0.091) (0.060) (0.124) (0.092) (0.289) (0.069) (0.196) (0.098) 

DBH-11 

DBH-14 

Ht-11 

Ht Inc 

Color 

Crn Den 

NR 93S 

NR 94P 

NR 94S 

Bud burst 

0.989 
(O.O06) 

0.749 
(0.021) 

0.704 
(0.032) 

0.506 
(0.045) 

0.478 
(0.047) 

0.043 
(0.052) 

0.075 
(0.083) 

0.131 
(0.075) 

-0.050 
(0.083) 

~) Assessed on only four sets on one site 
*) Significant at a=0.05. 
"0 Nonsignificant at a=0.05. 

Table 3. - Family mean (above diagonal) and genetic (below diagonal) correlations for traits averaged over two USFS sites. Family mean correla- 
tions are all significant at a = 0.01 unless otherwise noted. 

Age- 13 Age- 10 height Height inc. Crown density Color Retention Bud burst 
DBH 

0.708 0.658 0.332 0.346 0.274* 0.096 n' 

0.564 0.956 -0.114 ns -0.006 "~ -0.018 ns -0.036 "s 

0.600 1.107 -0.151 ns .0.030os 0.043.s .0.057 ~ 

0.158 -0.570 -0.481 0.503 0.270* 0.086 ~ 

0.365 -0.204 -0.156 0.569 0.470 0.301 

0.563 -0.260 -0.293 0.330 0.500 -0.001 "~ 

0.132 0.072 -0.025 0.094 0.394 -0.077 

Age-13 DBH 

Age- 10 height 

Height increment 

Crown density 

Color 

Retention 

Bud burst 

.s) Nonsignificant at a=0.05 
*) Significant at a=0.05 

Age-13 DBH was  assoc ia ted  wi th  h i g h e r  foliage scores  
(g reene r  c rowns  wi th  more  foliage) on the  U S F S  s i tes  (Tab le  3). 

The  fami ly  m e a n  cor re la t ions  b e t w e e n  foliage t r a i t s  and  he i gh t  
were  nea r ly  zero, bu t  t he  genet ic  cor re la t ions  were  nega t ive  
( T a b l e  3). The  genet ic  cor re la t ions  for t h e  compar i son  of  foliage 
t r a i t s  w i th  he igh t  va r i ed  a m o n g  t h e  sets .  In  one of t he  t h r e e  
se ts  in th i s  ser ies  t h e r e  was  no s igni f icant  family  va r i a t ion  for 
age-10 he igh t ;  t he re fo re  one would  no t  expect  any  s igni f icant  
cor re la t ions  wi th  he ight .  In  t he  o t h e r  two sets ,  t h e  genet ic  cor- 
r e la t ions  of  he igh t  wi th  r e t e n t i o n  a n d  color were  posi t ive  in one 
se t  and  nega t ive  in t he  other.  

E x a m i n a t i o n  of  t he  t h r e e  N e h a l e m  s i tes  wi th  basa l - a r ea  
i n c r e m e n t  d a t a  showed  t h a t  all t he  foliage t r a i t s  were  be t t e r  

co r re la ted  wi th  ba sa l - a r ea  i n c r e m e n t  t h a n  wi th  he i gh t  or DBH 
(da ta  no t  shown).  As expected,  age-11 DBH was  well  cor re la ted  
wi th  subsequen t  basa l -a rea  i n c r e m e n t  on all th ree  s i tes  measu r -  
ed in 1998 (r a ~0.93) ( T a b l e  4). At two of  t he  t h r e e  N e h a l e m  
si tes ,  t he  genet ic  cor re la t ion  of  c rown dens i ty  wi th  ba sa l - a r ea  
i n c r e m e n t  was  r ea sonab ly  h igh  (r a = 0.90 and  r a -- 0.79) and  on 
t h e  th i rd  s i te  (Slick Rock) t he  genet ic  cor re la t ion  of  color w i th  
ba sa l - a r ea  i n c r e m e n t  was  0.70 ( T a b l e  4). At the  U S F S  Sala l  
si te,  bo th  crown dens i t y  and  color h a d  s t rong  genet ic  correla-  
t ions  w i th  e s t i m a t e d  basa l - a r ea  i n c r e m e n t  (r a > 0.7). 

S y m p t o m  express ion  was  assoc ia ted  wi th  p ropor t iona l ly  
more  loss of  d i a m e t e r  g rowt h  t h a n  loss of  he igh t  growth .  For  
example ,  he igh t  of  t he  yel low t rees  was  89% of  t he  he igh t  of 
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Table 4. - Correlations of age-ll (Nehalem) or age-10 (USFS) variables with subsequent three-year basal-area increment (Nehalem) and estimated 
basal-area increment (USFS). All family mean correlations significant at a = 0.01 unless noted otherwise. 

Nehalem USFS 

Coal Creek Acey Creek Slick Rock Salal Gordy 

Trait Family Genetic Family Genetic Family Genetic Family Genetic Family Genetic 
mean (ra) mean (ra) mean (r~) mean (r.) mean (ra) 

Height 0.26 0.83 0.72 0.91 0.60 0.63 0.48 0.40 -0.01 n~ -0.24 

DBH 0.76 0.93 0.80 0.93 0.79 0.95 

Crown 0.46 0.90 0.43 0.79 0.30 0.35 0.55 0.73 0.44 0.56 
density 

Color 0.35 0.53 0.26 0 0.48 0.70 0.49 0.78 0.36 0.46 
, 

Needle 0.21 0.49 0.05 ns -0.03 0.13 "~ 0.27 0.31 0.41 0.29 0.64 
retention* 

*) Needle retention of  2-year-old needles on lateral branches. 
~s) Nonsignificant a=0.05 

the green trees, both in Nehalem and on the USFS sites; DBH 
of the yellow trees were 83 % of the green trees in Nehalem and 
80% on the USFS sites. For both tes t  series, height  for crown 
density class 2 was approximately 85% of tha t  for class 4; DBH 
of crown density class 2 was about 74 % of class 4. 

Site-to-site genetic correlations for foliage trai ts  were gene- 
rally higher among, the Nehalem ,sites than  between the two 
USFS trials (Table 5). Growth t ra i ts  tended to be bet ter  corre- 
lated across sites than  did the foliage traits ,  with the exception 
of a poor correlation of age-13 DBH between the two USFS 
sites (r=0.59). 

Table 5. - Site-to-site family mean and Type B genetic correlations for 
SNCtraits. 

Trait 
Nehalem t USFS 

Family mean Type B Family mean Type B 

Height 0.48 0.92 0.43 0.80 

DBH 0.43 0.90 0.33 0.59 

Color 0.24 0.87 0.34 O. 71 

Crown 0.32 0.84 0.51 0.64 
density 

Retention ' 0.26 0.95 
94 primary 

Retention 0.23 0.83 0.12 O. 10 
94 secondary 

Retention 0.40 0.86 
93 secondary 

i) Nehalem correlations are means of all combinations of 5 sites 
(10 pairs). 

The phenotypic correlations among the foliage t ra i ts  over 
time were relatively weak; however, the age-age family mean 
and genetic correlations calculated over the sites were modera- 
te to high (Table 6). 

Bud burs t  was highly heritable (Table 1), but  showed no con- 
s is tent  pa t te rns  of correlation with the foliage trai ts  (Table 2 

and 4). A slight negative correlation was found with the needle 
retent ion scores in Nehalem and a positive correlation with 
color at  the USFS sites. 

Table 6. - Phenotypic, family mean and genetic correlations among 
1996 and 1998 foliage traits for the Nehalem data. 

N eh a l em 

T r a i t  ~ Phenotypic Family Mean Genetic 

Crown density 0.28 0.49 0.68 

Color 0.27 0.60 0.87 

Retention 0.13 0.47 1.15 

1) Three sites were assessed for crown density and color, only two sites 
for retention. 

Discuss ion  

The foliage t ra i ts  all appeared to be under  genetic control, 
but  to a lesser degree than  for growth. Heritabili t ies reported 
for Pinus  radiata foliage trai ts  measur ing resistance to Dothi- 

s t roma p in i  (0.19 to 0.37 in CARSON and CARSON, 1986) and 
Cyclaneusma needle cast  (0.32 in KING et al., 1998) were both 
higher than  the heritabil i t ies for foliage scores in these trials. 
Nei ther  color nor crown density are continuous variables; the- 
refore, normali ty assumptions  were violated, which could be 
one explanation for the lower heritabil i t ies of the foliage traits.  " 
Another  possible explanation is tha t  all of the foliage scores 
were subjective and thus  have more measuremen t  error asso- 
ciated with them than  do the directly measured growth traits.  
To bet ter  unders tand  the repeatabil i ty of foliage scores, 150 
trees were scored for crown density at  the Slick Rock site in 
1998 by two separate  observers on consecutive days. One of the 
two observers used only categories 1 to 4 and the other  1 to 5. 
Of the 150 trees,  75 were given the same score by the two 
observers; of the remaining 75 trees, 69 differed only by 1. Six 
trees differed by 2 crown-density categories. Although this 
agreement  appeared relatively close, its correlation coefficient 
of r = 0.45 was less than  wha t  was expected. This finding 
demonst ra ted  how categorical variables may not give the same 
results  as would be expected from continuous variables. Heri- 
tability es t imates  could also be expected to be less than  those 
of an equally heri table continuous variable. 
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In a clonal test,  BLADA (1988) reported broad-sense her i tabi-  
lities for "resistance" larger  t h a n  0.75. This es t imate  could 
resul t  from increased env i ronmenta l  uniformity, a different 

a s s e s s m e n t  t ra i t ,  or a large portion of the  res is tance/ tolerance 
ar is ing from non-addi t ive  variat ion.  I f  non-addi t ive var ia t ion  is 
the  reason  for increased heritabili ty,  t hen  programs would need 
to reconsider  us ing  seed orchards  to produce seed to le ran t  to 
Swiss needle cast. Non-addit ive var iance cannot  be captured  in 
wind-poll inated orchards  and  only one-quar te r  of the  dominan-  
ce var ia t ion  can be captured  by using controlled-pollination. 

The foliage t ra i t s  showed reasonable  repeatabi l i ty  over sites 
and  years.  Site-to-site correlat ions for foliage t ra i t s  were some- 
wha t  smal ler  t h a n  for growth variables,  bu t  - except for USFS 
re ten t ion  - they were still s t rong (Table 5). The age-age pheno- 
typic correlat ions were low (typically < 0.5), bu t  the  genetic 
correlat ions were moderate  to h igh  (typically > 0.5). This differ- 
ence between phenotypic and  genetic correlat ions is par t ia l ly  
due to the  poor repeatabi l i ty  of individual  scores. 

For the  Neha lem data,  crown densi ty  and  color scores had  
much larger  correlat ions with growth data  t h a n  did the  needle 
re ten t ion  scores. Heri tabi l i t ies  for crown densi ty  were also 
larger  t h a n  those for color or re ten t ion  when  examined over all 
five Neha lem sites. These larger  her i tabi l i t ies  imply t h a t  crown 
densi ty  may be the  bes t  single foliage score for examining  
Swiss needle cast  tolerance. Crown densi ty  had  the  largest  
her i tabi l i t ies  in the  USFS trials,  but  the  correlat ion wi th  
growth t ra i t s  were poorer t h a n  those for color and  retent ion.  

Needle re tent ion was not apparent ly  as good a t ra i t  as expect- 
ed for assess ing tolerance. MAGUIRE et al. (2002) found needle 
re ten t ion  a good predictor of growth loss for a s tand.  Taller 
families were more exposed to wind and  sun  and  may have lost 
more needles as a result .  Another  possible explanat ion is t h a t  
the  disease does not  impact  t rees  unt i l  they have reached a size 
where  older needles contr ibute  a s ignif icant  proportion to the  
total  crown biomass.  Taller families would reach th is  point  
ear l ier  t h a n  shor te r  families. These points could help explain 
why the  foliage scores were negat ively correlated with he ight  
in USFS. Note, however, t h a t  the  correlat ions of foliage scores 
wi th  DBH were positive. 

Needle re ten t ion  scores may not  well r epresen t  total  foliage 
on an  individual  t ree basis.  The crown densi ty  score, which 
a t t empted  to es t imate  the  relat ive amoun t  of foliage on a tree, 
was poorly correlated wi th  the  needle re ten t ion  scores. For the  
Neha lem data,  the  individual  phenotypic correlat ion between 
crown densi ty  and  needle re ten t ion  (1994 secondary foliage) 
averaged only 0.15 over the  five tes t  sites. Fami ly-mean  corre- 
lat ions were 0.23, and  the  genetic correlat ion was 0.32. Many 
of the  t rees  wi th  relat ively dense c rowns  did not  have large 
re ten t ion  scores, bu t  appeared to have  larger  quant i t ies  of 
f i rs t-year  foliage t h a n  those t h a t  were less dense. 

Budbur s t  was under  s t rong genetic control (Table 1), but  i t  
was not  correlated with growth and  only correlated with foliage 
t ra i t s  in two ins tances  (Table 2 and 3). A sl ight  negat ive corre- 
lat ion wi th  one of three  needle-re tent ion scores was found in 
Neha lem and  a positive correlat ion with color was found on the  
USFS sites. The color score in the  USFS tr ia ls  was correlated 
with growth, suggest ing t h a t  budbur s t  may  be associated wi th  
disease tolerance; however, l a te r -burs t ing  families would not  
be expected to be any less susceptible because Swiss needle 
cast  spore flight continues for weeks af ter  budburs t .  These 
resul ts  suggest  t h a t  date of bud bu r s t  did not  affect tolerance. 

Because defoliation associated wi th  this  disease affects dia- 
me te r  growth before he ight  (MAGUIRE et al., 2002), for foliage 
t ra i t s  to be be t te r  correlated wi th  DBH t h a n  he ight  is not sur- 
prising. The data  from this  s tudy also showed t h a t  g rea te r  

crown densi ty  and  da rke r  color scores correlated wi th  improved 
d iamete r  growth more t h a n  wi th  he ight  growth. 

The most  useful definition of tolerance to Swiss needle cast  
is cont inued tree growth in the  presence of increased disease 
pressure,  as measured  by basa l -area  inc rement  from age 11 to 
14. Pas t  growth on the  diseased sites is one indicator  of fu ture  
growth, and  the  foliage t ra i t s  may be other  useful indicators.  
Because many  of the foliage t ra i t s  were correlated wi th  pas t  
and  subsequen t  d iamete r  growth, some basis  exists to suggest  
they may be indicators  of tolerance in the  future.  For two of the  
Neha lem sites, the  genetic correlat ion of crown densi ty  wi th  
subsequen t  basa l -a rea  inc rement  (0.90 and  0.79) was near ly  as 
h igh as the  correlat ion of a g e - l l  DBH and subsequen t  basal  
area  (0.93). 

The best  single t r a i t  to select for would be a direct  measure  
of basa l -a rea  increment .  Using  the  Neha lem data,  i t  was found 
t h a t  indirect  selection for basa l -area  inc rement  us ing  DBH 
(age- l l )  was 92% as efficient as direct selection. Including 
crown densi ty and color wi th  DBH in an  index only increased 
the  efficiency of indirect  selection to 93 %. Indirect  selection for 
basa l -area  inc rement  us ing a g e - l l  he ight  was 72% as efficient 
as direct  selection, and adding the  above two foliage t ra i t s  
increased selection efficiency to 83 %. The efficiency of selecting 
for basa l -area  inc rement  with  color and  crown densi ty  in an  
index was 57%. Al though the  use of the  foliage t ra i t s  can be 
helpful in selecting for increased basa l -a rea  inc rement  in the  
presence of the  disease, the  best  indicator  of fu ture  basa l -a rea  
growth was pas t  growth (i.e., a g e - l l  DBH). 

Not all tes t  series have basa l -area  inc rement  or even DBH 
data,  and  selecting for tolerance to Swiss needle cast  is l imited 
to us ing only he ight  and  foliage trai ts .  Height  was strongly 
correlated with subsequen t  basa l -area  inc rement  in the  
Neha lem data,  but  not  so for the USFS sites. This poor correla- 
t ion may be an  ar t i fact  of hav ing  to es t imate  early DBH with  
the he ight -DBH equation. If  the  poor correlat ion between 
he ight  and  basa l -a rea  inc rement  is real, t hen  the  foliage scores 
will contr ibute  to increas ing gain in disease tolerance because 
they had  larger  genetic correlat ions with es t imated  basa l -a rea  
increment .  

The top 10% of the  families selected for basa l -area  inc rement  
had  28% more basal  area  t h a n  the  populat ion average for the  
three  Neha lem sites wi th  age-14 DBH m e a s u r e m e n t s  and  26% 
more basal  area  for the  two USFS sites (Table 7). Actual  gains 
from us ing  the  pa ren t s  in a seed orchard (assuming no pollen 
contaminat ion)  would be close to these  differences (selection 
differentials) for most  t ra i t s  because gain is equal  to the  selec- 
t ion differential  t imes twice the  family mean  heritabili ty,  and  
most  family-mean her i tabi l i t ies  were near  0.5 (Table 7). This 
increased growth could offset the  27 % reduction t h a t  MAGUIRE 
et al. (2002) es t imated  for s tands  with only two years  of foliage, 
bu t  i t  may not offset the  growth reduction in s tands  wi th  one- 
and-a-ha l f  years of foliage or less (37% volume reduction with 
only 1.5 years of foliage). The 49% reduction expected for 
s tands  with only one year  of foliage probably could not be offset 
by a single genera t ion  of breeding . .On severely affected sites 
wi th  less t h a t  1.5 years  of foliage, avoiding Douglas-fir al- 
together  would be best  (FILIP et al., 2000). 

C o n c l u s i o n s  

Based on th is  information,  the  simple foliage t ra i t s  of crown 
densi ty  and  color may be reasonable  indicators  of tolerance to 
Swiss needle cast. These t ra i t s  were her i tab le  and  genetically 
correlated with basa l -a rea  growth. Use of these  t ra i t s  wi th  
DBH did litt le to improve gain over us ing  DBH alone. Many 
breeding programs have li t t le or no da ta  for DBH and basal-  
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Table 7 .  - Selection differentials from choosing the best 10% of the families for basal-area 
increment on three Nehalem sites and two USFS sites, including family mean heritabilities. 

Population Average of top % increase Family mean 
average 10% heritability 

NEHALEM 

Basal-area increment (mm2), age I l- 14 9118 11640 28'% 0.535 

DBH (nun), age-I 1 I 11.4 122.5 10% 0.571 

Height (cm), age- 1 I 771.6 817.4 6% 0.606 

Crown density, age- I 1 3.85 4.01 4% 0.541 

Color, age-I I 1.91 1.95 2% 0.329 

Needle retention, age-I 1 7.77 7.87 1% 0.379 

USFS-HEBO 

Estimated basal-area increment (mm2), 
age 10-13 6504 8174 26% 0.519 

Height (cm), age-10 502 543 8% 0502 

Crown density, age-10 3,57 3.74 5% 0.565 

Color, age- 10 1,97 2.08 6% 0.545 

Needle retention, age- I 0 7.39 7.49 1% 0.099 

a rea  inc rement ;  m a n y  have  only he igh t  data.  The foliage t r a i t s  

would  be useful  in e s t i m a t i n g  to lerance in these  s i tua t ions .  

Multiple si tes should be assessed  to ensu re  good da ta  are obtain- 

ed t h a t  will be applicable over  a wide var ie ty  of sites. Probably  

more  i m p o r t a n t  t h a n  a s s e s s i n g  foliage t r a i t s  is ob ta in ing  

g r o w t h - i n c r e m e n t  da ta  for families u n d e r  d isease  p res su re ,  .but 

collecting these  da ta  is not  a lways  possible.  
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