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Abstract

Testing of 58 seed sources of Pinus contorta DoucL. at
three locations over a 15-year period revealed the impact
of both seed source and planting site, and their interac-
tion. Site differences in total height varied from 270 cm
to 493 cm, and 63% of trees at one site suffered snow
damage. The local environment due to topography and
soil conditions had significant impact on the quality of
the lodgepole pine plantation. Provenance performarce,
in terms of growth, mortality and snow damage showed
a broad regional differentiation; provenances of coast-
interior transition origin were susceptible to winter injury
and those from the Rocky Mts. (U.S.) were slow growing.
Genetic differentiation among provenances from interior
British Columbia, the Yukon Territory, and Alberta
followed a northwest-southeast trend with a strong
modifying effect of provenance elevation. Regression
models relating provenance performance to geographic
variables accounted for 52% to 73% of the among-
provenance variation. Increasing winter hardiness and
tolerance of snow damage was associated with de-
creasing growth potential from south and east to north
and west, and from low to high elevation. Elevational
differentiation at high latitudes was not as evident. Prac-
tical implications in terms of seed transfer and selection of
seed sources are discussed.

Key words: Lodgepole pine, provenance, geographic variation,
growth, survival, snow damage.

Introduction

Taxonomically, lodgepole pine (Pinus contorta Douct.) is
considered a complex of four subspecies, but is commonly
accepted as consisting of an inland variety latifolia,
and a coastal variety contorta, sometimes called shore
pine (CrrrcurELp, 1980). Results from provenance tests
in the Yukon Territory and British Columbia have shown
a sharp differentiation from coast to interior; seed sources
with a trace of coastal influence were vulnerable to cold
injury at sites with continental climate (YinG et al., 1985;
Yine and IrnuingworTtH, 1986a); interior seed sources, on
the other hand, were susceptible to diseases in the coastal
environment (Hunt, 1981). These results suggest strong
adaptive genetic differentiation from the maritime coast to
the continental interior.

Provenance research with the inland variety has de-
monstrated a steep elevational cline (ReurELDT, 1988; YING
et al,, 1989). However, evidence also suggests that eleva-
tional genetic differentiation is not as clear among
populations north of latitude 56° (Yine and ILLINGWORTH,
1986a). LinnGren (1983) and Fries and LiNDGREN (1986)
reported that elevational differentiation among high lat-
itude populations has a thresholds provenances from
about 800 m grow faster than those from either below or
above this elevation. Narrow elevational distribution
(KocH, 1987) may have effectively prevented elevational
differentiation in the species’ northern range.
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Shore pine, due to its stunted growth and scrubby form.
is not a commercially important species. On the other
hand, the inland variety is a major timber species in the
interior region of British Columbia (B.C.). For this reason,
lodgepole pine provenance research in B.C. is directed
mainly towards the operational use of this species east
of the Coast Mountains where an extensive series of trials
were planted from 1973 to 1975 (Ying and ILLINGWORTH,
1986a).

Lodgepole pine, however, is known to be able to grow
well at difficult sites. These difficult sites include the
extensive area of exposed south aspects at medium to
high elevations in the coastal-interior transit.on zone in
southwest B. C. and of the dry high-elevation sites on the
Chilcotin Plateau (Fig. 1). In the former, lodgepole pine
is not an important component species of the forests, and
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Figure 1. — Location of provenance samples, division of prove-
nance regions (see Table 1 for elevational ranges within each
region), and test sites.
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2A. 2B. 2C.
Figure 2. — Illustration of trees suffering different degrees of snow damage at Anderson and Scuzzy: A. severely damaged trees;
B. moderately damaged trees which may recover and grow to harvestable timber; C. healthy and vigorous trees with no or
minor injury.

cone crop is not frequent. Planting of this species may  tical for successful planting at these difficult sites, if
have to depend on non-local seed sources. It was recog- non-local seeds have to be used. At the time when this
nized that selection of suitable seed sources may be cri- study was initiated, it was conceived that interior lodge-
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pole pine may be a potential seed source. To test this
assumption, it was decided to establish provenance tests
in this region.

Lodgepole pine is extensive on the Chilcotin Plateau
(Fig. 1) and regenerated naturally. However, once the re-
generation method changes, selection of seed sources be-
comes important. For this reason, the Chilcotin Plateau
was included in this study.

Eventually, provenance tests were established in 1973
at three locations, one on the Chilcotin Plateau and two
in the coast-interior transition zone in southwestern B. C.
A sample of 58 seed sources covering the natural range of
the subspecies latifolia in British Columbia, western Al-
berta and northern Cascades (CrircureLp, 1980) were
tested. The test plantations have been carefully main-
tained and provenance performance was assessed five
times over a period of 15 years.

This paper reports geographic variation of provenance
performance in growth, mortality and snow damage, and
its practical implications on seed transfer and selection
of seed sources.

Materials and Methods

The 58 provenance samples (Fig. 1) span 18° of latitude,
25° of longitude and 1,200 m of elevation, and were divided
into five regions (Fig. 1) according to the geographic pat-
terns observed in other studies (Ying and ILLINGWORTH,
1986a; Yinc et al., 1989). The number of provenances and
elevational ranges of provenance samples in each region
are given in table 1; elevational ranges of the provenance
samples reflect the declining elevational distribution of
natural lodgepole pine from low to high latitude (Kocw,
1987). Forty-five of the 58 provenances were tested at two
sites (Scuzzy and Anderson), and 43 at a third (Kloakut)
with 28 provenances common to all three sites. Each prov-
enance consisted of bulked seeds from 10 to 15 parent
trees, with a majority represented by seeds from 15.

The original plan was to establish two long-term field
tests, one on the Chilcotin Plateau and one in the coast-
interior transition in southwestern British Columbia,
with 10 replications in each. Because of the difficulty of
finding a site in the mountainous coast-interior transition
which was large and uniform enough to accommodate the
test, it was laid out at two locations, Scuzzy and Anderson,
approximately 18 kms apart (Fig. 1) with 6 blocks at
-Scuzzy and 4 at Anderson. Due to differences in local topo-
graphy and soil, growth was much more vigorous at Scuzzy
than at Anderson. The sites were therefore treated as two
separate tests. The Kloakut (Chilcotin Plateau) site was
planted in May, and Scuzzy and Anderson in June, 1972.
Provenances were planted in randomized complete blocks
of 8-tree row-plots, spaced 2.5 m within and 3 m between
rows. The test stock were 2+1 transplants grown at Red
Rock Research Station (interior) for Kloakut, and at
Cowichan Lake Research Station (coast) for Scuzzy and
Anderson. They were grown in three replications at both
nurseries.

Kloakut (latitude 51°38’; longitude 123°27’; elevation
1520 m) is a flat and dry, high elevation site; annual pre-
cipitation is about 400 mm and the frost free period is less
than 50 days (AnNas and Courk, 1979). Due to a history
of fire, the soil is exposed with very little organic material.
Lodgepole pine dominates the natural forest. Both Scuzzy
(latitude 49%49’; longitude 121°38’; elevation 950 m) and
Anderson (latitude 49°52’; longitude 121°24’; elevation 1010

-\

Table 1. — Number of provenances and their elevational ranges
in each region.

No. of Elevational
Region Plantationl provenances range (m)
N. Interior K 10 457-1173
S&A 5 457-1173
common 5 457-1173
C. Interior K 13 518-1204
S&A 14 671-1280
common 7 697-975
S. Interior K 17 579-1661
S&LA 16 §79-1661
common 14 §79-1661
C.-I. Transition K 3 1059-1128
S&A 8 1059-1128
common 3 1059-1128
Rocky Mts. (US) K - -
S&A 2 2134-2134
common - -
1) K = Kloakut; S & A = Scuzzy and Anderson; common =

provenances tested at all sites.

Table 2. — Format of combined ANOVA of Kloakut and Scuzzy.

Source of EMs]

Site 1 a2+ Kluzsp + ZBK]ozs

Blocks in Site 14 o? + 2802b(s)
Provenance 27 o2+ Klazsp + ZKlazp
Region 3 a2+ Klazsp(r) + ZKIaZp(r) + 2K]K29
Prov. in Region 24 o2+ chzsp(r) + ZKIq2 p(r)
Site x Provenance 27 o2+ Kluzsp
Site x Region 3 o2+ Kluzsp(r) + Kleozsr
Site x Prov. in Region 24 a2+ K]azsp(r)
Error 377 o2

1) K, =175 and K2 = 4.4, harmonic means of number of replica-
tions per site and number of provenances per region, respec-
tively.

m) are located in the wet submaritime/subcontinental
climatic zone with 1500 mm annual precipitation (half of
it snowfall) and approximately 150 frost free days (Kuinka
et al.,, 1984). Natural lodgepole pine only occurs scattered.
The Anderson site is a northeast facing, narrow slope
with gradients varying from 5% to 35%; parts of the
four blocks extend over the ridge c¢rest. Shallow stoney
loam characterizes the soil of the Anderson site. The
Scuzzy site is southeast facing with four blocks located
on a steep (25% to 50%), but relatively uniform middle
slope, and two blocks on a lower slope of irregular shape.
The soil is deep sand, mostly over 50 cm in depth. Both
sites are nutrient poor with humus layers mostly less than
5 cm.

Height growth and survival were recorded after 1, 3, 6,
10 and 15 growing seasons in the field (ages 4, 6, 9, 13, and
18 from seed) and diameter was measured only at Scuzzy
and Anderson at the end of the 15th growing season. Tree
age from here on means the number of years in the field.
Height:diameter ratio was calculated as an indicator of
stem taper. Volume was estimated according to the for-
mula of Kovats (1977). Tree injury and damage occurred
extensively at Anderson and were assessed at both An-
derson and Scuzzy in 1987 (age 16). Trees were classified
into three categories according to the severity of damage,
mainly by snow: a) severely damaged trees including those
toppled, severely crooked, or with broken trunk, that
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probably will never recover and grow to harvestable
timber (Fig. 2A); b) moderately damaged trees that may
recover and grow to harvestable timber (Fig. 2B); c)
healthy and vigorous trees uninjured or with minor injury
(Fig. 2 C).

Analysis of the test results emphasized those traits that
were not seriously confounded with other traits and
also reflected the differentiating power of the test envi-
ronment. For example, the extensive snow damage at
Anderson seriously affected height but provided the en-
vironment to differentiate provenances in their ability to
whithstand snow press. Therefore, at Anderson, snow dam-
age was the only variable chosen as an indicator of
provenance performance. For the same reason, total
height, diameter and volume at Scuzzy, and height and
survival at Kloakut were chosen as indicators of prove-
nance performance at these two sites.

Data were subjected to analysis of variance (ANOVA)
with provenance effect further subdivided into compo-
nents of geographic regions and provenance-within-re-
gion. Combined ANOVA were done only for height and
survival at Scuzzy (Transition) and Kloakut (Chilcotin).
The main interest in combined ANOVA was site-prove-
nance interaction. To reduce the scale effect of site dif-
ference (mean height at Scuzzy twice that at Kloakut)
which could mask the variance of site-provenance inter-
action, plot means were adjusted by subtracting site
means before the analyses. Survival percent was trans-
formed to angular scale before ANOVA. Both site and
provenance effects were considered random, and region
fixed (Table 2); sites were treated as random because
these sites are quite typical of the environmental condi-
tions in Chilcetin and Transition.

For simplifying variance component estimate and F-
test, provenance-within-region was used as the error term
to asses the effect of provenance region (Table 2). It is
equivocal statistically that interaction between site (a
random factor) and provenance region (a fixed factor) be
a component of the provenance region mean square (Table
2), which renders both variance component estimate and
F-test an approximation. However, since interpretation of
the variance component emphasized its age trend rather
than its magnitude at a particular age, this simplifica-
tion should not be critical. Results of ANOVA were pre-

sented as a percentage of variance components including
the fixed factor.

Multiple regression was used to develop response mod-
els relating provenance performance to latitude, lon-
gitude, elevation, their quadratic forms and products, and
geographic region of provenance origin; geographic region
was treated as a set of qualitative variables coded as 1 or 0.
Independent variables which significantly reduced the sum
of squares in dependent variables were selected according
to a stepwise method for maximizing R? (SAS Institute,
Cary, NC, USA). To avoid over-fitting, only independent
variables with partial regression coefficients statistically
significant at the 0.05 or higher probability level were
included in the model. Adequacy of the models were
judged by the coefficient of determination (R?), residual
mean squares, and structure displayed by residuals. Pat-
terns of geographic variation depicted by the regression
models were then graphically presented. The purpose
of the regression analyses is descriptive (depicting
trend of geographic variation), not predictive (predicting
provenance performance). To facilitate the comparison
of geographic variation between sites and with the
results of other studies, only provenances from North-
ern, Central and Southern Interior (Fig. 1, Table 1)
were included in regression analyses. The lodgepole pine
within this vast area is the most valuable genetic resource
for silviculture and tree improvement in British Co-
lumbia.

Results

Site differences in height, survival, and the potential
to produce high quality timber were large. Trees at Scuzzy
grew 83%p taller than those at Kloakut, and produced
nearly twice the volume as those at Anderson (Table 3).
The poorest provenance at Scuzzy grew faster than tke-
best at Kloakut. Differences in survival among the three
sites were not as striking as growth (Table 4). However,
36% of the living trees at Kloakut suffered winter injury
(Table 4) suggesting substantial increase of mortality in
the future at this site. High mortality occurred in the first
three years after planting, 21% at Kloakut, 13% at Scuzzy,
and 12% at Anderson.

At Anderson, 63% of the trees suffered various degrees
of snow damage compared to 26% at Scuzzy; the percent-
age of severely damaged trees at Anderson was three

Table 3., — Mean difference among provenances from different geographic regions in 15-year
height, stem taper (height:diameter ratios), and volume at the three test sites.

Height (cm) Stem taper Volume (m3)!
Region Anderson  Scuzzy Kloakut Anderson  Scuzzy Anderson  Scuzzy
N. Interior 315 424 240 52 64 5.2 8.8
C. Interior 348 503 275 52 65 7.3 14.2
S. Interior 369 529 286 51 65 8.8 16.7
Coast/Interior Transition 344 453 263 50 62 8.0 12.0
Rocky Mt. (U.S.) 330 435 - 53 61 6.4 11.1
Site mean 350 493 270 52 64 .7 14.0
LSD (.05) 37 44 20 3 2 2.0 2.5
LSD (.01) L] §9 26 4 3 2.7 3.4

1) Individual tree volume x 1000.
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Table 4. — Mean differences among provenances from different geographic regions in 15-year
survival and 16-year snow damage at the three test sites.

Survival (%) (Survivall ma %
=N % vere M t
Region Anderson  Scuzzy Kloakut Kloakut Anderson Scuzzy Anderson Scuzzy
N. Interior 78 84 88 60 24 12 40 16
C. Interior 80 84 80 51 33 11 28 14
S. Interior 76 84 68 42 41 13 30 14
Coast/Interior 81 82 67 37 27 10 27 14
Transition
Rocky Mt. (U.S.) 75 84 - - 21 8 29 19
Site mean 79 84 76 49 33 11 30 15
LSD (.05) 13 10 12 9 17 6 10 6
LSD (.01) 18 13 16 12 23 8 14 8

1) W. 1.: Winter injured trees.

times higher than at Scuzzy (Table 4). Such trees likely
will never recover and grow to harvestable timber (Fig.
2A). Greater stem taper at Anderson than at Scuzzy
(Table 3) probably was the result of the cumulative effect
of snow damage to height at the former.

Differences among provenances from different geo-
graphic regions were also large. Provenances originating
from the southern and central interior, the southern in-
terior ones in particular, were superior to those from
other regions in growth, and this superiority was most
obvious at Scuzzy (Table 3). At Scuzzy, the southern in-
terior provenances grew 40% more volume and had sig-
nificantly more slender stem form than those from the
coast-interior transition (Table 3) where the Scuzzy and
Anderson tests are located (Fig. 1), and none of the prov-
enances from outside the central and southern interior
grew above plantation mean in total height, diameter or
volume. On the other hand, trees from the southern and
central interior suffered the most severe snow damage at
Anderson, higher than trees from other regions (Table 4).
Observation suggests that fast growing trees with both

Table 5, — ANOVA by individual test site for height and survival.
Variance components presented as intra-class correlations (per-
cent of the total of all components).

Trgnl
Source of Htl Ht3 Ht6 HT10 HT1§ Surv. 15
Scuzzy
Blocks in Site 5 22%% T 10%* 16%* ot
Region 4 25%% 7% 234+ 19% 22% oM
Prov. in Region 40 200 12e oV ot ot N
Error 211 33 57 72 71 62 96
Error MS 8 52 613 2583 7763 233
Kloakut
Blocks in Site 9 Tee 22%% Q5% 274 24 144
Region 3 21%% 16+ ot [ 18%* 20%*
Prov. in Region 39 19%* g J3ar bad 4 13+
Error 377 3 54 62 58 54 53
Error MS 7 26 121 711 1866 222

1) Hil: 1st:-year height, etc.; Surv. 15: percent of 15-year survival
in angular scale. N: not significant; *) significant at 0.05 level;
*+) gignificant at 0.005 level or higher.

long internodes and branches were susceptible to snow
damage.

Regional differences in survival were small (not sta-
tistically significant) at Scuzzy and Anderson, but were
large and highly significant at Kloakut (T'ables 4 and 5).
Provenances from the central and northern interior toler-
ated the harsh environment at Kloakut significantly bet-
ter than those from the southern interior or coast-interior
transition (Table 4).

ANOVA for individual sites (Table 5) confirmed the
strong regional influence on height (Table 3), and this
influence, relative to the component of provenance-
within-region, increased after age 6. The error component
for height increased rapidly from age 1 to 3 to 6 and then
leveled off at Scuzzy, but was about the same magnitude
at all ages at Kloakut (Table 5). A sudden drop in the re-
gional component from age 3 to 6 at Kloakut was intriguing
(Table 5). To aid the interpretation of this age trend in
variance components, height increments between measure-
ments were analyzed in the same manner as total height.
The results showed a similar age trend as total height,
that is, the ratio of region to provenance-within-region
components increased with age except fromr age 1
to 3. The data also revealed that a dramatic con-
vergence of regional means occurred at age 6 (1977) at
Kloakut; the range in regional mean 6-year heights was
only 4% of the site mean compared to about 14% at other
years. No such convergence occurred at Scuzzy, Weather
records at a station near Kloakut showed no unusual
climatic event during the period of testing. Unstable pat-
tern of variance in growth before age 6 was also observed
at other test sites in interior British Columbia (Yi~nc et al,,
1989). This unstable pattern of variance in growth before
age 6 was probably a natural phenomenon of lodgepole
pine adjusting to the new environment after planting. The
large 2-+1 planting stock might have prolonged recovery
from planting shock and also contributed to this unstable
pattern of growth.

Survival was strongly associated with provenance origin
at Kloakut, but not at Scuzzy where the error variance
component accounted for over 90% of the total variation
(Table 5). Kloakut with its harsh climate exposed the
regional differences in hardiness (Table 4). The percentage
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of total variance associated with different sources chang-
ed very little after age 3 at both sites.

At Anderson, differences in percent of severely damaged
trees among regions and among provenances within re-
gions were highly significant, accounting for 3% and 27%
of the variation respectively. Regional differences in stem
taper (height : diameter ratio) were significant at Scuzzy,
although they accounted for only 8% of the variation.

Combined ANOVA of Scuzzy and Kloakut for height
showed a similar age trend as at individual sites, a steady
increase in the regional component accompanied by a
decrease in the provenance-within-region component from
age 6 on (Table 6). This age trend can be expected if re-
gional variance reflects natural selection of climatic
adaptation. The components for the interaction terms
showed no apparent age trend (Table 6). Combined
ANOVA for survival showed significant effect of prove-
nance region, but not provenance-within-region (Table 6);
interactions of site with provenance origin were statisti-
cally significant at all ages. This reflects essentially the
influence of the result at Kloakut, since provenance varia-
tion in survival at Scuzzy was small and not statistically
significant (Table 5). The relative magnitude of variance
components varied very little from age to age (Table 6),
as was observed at individual sites.

The “best” regression models relating provenance per-
formance to geographic variables of the seed source are
given in table 7, and graphically illustrated in figures 3
to 8. The models accounted for 52% to 73% of the among-
provenance variation (Table 7). The pattern of geographic
and elevational variation depicted by regression models
can be simply described as clinal from northwest to south-
east with elevation imposing a strong modifying effect.
This northwest-southeast trend reflects essentially a lat-

Table §. — Combined ANOVA of Kloakut and Scuzzy for height!)

and survival. Variance components derived according to the

format in Table 1, and presented as intra-class correlations (per-
cent of the total of all components).

Years after planting

Source Df 1 3 6 10 15
1 Height
Site 1 - - - - -
Blocks in Site 12 180 15ex g 16+* 164+
Region 3 13 9* 2* 7 145+
Prov. in Region 2 11* g o oM o
Site x Region 3 N N 19%+ sV 7
Site x Prov. in Region 24 10%+ N 7 3" M
Error 3 m 60 62 68 59
Error Ms 8 37 323 1524 4439
Survival
Site 1 gre 1R Jom 6* ex
Blocks in Site 14 g+ grr Jork 114w 1%+
Region 3 ™ ™ 7* 7™ 8
N N N N N
Prov. in Region 24 0 3 4 5 6
Site x Region 3 13* 9* 9* 10+ 1%
Site x Prov. in Region 24 1N 10** 7an 7ae 5%
Error 377 52 51 52 54 53
Error Ms 208 228 239 233 225

1) Adjusted to site mean height before analysis. N: not sigtificant;
*) significant at 0.05 level; **) significant at 0.01 or higher level.
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Table 7. — Summary of regression analysis for height (cm), sur-
vival (%), and percent of severely snow damaged trees.

Dependent Independent Partial Standard  F-test
Site variable variable coefficient error p< R2
Kloakut Ht. 15 Lat. 7.0542 1.8916 L0007 .732
Long -0.2157 0.0881 .0194
th.2 -0.0667 0.0174 .0005
Constant -132.1555 53.2460 .0179
Kloakut Surv. 15 Lat. 69.6183 16.1390 .0001 .667
Elev. 0.7123 0.1549 .0001
Long. x elev. -0.0058 0.0013 .0001
Long.2 0.1403 0.0333 .0002
Lat. x long. -0.5419 0.1323 .0002
Constant -2202.1776 493.4835 .0001
Scuzzy Ht. 15 Elev -0.0078 0.0018 .0002 .660
Lat.2 -0.0132 0.0016 -0001
Constant 97.9312 5.8499 .0001
Anderson  Snow damage Lat. ~73.3863 31.9389 .0290 .519
Long. -30.2290 13.6268 .0345
Elev. -0.4049 0.1411 .0076
Lat. x elev. 0.0070 0.0027 .0134
Lat. x long. 0.5333 0.2538 .0444
Constant 4192.0977  1106.3089 .0204

itudinal (north-south) cline because of the geographical
orientation of British Columbia. The modifying effect of
provenance elevation seems to become weaker at high
latitude, probably due to the narrow elevational range of
lodgepole pine at high latitude (Table 1) (Kocn, 1987).
The qualitative variables representing geographic regions
were not selected by the stepwise procedure in any of the
regression models (Table 7), although ANOVA indicated a
significant effect of region on growth at Scuzzy, and
growth and survival at Kloakut (Table 5). High correlation
of qualitative variables with latitude (r = 0.8) may have
caused them to be eliminated.

Elevational trends for height at Scuzzy, snow damage at
Anderson, and survival at Kloakut are illustrated in
figures 3, 4 and 5, respectively. The higher the elevation
of seed origin of the provenances, the lower the growth
potential (Fig. 3), the lower their susceptibility to damage
caused by snow press (Fig. 4), and the higher their tol-
erance to harsh environments (Fig. 5), although elevational
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Figure 3. — Latitudinal and elevational trend in predicted 15-year

height at Scuzzy derived from regression model in Table 7.

Distance between lines is equivalent to one standard error of
provenance means (e.g. +2 = 2 standard errors above mean).
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Figure 4. — Elevational trend in predicted percent of severely

damaged trees (Fig. 2A) at Anderson derived from regression

model in Table 7, at average latitude and longitude of southern,
central and northern interior provenances (Fig. 1).
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Figure 5. — Elevational trend in predicted 15-year survival at

Kloakut derived from regression model in Table 7, at average

latitude and longitude of southern, central and northern interior
provenances (Fig. 1).

cline becomes less evident from southern to northern
interior.

The northwest-southeast (north-south) trend in geogra-
phical patterns is shown for height at Scuzzy (Fig. 3) and
Kloakut (Fig. 6), snow damage at Anderson (Fig. 7), and
survival at Kloakut (Fig. 8). Volume and diameter at
Scuzzy had the same pattern as height. At a constant
elevation, the farther north and west the provenance
origin, the lower their growth potential at both Scuzzy

and Kloakut (Figs. 3 and 6), the higher their survival at
Kloakut (Fig. 8), and the lower their vulnerability to snow
damage at Anderson (Fig. 7).

Between-age correlations in height were much lower,
on average, at Kloakut than at Scuzzy (Table 8). There
were no major rank changes in total height at Scuzzy
after 6 years, but at Kloakut relative ranking only became
stable after 10 years. Correlations were based on the 28
common provenances.

Discussion

The different performance of lodgepole pine prove-
nances at Scuzzy and Kloakut (Figs. 3, 6 and 8; Tables 3
and 4) is rather expected because of the very different
environments at these two sites. But Scuzzy and Anderson
are located within 18 km of one another and in the same
climatic zone, and lodgepole pine is the recommended
species for both sites according to the species selection
guideline (Krinka et al., 1984); the excessive snow damage
at Anderson demonstrates the importance of local envi-
ronment affecting the quality of a lodgepole pine plan-
tation (Table 4).

The Scuzzy plantation is located on a southeast facing,
mostly steep and long slope, whereas Anderson sits on a
northeast facing, narrow, and gentle slope. The long, steep
slope plus warm aspect may have prevented excessive
accumulation of snow and thus reduced the incidence of
damage at Scuzzy. The shallow and rocky soil at Ander-
son could also impair the development of a sound root
system and thus render the trees vulnerable to snow press
(31% of trees toppled).

Seed transfer in British Columbia is guided by limiting
the distance of allowed transfer from origin (floating prin-
ciple) and by zones of fixed boundary (Anon. 1989). How-
ever, a mosaic pattern of environmental variation as illus-
trated in the situation of Scuzzy and Anderson can render
this traditional approach less effective. A site specific
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Figure 6. — Latitudinal and longitudinal trend in predicted 15-

year height at Kloakut derived from regression model in Table 7,

at average provenance elevation (9300 m). Distance between lines

is equivalent to one standard error of provenance means (e. g +2
= 2 standard errors above mean).
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mean).
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Figure 8. — Latitudinal and longitudinal trend in predicted 15-

year survival at Kloakut derived from regression model in Table

7, at average provenance elevation (900 m). Distance between lines

i1s equivalent to one standard error of provenance means e.g.
+2 = 2 standard errors above mean).

transfer (based on biotic and abiotic characteristics of
the sites rather than distance) can remedy this deficiency.
However, this requires testing in diverse sites representing
a good sample of the target environments. In the interior
region of British Columbia, the network of lodgepole pine
provenance trials (YiNne and ILLiNGworTH, 1986a) may pro-
vide such an opportunity.
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Table 8. — Correlation matrix of between-age height growth
based on means of the 28 common provenances (Fig. 1), at
Kloakut (above diagonal )and Scuzzy (below diagonal) (correla-
tion coeff. = 0.37 and 0.48 significant at 0.05 and 0.01 level respec-

tively).
Height! Htl Ht3 Ht6 Ht10  Ht15
Htl .90 .03 .32 .43
Ht3 .93 .13 .47 .58
Ht6 .75 .85 .70 .43
Ht10 .56 .67 .91 .90

Ht15 .63 .70 .90 .95

1) Htl = total height after one growing season, etc.

The broad regional pattern of geographic variation ob-
served in this study is in agreement with the results of
tests in the interior B.C. (Yinc et al., 1985; YIne and
ILLingworTH, 1986a; Yine et al., 1989), that is, provenances
with coastal influence are less hardy and thus susceptible
to winter injury at sites with continental climate, e. g. the
poor performance of coast-interior transition provenances
at Kloakut (Table 4). Also, provenances from the U. S.
Intermountain/Rocky Mountains region are slow-growing
(U.S), e. g. the performance of Rocky Mts. (U.S.) prove-
nances at Scuzzy (Table 3).

The commercially most valuable types of lodgepole pine
exist in the vast interior of British Columbia, Alberta,
and the Yukon (KocH, 1987), and in this area, the variation
pattern of provenance performance in growth, mortality
and snow damage was clinal along environmental gra-
dients with latitude and longitude (southeast to north-
west), and elevation (Table 7, Figs. 3 to 8). This north-
west-southeast clinal pattern also has been reported in
wood density (Yancuuk, 1986), reproductive growth and
shoot morphology (O’Reniy and Owen, 1988 and 1989),
cone production (YiNne and ILLiNGworTH, 1986b), and resist-
ance to needle cast (Hunt et al., 1987; Yine and Hunr,
1987).

The elevational cline in lodgepole pine has been well
documented. Elevation was the single most important

geqgraphic variable affecting population differentiation

of lodgepole pine from the Rocky Mountains of the United
States 1n growth potential and freezing tolerance (Reu-
rELDT, 1988), and resistance to needle cast (Horr, 1985;
ReureLpt, 1987). Similar elevational differentiation was
also observed in this and a number of other studies in
British Columbia, e. g. in needle-cast resistance (Hunt
et al., 1987; Yine and Hunt, 1987), growth potential (Yine
et al, 1985; Yinc et al.,, 1989), and frost injury (M. Cart-
soN, personal communication). The slow growth of prove-
nances from the northern Cascades and Rocky Moun-
tains (U.S.) (Fig. 1) in this (Table 3), and in other studies
in British Columbia (YinG et al., 1985; Yinc et al., 1989),
can also be attributed to their high-elevation origin.
The elevational influence on population differentiatien;
however, seems to decrease with increase of latitude (Figs.
4 and 5). Ten-year height and volume among populations
from north of latitude 53° at two trials in the Yukon
were not related to elevation of provenance origin (Yinc
and ILLingworrH, 1986a). Both Linpcren (1983) and Fries
and LiINDGREN (1986) reported a threshold elevational effect
of provenances from the same region; trees originating
from below 800 m were of higher growth potential than



those from above this elevation. Since the elevational
range of natural lodgepole pine decreases with increasing
latitude (Kocwu, 1987), less elevational differentiation at
high latitude would be expected.

Strong site-and-provenance interaction on survival (Ta-
ble 6) suggests the necessity of limiting seed transfer.
Planting of lodgepole pine from southern interior (south
of latitude 52° (Fig. 1) at dry high elevation sites in the
Chilcotin Plateau is undesirable, in view of their high
mortality and susceptibility to cold injury at Kloakut
(Table 4, Fig. 8). Interior provenances from latitude 53°
to 57° are expected to have above average survival (Fig. 8)
and height growth (Fig. 6). Although these central interior
provenances may be able to tolerate cold temperatures,
their ability to cope with drought stress in the long run
is unknown. It seems to be prudent to use local seeds at
these harsh dry sites.

On the other hand, the 15-year testing results clearly
indicated the potential of interior sources of lodgepole
pine for reforestation at sites similar to Scuzzy in the
coast-interior transition of the Lower Coast. There was
no evidence that the closest provenances are optimal,
i.e. provenances from the same climatic region where
the tests are located did not survive or grow better (Tables
3 and 4). At Scuzzy, of the 10 most productive provenances,
seven were of southern interior origin and three from the
central interior which outgrew the “local” provenances
(Coast/Interior Transition) by an average of 40% in
volume. But snow damage to trees from these productive
provenances occurred more than twice as often than to
“local” ones at Anderson. Therefore, selection of planting
sites to minimize the impact of snow damage or other
potentially damaging events is equally important in order
to capitalize on this potential for increased growth.

In addition to winter injury and snow damage, lodgepole
pine can be very susceptible to various diseases, insect and
rodent damage at some sites (Yine et al., 1985). This
species is becoming increasingly important in reforestation
in B.C.,, and planting of genetically improved trees will
rapidly increase in the next decade. Unless we understand
the nature of its genetic interaction with ecological fac-
tors of planting sites which accounts for these biotic and
abiotic hazards to lodgepole pine plantation, projected
gain in productivity from its intensive silviculture cannot
be certain.
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