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SUMMARY

Effects of light availability (percentage of above-canopy light,
PACL) on the terminal growth (height increment, caliper,
caliper2*height increment, height increment:caliper ratio) and
leaf characteristics of shade-intolerant lodgepole pine and
moderately shade-tolerant interior spruce were examined on
naturally regenerated seedlings across three actual soil moisture
regime (SMR) strata (moderately dry, slightly dry, and fresh-
moist) in the western portion of the Sub-Boreal Spruce Zone.

Comparisons of the growth of open-grown seedlings indi-
cated that height increment (HI), caliper (C), and cal-
iper2*height increment (C2*HI) in lodgepole pine were greater
than those in interior spruce across all SMR strata, but there
was no difference in the height increment:caliper ratio (HI:C)
between the two study species. In lodgepole pine, all growth
characters (HI, C, C2*HI, and HI:C) did not change with SMR,
whereas in interior spruce these growth characteristics were
significantly higher on fresh-moist sites and slight dry sites than
on moderately dry sites.

With decreasing light availability, both study species reduced
terminal growth. To reach the half of maximum HI, both
species needed approximately  to % PACL. The PACLs for
lodgepole pine to reach the half of maximum C were % on
moderately dry sites, % on slightly dry sites, and % on
fresh-moist sites, whereas in interior spruce, these PACLs were
%, .%, and .% on moderately dry sites, slightly dry sites,
and fresh-moist sites, respectively. The rate of relative reduction
in HI did not differ significantly either between species or
among SMR strata. The rate of relative C reduction was signifi-
cantly greater in lodgepole pine than in interior spruce on
moderately dry sites, but not on slightly dry and fresh-moist
sites. Within lodgepole pine, this decrease in C on moderately
dry sites was greater than that on slightly dry and fresh-moist
sites, but the rate of decrease in C did not differ among SMR
strata in interior spruce. Similar to C, relative reduction in
C2*HI of lodgepole pine was greater than that of interior spruce
on moderately dry sites, but this species difference was not
significant on slightly dry and fresh-moist sites. Significant
decrease in HI:C ratio in both species indicated that reduction
in HI was greater than that in C. Specific leaf area (AS) in-
creased with decreasing light availability in both species. The
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pattern of change in AS did not differ either between species or
among SMR strata.

Key words: seedlings, lodgepole pine, interior spruce, terminal
growth, specific leaf area, light availability, soil moisture reg-
imes, shade tolerance.
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INTRODUCTION

The use of any silvicultural practice should be based on knowl-
edge of the growth performance of the trees of interest in
various environmental conditions. In British Columbia, this
knowledge has been summarized for the clearcutting system in
stocking standard guidelines (Klinka et al. ; Silviculture
Interpretations Working Group ). However, harvesting,
regeneration, and site preparation practices are currently being
modified to maintain long-term site productivity and biolog-
ical diversity. The primary modification is the use of regenera-
tion cutting methods that retain various amounts of overstorey
canopy cover. Thus, for successful regeneration we now require
knowledge of how the growth of tree species responds to
various light conditions on a given site. Although the impor-
tance of shade tolerance for regeneration and growth has been
stressed (Daniel et al. ; Spurr and Barnes ), the growth
performance to light availability for many tree species has been
insufficiently explored. In B.C., exploration of growth–light
relationships has started for several species (Carter and Klinka
; Klinka et al. ; Wang et al. ). This study expands
the exploration of this relationship to lodgepole pine (Pinus
contorta  Dougl. ex  Loud.) and interior spruce (Picea engelman-
nii  Parry ex  Engelm. x Picea glauca  [Moench] Voss).

Lodgepole pine and interior spruce are each a major species
of interior montane boreal forest in British Columbia. Lodge-
pole pine is considered very intolerant of shade and a seral
species, although self-regenerating stands occur on some sites
and in some situations (Krajina ; Minore ; Schmidt
and Alexander ; Stuart et al. ; Lotan and Critchfield
; Meidinger and Pojar ). Shade tolerance of interior
spruce is rated as intermediate (e.g., Krajina ; Minore ;
Nienstaedt and Zasada ), and the species is predicted to be
one of the climax species over a large area of central and
northern interior B.C. (Krajina ; Meidinger and Pojar
). Since these species have different tolerance to shade, they
might have different responses in their growth and structural
and physiological characteristics to various light conditions. In
this study, our objectives were () to determine the terminal
growth potential at optimum light environments for lodgepole
pine and interior spruce on different sites, () to quantify the
responses of terminal growth and specific leaf area to light





availability across a range of site qualities, and () to compare
the changes in growth and specific leaf area in relation to light
availability between the two species and among sites with dif-
ferent soil moisture availability. Similar to previous studies
(Carter and Klinka ; Klinka et al. ; G. Wang et al. ),
we used the framework of biogeoclimatic ecosystem classifica-
tion (Pojar et al. ) to determine soil moisture and naturally
established seedlings to determine the terminal growth and
specific leaf area.

MATERIALS AND METHODS

Study sites were located in the Sub-Boreal Spruce (SBS) Zone
in the geographically adjacent Dry Cool SBS (SBSdk) and
Moist Cold SBS (SBSmc) subzones near Smithers, British
Columbia (Meidinger and Pojar ). Nineteen lodgepole pine
(Pl) and  interior spruce (Sx) sites were located and mea-
sured in the summer of  (Table ). Study sites were chosen
to gain a representative sample of each species across a range of
soil moisture conditions in the two subzones. These subzones
have a mean annual precipitation of between  and  mm,
and a mean annual temperature of between  to °C (Environ-
ment Canada ). Relative soil moisture regimes (SMRs)
were identified in the field based on a combination of topogra-
phy, soil morphological properties, and indicator plants. Rela-
tive SMRs were converted to actual SMRs using the methods
and procedure described by Wang et al. ().

Each study site was relatively uniform in topography and
soils, and consisted of a clearcut adjacent to a mature stand.
Study sites supported the growth of well-established, natural
regeneration of one of the two study species. Thus, the seed-
lings were exposed to a variety of light conditions along a
transect line from an open area (clearcut) to stand-edges,
canopy gaps, and understories in adjacent, mature stands. On
each site, between  and  seedlings that experienced no
apparent light competition from shrubs and herbs and had no
apparent damage were sampled systematically along transect
lines. The study seedlings were between . and . m in height.
Relatively stable light conditions above selected sample seed-
lings were judged from a small variation in height increment of
the seedlings in the last three years.

Three measurements were taken on each sample seedling:





light availability, current terminal shoot height increment (HI),
and caliper at the base of the leader (C) or current terminal
shoot diameter. Additional samples were taken from a random
subsample of sample seedlings for determining specific leaf
area.

  Number of study sites and seedlings stratified according to
species and actual soil moisture regime

Actual SMR Number of sites Number of seedlings

Lodgepole pine

Moderately dry (MD) 7 795

Slightly dry (SD) 6 613

Fresh and moist (FM) 6 645

Interior spruce

Moderately dry (MD) 4 375

Slightly dry (SD) 7 672

Fresh and moist (FM) 3 272

Light availability for each sampled seedling was determined
by the procedure described in Carter and Klinka (). Light
measurements were taken between mid-June and mid-August
when skies were clear. A sunfleck ceptometer (Model SF-,
Decagon Devices ), which had  light sensors placed at
one-centimetre intervals along a probe, was used to measure
instantaneous photon flux density of photosynthetically active
radiation (PAR, - nm; µmol m-2s-1) received by each
seedling. The ceptometer was placed at the tip of the terminal
shoot of each sampled seedling. Open-sky PAR was measured
in -minute intervals using a point PAR sensor (LI-COR Inc.,
LI-SA quantum sensor) connected to a LI- datalogger
(LI-COR Inc. ), which was placed in an open area adjacent
to each study site. To ensure agreement between the point
sensor and the ceptometer, the sensors were placed side by side,
and PAR readings were compared in a range over a  to 

µmol m-2s-1. The difference between the two instruments was
less than .%. The clocks of the ceptometer and datalogger
were synchronized every morning prior to taking PAR mea-
surements. The PAR associated with each seedling was esti-
mated from the average of two measurements taken at a °





angle. These measurements were taken twice during the day,
from : to : and from : to :, in an attempt to
mitigate variation associated with solar elevation and sunflecks.

Absolute PAR values were converted to relative values as a
measure of the light environment of sampled seedlings using
the percent of above-canopy light (PACL):

[]PACL (%) = Qi × 100
Q o

where Qi is the averaged PAR reading from the ceptometer and
Qo is the time-matched PAR reading from the datalogger. The
PACL values, one for the morning and one for the afternoon,
were averaged to obtain a final PACL value that represented the
relative measure of light available to each seedling.

Height increment (HI) was measured to the nearest milli-
metre using a steel ruler, and caliper (C) to the nearest . mm
using a digital micrometer. The samples for specific leaf area
(AS) were taken from three, randomly selected seedlings in one
of seven PACL classes: <%, –.%, –.%, –.%, –
.%, –.%, and ≥% on  lodgepole pine sites and 
interior spruce sites. Three foliage samples of the same PACL
on each study site were then composted into one sample.
Consequently, a total of  composite foliage samples for
lodgepole pine and  for interior spruce, five to seven samples
for each study site, were measured for specific leaf area. Only
the current year’s foliage from the laterals of the uppermost
whorl was sampled. Within four days of sampling, needles were
stripped off the twigs. The samples were measured for pro-
jected leaf area (AL) using a LI- surface area meter (LI-
COR Inc. ), dried at °C for  hours, and then weighed
to the nearest . g (W ). Specific leaf area was calculated as:

[]AS (cm2g −1) = AL (cm2)
W (g)

The measured HI and C values were used to calculate height
increment:caliper (HI:C) ratio and C2*HI variable, which was
used as a surrogate for current terminal shoot biomass (D.S.
Simpson, B.C. Ministry of Forests, pers. comm.).

To quantify relations of HI, C, C2*HI, HI:C, and AS to PACL,
the best fitting and biologically appropriate model was chosen





from comparing the performance of the linear model, logistic
growth model, natural growth model, and Chapman-Richard’s
equation (Hunt ; Sit and Poulin-Costello ). The logis-
tic growth model gave the best fit in HI, C, and C2*HI to PACL,
and the linear model gave the best fit in HI:C and AS to PACL in
terms of explained variance. The logistic model was

[]Y = a
1 + e b −c × PACL

where Y  is the observed growth characteristic; e  is the base of
the natural logarithm; b  and c  are parameters to be estimated;
PACL  is percent of above-canopy light; and a  is the asymptote
which was given the value of the mean plus two standard
deviations of open-grown seedlings stratified according to spe-
cies and SMR for each growth characteristic (Table ).

Due to uneven sample distribution among study sites within
each SMR stratum (in some sites, the highest PACL was smaller
than %), we assumed that the seedlings at open light condi-
tions within the same stratum had similar growth. The open-
grown seedlings were defined as those seedlings having PACL
≥%. By choosing the open-grown seedlings, which had simi-
lar PACLs (Table ), we were able () to compare the potential
growth in full light environment between species and SMRs,
() to compare the growth reduction on a relative basis by
determining the asymptote from individual species at specific
sites, and () to achieve linearity and homogeneous variances
after the growth characteristics (HI, C, and C2*HI) were logis-
tically transformed as

[]ln (a − 1) = b − c × PACLy

where Y, a, b, c, and PACL  are as in model [].
Because the nature of growth response to light is indicated by

the slope of regression line, the slopes of the regression devel-
oped were tested by extending the procedure of Bergerud ()
and Ott (). The general linear model used for testing the
slopes of linearized and linear regressions was

[]Y ijkq = µ + PACL + Spi + SMR j + SP × SMRij

+ PACL × Spi + PACL × SMR j + PACL + SP + SMR ij

+ Sk (ij) + PACL × Sk (ij) × εq (ijk)





where Yijkq is observed growth characteristic; µ is the overall
mean; PACL  is percent of above-canopy light used as a covari-
ant; Spi , SMRj , and Sk(ij) are the terms for species,
actual SMR strata, and sites, respectively; PACL × Spi , and
PACL × SMRj are the terms to test differences in regression
slopes between different species and actual SMR strata, respec-
tively; PACL × Sp × SMRij is the term to determine whether the
regression slopes interact between species and SMR strata;
PACL × Sk(ij) is the term to determine the variation in regres-
sion slopes within species and actual SMR stratum, and also
is the error term to test the differences in regression slopes
between species and actual SMR strata; and εq(ijk) is the sam-
pling error term within each study site (Table ).

Due to significant interaction in regression slopes between
species and SMR (PACL × Sp × SMRij in model []) in some
growth characteristics, further analysis was carried out to test
() differences in the regression slopes between different species
within the same actual SMR stratum using model [] and ()
differences in the regression slopes for the same species among
different actual SMR strata using model []:

[]Yijk = µ + PACL + Spi + PACL × Spi + S( j) + PACL ×
S( j) + εk( ij)

[]Yijk = µ + PACL + SMR i + PACL × SMR i + S( j) +
PACL × S( j) + ε k(ij)

where Yijk, µ, PACL, Spi , PACL × Spi , SMRi , PACL × SMRi , and
εk(ij) are as in model [].

If growth–light relationships varied with actual SMR
strata, further analysis was done using one by one, pairwise
comparisons.

RESULTS

  - 

Analysis of variance (ANOVA) tests on open-grown seedlings
indicated most of the growth characteristics varied with species
and significantly interacted with actual SMR strata (Table ).
Height increment (HI), caliper (C), and C2*HI of lodgepole
pine were higher than those of interior spruce for all SMR





  Probabilities of similarity in means of height increment
(HI), caliper (C), caliper2*height increment (C2*HI), and
height increment:caliper ratio (HI:C) of open-grown
seedlings. Spi is the term for species and SMRj is the term
for soil moisture regime stratum.

Source DF PACL HI C C2*HI HI:C

Spi 1 0.514 0.000 0.000 0.000 0.257

SMRj 2 0.952 0.000 0.187 0.504 0.000

Sp × SMRij 2 0.612 0.000 0.011 0.142 0.000

  Means and standard deviations (values in parentheses)
for height increment (HI), caliper (C), caliper2*height
increment (C2*HI), and height:caliper ratio (HI:C) of open-
grown seedlings stratified according to species and actual
soil moisture regime strata. n is sample size. Values in the
same column with the same letter superscript for the same
species are not significantly different (p >0.05, Tukey’s
test).

n PACL HI C C2*HI HI:C

Lodgepole pine 331 85.6 37.7 10.2 44.4 37.2

(3.2) (9.9) (2.2) (26.6) (7.9)

MD 131 85.7a 37.5a 10.5a 46.5a 35.7a

(3.0) (11.3) (2.3) (28.7) (8.5)

SD 67 85.6a 37.7a 9.9a 41.8a 38.3a

(2.6) (10.1) (2.2) (26.2) (6.9)

FM 133 85.4a 38.2a 10.2a 43.7a 38.1a

(3.6) (8.3) (2.2) (24.6) (7.7)

Interior spruce 81 85.9 25.3 6.6 13.2 37.3

(3.0) (9.5) (1.5) (10.1) (9.1)

MD 42 85.5a 17.0b 5.7b 6.5b 29.1b

(2.1) (6.3) (1.2) (4.4) (7.3)

SD 24 86.0a 26.0a 6.9a 13.4ab 37.5a

(4.4) (6.9) (1.1) (8.0) (6.1)

FM 15 86.1a 29.8a 7.1a 17.0a 41.9a

(2.9) (8.6) (1.5) (11.1) (7.6)





strata (Table ). In lodgepole pine, all the growth characteristics
(HI, C, C2*HI, and HI:C) did not change with SMRs, whereas
in interior spruce those characteristics were significantly higher
on fresh-moist sites (FM) and slightly dry sites (SD) than those
on moderately dry sites (MD) (Table ).

 – 

Height increment (HI) of both study species decreased with
decreasing PACL. In lodgepole pine, HI decreased from  cm
at % PACL to  cm at % PACL (Table , Figure A). In
interior spruce, HI declined from . cm at % PACL to .

cm at % PACL on moderately dry sites, from . cm at %
PACL to . cm at % PACL on slightly dry sites, and from .

cm at % PACL to . cm at % PACL on fresh-moist sites
(Table , Figure C).

However, on a relative scale, both study species showed a
similar rate of relative HI reduction in relation to PACL in all
three SMR strata (Table ), and there were no differences in the
rate of this reduction among SMRs within each species (Table
). In lodgepole pine, relative HI was reduced to the half of
maximum HI (at % PACL) at approximately % PACL on
moderately dry sites and % PACL on slightly dry and fresh-
moist sites (Figure B). Interior spruce reached the half of
maximum HI (at % PACL) at approximately % PACL in
all three SMR strata (Figure D).

– 

Similarly, caliper (C) of both study species decreased with
decreasing PACL. When PACL decreased from  to %,
lodgepole pine reduced its C from . to . mm on mod-
erately dry sites, from . to . mm on slightly dry sites, and
from . to . mm on fresh-moist sites (Table , Figure A). In
interior spruce, C reduced from . to . mm on moderately
dry sites, from . to . mm on slightly dry sites, and . to
. mm on fresh-moist sites when PACL decreased from  to
% (Table , Figure C).

Between-species comparisons indicated that the rate of rela-
tive C reduction in relation to PACL was significantly greater in
lodgepole pine than that in interior spruce on moderately dry
sites, but this difference was not statistically significant on both





  ANOVA results by model [6] for height increment (HI), caliper (C), caliper2*height
increment (C2*HI), and increment:caliper ratio (HI:C). The terms used for source as
in model [6]. Differences are significant at p <0.001 (***), p <0.01 (**), p ≤0.05
(*), p >0.05 (ns). DF is the degree of freedom. MS is mean square. F is F statistic.

HI C D2*HI HI:C

Source DF MS F MS F MS F MS F

Moderately dry

PACL 1 42.3 60.3*** 13.3 26.9*** 87.3 45.9*** 1922 34.9***
Spi 1 2.36 0.52ns 20.3 7.02* 44.1 3.45** 254.4 0.42ns

PACL × Spi 1 7.09 1.55ns 16.9 6.49* 49.1 5.17* 49.1 0.11ns

Sj(i) 9 4.58 6.51*** 2.89 5.84*** 12.78 6.71*** 611.5 11.1***
PACL × SPi × Sj(i) 9 5.35 7.61*** 2.61 5.28*** 9.49 4.98*** 456.7 8.3***
εk(ij) 1148 0.703 0.495 1.905 55.13

Slightly dry

PACL 1 63.1 100.5*** 38.7 112.3*** 146.0 103.8*** 3432 44.8***
Spi 1 9.8 2.6ns 0.05 0.02ns 7.6 2.92ns 2776 4.42ns

PACL × Spi 1 0.41 0.32ns 2.4 2.3ns 3.6 2.57ns 82.8 0.25ns

Sj(i) 11 3.77 6.01*** 2.22 6.43*** 10.58 7.52*** 627.8 8.19***
PACL × Spi × Sj(i) 11 1.23 1.97* 1.04 3.01*** 2.16 1.54ns 332.8 4.34***
εk(ij) 1259 0.628 0.345 1.407 76.70

Fresh and moist

PACL 1 125.3 172.4*** 77.8 154.5*** 330.8 170.0*** 5473 72.2***
Spi 1 23.4 3.05ns 44.9 6.17* 146.7 4.99ns 0.05 0.00ns

PACL × Spi 1 1.41 0.63ns 6.47 2.28ns 23.7 2.15ns 692.7 3.53ns

Sj(i) 7 7.71 10.60*** 6.62 13.15*** 29.4 15.13*** 843.1 11.1***
PACL × Spi × Sj(i) 7 2.24 3.08*** 2.90 5.77*** 11.01 5.66*** 196.2 2.59*
εk(ij) 899 0.727 0.503 1.946 75.84

slightly dry and fresh-moist sites (Table ). Within-species
comparison showed that the rate of relative C reduction in
lodgepole pine was greater on moderately dry sites than that on
slightly dry and fresh-moist sites (Table , Figure C), whereas
there was no difference in the rate of relative C reduction
among the three SMR strata in interior spruce (Table , Figure
D). The PACL levels for lodgepole pine to reach the half of
maximum C were % on moderately dry sites, % on slightly
dry sites, and % on fresh-moist sites (Figure C); in interior
spruce, these levels were % on moderately dry sites, .% on
slightly dry sites, and .% on fresh-moist sites (Figure D).





0 20 40 60 80 100
0

10

20

30

40

50

60

70

(A)

Percent of above-canopy light (%)

A
ct

ua
l h

ei
gh

t 
in

cr
em

en
t 

(c
m

)

0 20 40 60 80 100
0

20

40

60

80

100

Percent of above-canopy light (%)

Re
la

tiv
e 

he
ig

ht
 in

cr
em

en
t 

(%
)

(B)

  Fitted regression lines of actual (A and C) and relative (B and D) height
increment (HI) on percent of above-canopy light for lodgepole pine (A and B) and
interior spruce (C and D) according to 3 actual soil moisture regime strata using
height increment models in Table 5. Lines for actual SMR strata are: solid —
moderately dry; dotted — slightly dry; dashed — fresh-moist.
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percent of above-canopy light for lodgepole pine (A and B) and interior spruce
(C and D) according to 3 actual SMR strata using C models in Table 5. Lines for
actual SMR strata are: solid — moderately dry; dotted — slightly dry; dashed —
fresh-moist.
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  Fitted regression lines of actual (A and C) and relative (B and D) caliper2*height
increment (C2*HI) on percent of above-canopy light for lodgepole pine (A and B)
and interior spruce (C and D) according to 3 actual soil moisture (SMR) strata
using C2*HI models in Table 5. Lines for actual SMR strata are: solid —
moderately dry; dotted — slightly dry; dashed — fresh-moist.





A
ct

ua
l C

2 *
H

I (
cm

3 )

(C)

0

5

10

15

20

25

30

0 20 40 60 80 100

Percent of above-canopy light (%)

Percent of above-canopy light (%)

Re
la

tiv
e 

ca
lip

er
 (

%
)

(D)

0

20

40

60

80

100

0 20 40 60 80 100

  Continued





A
ct

ua
l h

ei
gh

t:
ca

lip
er

 r
at

io

Percent of above-canopy light (%)
0 20 40 60 80 100

0

10

20

30

40

50

60

70

(A)

0 20 40 60 80 100
0

20

40

60

80

100

Re
la

tiv
e 

he
ig

ht
:c

al
ip

er
 r

at
io

Percent of above-canopy light (%)

(B)

  Fitted regression lines of actual (A and C) and relative (B and D) height
increment:caliper (HI:C) ratio on percent of above-canopy light for lodgepole pine
(A and B) and interior spruce (C and D) according to 3 actual soil moisture
(SMR) strata using HI:C models in Table 5. Lines for actual SMR strata are: solid
— moderately dry; dotted — slightly dry; dashed — fresh-moist.
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  Models for regression of height increment (HI), caliper
(C), height increment:caliper (HI:C) ratio, and
caliper2*height increment (C2*HI) on percent of above-
canopy light (PACL) for lodgepole pine (PI) and interior
spruce (Sx) according to 3 actual soil moisture regime
(SMR) strata. All models are significant at p <0.001. The
same letter in the test column indicates no significant
difference (p >0.05) in the regression slope for the same
species between the 3 SMR strata according to model [7].
Uppercase and lowercase letters are used for lodgepole
pine and interior spruce, respectively.

Equation Test R2 n

Moderately dry sites

[8] HIPL = 57.5/(1 + e 2.574 − 0.036 × PACL ) A 0.62 795

[9] HISX = 29.6/(1 + e 2.118 − 0.029 × PACL ) a 0.28 375

[10] CPL = 14.6/(1 + e 1.601 − 0.030 × PACL ) A 0.52 795

[11] CSX = 8.1/(1 + e 0.618 − 0.017 × PACL ) a 0.22 375

[12] C 2*HIPL = 97.6/(1 + e 5.909 − 0.066 × PACL ) A 0.58 795

[13] C 2*HISX = 15.3/(1 + e 4.081 − 0.041 × PACL ) a 0.28 375

[14] HI :CPL = 13.79 + 0.25 × PACL A 0.36 795

[15] HI :CSX = 13.621 + 0.188 × PACL a 0.19 375

Slightly dry sites

[16] HIPL = 57.5/(1 + e 1.986 − 0.032 × PACL ) A 0.49 613

[17] HISX = 39.8/(1 + e 1.965 − 0.035 × PACL ) a 0.42 672

[18] CPL = 14.6/(1 + e 1.154 − 0.022 × PACL ) B 0.46 613

[19] CSX = 9.1/(1 + e 0.62 − 0.021 × PACL ) a 0.34 672

[20] C 2*HIPL = 97.6/(1 + e 4.666 − 0.050 × PACL ) B 0.50 613

[21] C 2*HISX = 29.4/(1 + e 4.064 − 0.049 × PACL ) a 0.43 672

[22] HI :CPL = 22.066 + 0.207 × PACL A 0.25 613

[23] HI :CSX = 17.339 + 0.299 × PACL a 0.32 672

Fresh and moist sites

[24] HIPL = 57.5/(1 + e 2.092 − 0.031 × PACL ) A 0.45 645

[25] HISX = 47/(1 + e 2.034 − 0.033 × PACL ) a 0.53 272

[26] CPL = 14.6/(1 + e 1.395 − 0.025 × PACL ) B 0.42 645

[27] CSX = 10.1/(1 + e 0.841 − 0.022 × PACL ) a 0.46 272

[28] C 2*HIPL = 97.6/(1 + e 5.005 − 0.052 × PACL ) B 0.44 645

[29] C 2*HISX = 39.2/(1 + e 4.354 − 0.049 × PACL ) a 0.52 272

[30] HI :CPL = 23.667 + 0.15 × PACL A 0.19 645

[31] HI :CSX = 20.509 + 0.265 × PACL a 0.41 272





* – 

The terminal shoot biomass index, a derivative variable —
caliper2*height (C2*HI), decreased with decreasing PACL. As
PACL decreased from  to %, C2*HI in lodgepole pine
decreased from  to . cm3 on moderately dry sites, from 

to . cm3 on slightly dry sites, and from . to . cm3 on
fresh-moist sites (Table , Figure A); C2*HI in interior spruce
decreased from . to . cm3 on moderately dry sites, . to
. cm3 on slightly dry sites, and from . to . cm3 on
fresh-moist sites (Table , Figure C).

Comparisons between the two study species showed that the
rate of C2*HI reduction in relation to PACL was significantly
greater in lodgepole pine than that in interior spruce on mod-
erately dry sites, but there was no difference on slightly dry and
fresh-moist sites (Table ). On moderately dry sites, lodgepole
pine and interior spruce reached half of its maximum C2*HI at
% and % PACL, respectively (Figures B and D). In
lodgepole pine, the rate of C2*HI reduction to PACL on mod-
erately dry sites was significantly greater than that on slightly
dry and fresh-moist sites; in interior spruce there were no
statistically significant differences among actual SMR strata
(Table , Figure D).

 : – 

With decreasing PACL from  to %, HI:C ratio in lodge-
pole pine decreased from . to . on moderately dry sites,
from . to . on slightly dry sites, and from . to . on
fresh-moist sites (Figure A); in interior spruce, this ratio
decreased from . to . on moderately dry sites, from .

to . on slightly dry sites, and . to . on fresh-moist sites
(Figure C).

However, the rate of decease in HI:C ratio to PACL was not
significantly different either between species within each SMR
stratum (Table ) or among actual SMR strata within each
species (Table , Figures B and D). Significant decrease in
HI:C ratio in both study species indicated that the rate of
reduction in height increment was greater than that in caliper.

  – 

Specific leaf area (AS) in both study species increased with
decreasing PACL (Tables  and ). In lodgepole pine, AS
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  Scattergram and fitted regression lines of specific leaf area
on percent of above-canopy light for lodgepole pine (A)
and interior spruce (B) in the SBS Zone.





  Models for regression of specific leaf area [As (cm2·g −1) of lodgepole pine (PI) and
interior spruce (Sx) on percent of above-canopy light (PACL)

[32] AS (PI) = 30.345 − 0.031 × PACL R2 = 0.05 P = 0.048 n = 60

[33] AS (Sx) = 29.254 − 0.056 × PACL R2 = 0.13 P = 0.002 n = 66

  ANOVA results for specific leaf area. Abbreviations are the same as in model [3]
and Table 4

PACL

PACL PACL Sp × × Sp PACL

Source PACL Spi × Spi SMRj × SMRij SMRij × SMRij Sk(ij) × Sk(ij) εq(ijk)

DF 1 1 1 2 2 2 2 14 14 86

MS 182.6 32.5 2.23 0.61 13.22 32.42 20.42 23.39 8.33 5.11

F 35.8*** 1.59ns 0.27ns 0.03ns 1.59ns 1.39ns 2.45ns 4.58*** 1.63ns

increased from . cm2 · g-1 at % PACL to . cm2 · g-1

at % PACL. In interior spruce, AS increased from .

cm2 · g-1 at % PACL to . cm2 · g-1 at % PACL. However,
tests by model [] indicated that there were no significant
differences between either species or among SMR strata (Table
, p  <.).

DISCUSSION

The constraints of the adopted approach and methodology are
discussed in detail by Carter and Klinka () and Chen et al.
(). Similar to previous studies (Carter and Klinka ;
Klinka et al. ; G. Wang et al. ; Chen et al. ), large
variation in growth characteristics was shown around regression
lines (Appendices  and ). This variation may be partly
explained by () imperfection in the determination of light avail-
ability on study seedlings, () microsite variability, () genetic
variability in the study seedlings, and () significant variability
among study sites (Tables  and ). Without any exceptions,
study sites contributed significant variations in the responses of
all growth characteristics (Table ) to light availability. Both the
total mean of any given growth characteristic and the change of
this characteristic with PACL significantly differed among study
sites within the same species and actual SMR stratum.





In open-light environments, height increment (HI), caliper
(C), and terminal biomass index (C2*HI) in less shade-tolerant
lodgepole pine were greater than those in more shade-tolerant
interior spruce. This pattern of less shade-tolerant species per-
forming better in open-light environments has been found in
both conifers and broadleaf tree species (Emmingham and
Waring ; Canham ; Carter and Klinka ; Oliver and
Dolph ; Walters et al. ; Pacala et al. ; Chen et al.
). This pattern infers that less shade-tolerant species have
higher competition capacity in open-light environments than
more shade-tolerant species. Soil moisture was more important
in affecting growth performance of interior spruce than
lodgepole pine. With decreasing soil moisture from fresh-moist
sites to moderately dry sites, interior spruce decreased terminal
growth in both shoot length and caliper. This growth trend
with soil moisture regimes was also observed in coastal
Douglas-fir (Pseudotsuga menziesii ), western hemlock (Tsuga
heterophylla ), and western redcedar (Thuja plicata ) by Carter
and Klinka (). However, in lodgepole pine, terminal
growth did not change with the change in actual soil moisture
conditions from moderately dry sites through fresh-moist sites.
That the height growth of lodgepole pine tends to be less
limited by soil moisture than that of interior spruce was also
observed by Wang et al. ().

The highest terminal growth always occurred in full light
for both study species in any soil moisture conditions. With
decreasing light availability, both study species showed a sig-
nificant decline in terminal growth characteristics (height
increment, caliper, terminal biomass index, and height incre-
ment:caliper ratio). Although the highest terminal elongation
in some species at their early stage (seedlings that were younger
than  years) may occur at partial light conditions (Logan
), many studies on canopy tree species indicate that the
highest terminal growth always occurs in full light (Logan ;
Emmingham and Waring ; Carter and Klinka ; Coates
et al. ; Klinka et al. ; Oliver and Dolph ; Walters
et al. ; G. Wang et al. ; Pacala et al. ; Chen et al.
). Indeed, trees with larger sizes require higher light avail-
ability to achieve optimum growth (Daniel et al. ). Height
increment:caliper ratio also decreased with decreasing light
availability in both study species, i.e., growth reduction of
height increment was greater than that of caliper. Similar





results were reported on naturally regenerated very shade-
tolerant species Abies amablis  and A. lasiocarpa  (Klinka et al.
). However, the opposite trend was found for height to
base-diameter ratio of planted western redcedar seedlings
(G. Wang et al. ).

Comparisons of relative terminal growth reduction to
decreasing light between the two study species indicated that
lodgepole pine had a greater reduction on terminal caliper and
biomass index than interior spruce on moderately dry sites;
however, there were no between-species differences in height
increment and height increment:caliper ratio. Furthermore, on
slightly dry and fresh-moist sites, the rate of reduction in all
growth characteristics was not significantly different between
the two study species. A similar study comparing growth
responses to light availability of interior Douglas-fir (Pseudo-
tsuga menziesii ) and lodgepole pine (Pinus contorta ) in the
Interior Douglas-fir Zone showed that, in less shade-tolerant
lodgepole pine, the rate of relative reduction on terminal
elongation with decreasing light availability did not differ from
more shade-tolerant Douglas-fir, but the reduction in lateral
shoot increment was significantly greater in lodgepole pine
than in Douglas-fir (Chen et al. ). In light-limiting
environments, shade-tolerant species tend to allocate more
biomass production to lateral and caliper growth (Daniel et al.
).

In relation to soil moisture, relative terminal growth (caliper
and biomass index) reduction in lodgepole pine had a greater
rate on moderately dry sites than on slightly dry and fresh-
moist sites. This finding for lodgepole pine agrees with the
‘‘increasing light requirement with decreasing soil moisture
availability’’ hypothesis supported by findings of Atzet and
Waring () and Marshall () for Douglas-fir, but dis-
agrees with the ‘‘increasing light requirements with increasing
available soil moisture’’ general hypothesis of Krajina ()
and the findings of Carter and Klinka () for Douglas-fir,
western hemlock, and western redcedar in southern coastal
British Columbia. The inconsistent growth response pattern of
interior spruce in relation to soil moisture conditions suggests
an absence of any trend in the variation of its light require-
ments along a soil moisture gradient.

When light availability decreases, leaves become thinner and
so specific leaf area increases (Abrams and Kubiske ;





Klinka et al. ). These changes may be explained if under-
storey plants are more efficient in utilizing limiting light
resources to gain carbon in forest understories through increas-
ing photosynthetic area per foliage mass. Our results in this
study indicate that both study species significantly increased
their specific leaf area with decreasing light. However, although
interior spruce is more shade-tolerant than lodgepole pine,
no significant difference was identified in the means or changes
of specific leaf area either between two species or among soil
moisture conditions. Crown shape plays an even more impor-
tant role to intercept limiting light than leaf structure (Daniel
et al. ; Chen et al. ). Based on our visual observations,
we found that in the forest understorey interior spruce allo-
cated more growth to lateral shoot increment while lodgepole
pine tended to reduce the number of lateral branches.

Shade tolerance (or tolerance of the low light environment
in forest understories) is a plant attribute that is difficult to
characterize because it involves environmental factors other
than light itself, and shade adaptations can involve the partici-
pation and interaction of many plant functions (Givnish ;
Lei and Lechowicz ). According to Spurr and Barnes
(), shade tolerance is the ability to survive and maximize
carbon gain in the understorey environment; according to
Daniel et al. (), it is the relative genetic and physiological
capacity of a species to grow in low light conditions and high
root competition for water and nutrient resources. According
to the concept of shade tolerance, the criteria to rank shade
tolerance must be survivorship and total net carbon gain. If the
survival and biomass production of seedlings of a tree species
in a given low light environment is less reduced than that of
other tree species, then this species must be better shade-
adapted and more shade-tolerant than the other species. In this
study, we found that terminal growth (caliper and biomass
index) of interior spruce was less reduced than that of lodge-
pole pine only on moderately dry sites, but not on slightly dry
and fresh-moist sites. This result does not suggest that lodge-
pole pine has the same shade-tolerant ranking as interior
spruce on slightly dry and fresh-moist sites because terminal
growth alone is not a good measure of shade tolerance (Daniel
et al. ). Besides survivorship, different species may allocate
photosynthate in different patterns.





CONCLUSIONS

Strong relations of light measures to growth and leaf measures
suggested that the methods used in this study had utility for
quantitative characterization of light – growth relationships in
lodgepole pine and interior spruce. The highest terminal
growth always occurred in full light in both study species. Soil
moisture was found to be more important in affecting growth
performance of interior spruce than lodgepole pine in open-
light environments. Both species increased their specific leaf
area with decreasing light, but the pattern of change was similar
between species or soil moisture conditions. We concluded that
the measures of terminal leader growth (increment, caliper,
and biomass index) may not be useful measures for quantita-
tive characterization of shade tolerance of tree species.
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