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Factors limiting the early survivorship of Thuja
plicata on northern Vancouver Island, British
Columbia

Adrian Weber, Benjamin Gilbert, J.P. (Hamish) Kimmins, and C.E. Prescott

Abstract: Western redcedar (Thuja plicata Donn ex D. Don), a late successional species on northern Vancouver Island,
has a low seedling survival in mature hemlock (Tsuga heterophylla (Raf.) Sarg.) — amabilis fir (Abies amabilis (Dougl.
ex Loud.) Dougl. ex J. Forbes) (HA) stands. Shade, moss competition, and substrate were tested as causes of low cedar
establishment. Cedar seeds were sown on reference and local soils isolated from surrounding soil, on nonisolated |ocal
soil, and on forest floor with moss removed. Western hemlock, amabilis fir, and cedar seeded on forest floor acted as
controls. Treatments were implemented in the HA interior and the HA—clearcut edge, with soil treatments also imple-
mented in clearcuts. Germinants and very young seedlings of cedar have a low leaf area of needle-like primary foliage.
Cedar development of secondary foliage (the scale foliage normally associated with this species) was correlated with
greater vigour and growth. Secondary foliage developed in the rankings forest edge and clearcut > forest interior, and
reference isolated soil > local isolated soil > nonisolated local soil. Seedling survival rankings were edge > interior,
and amabilis fir > hemlock > cedar on soil and with moss removed > cedar on forest floor. Cedar and amabilis fir
showed a smaller growth response to light than hemlock. The results indicate that cedar, normally considered a late
successional species, needs disturbance for early seedling establishment and survival and thus has some characteristics
of an early seral species.

Résumé : Les semis de thuya (Thuja plicata Donn ex D. Don), une espéce de fin de succession dans le Nord de I'fle
de Vancouver, ont un faible taux de survie dans les peuplements murs de pruche (Tsuga heterophylla (Raf.) Sarg.) et
de sapin gracieux (Abies amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes) (PS). L’ombrage, |la compétition de la
mousse et le type de substrat ont été testés comme causes de la difficulté d'implantation du thuya. Des graines de
thuya ont été semées dans un sol de référence, des sols locaux isolés, des sols locaux non isolés et sur le sol forestier
aprés enlévement de la mousse. La pruche de I’ Ouest, le sapin gracieux et le thuya semés a méme le sol forestier ont
servi de témoins. Les traitements ont été implantés a I'intérieur des PS et a la limite entre des PS et une coupe totale;
les traitements impliquant le sol ont également été implantés dans des coupes totales. Les graines ayant germé ainsi
que les trés jeunes semis de thuya ont une faible surface de feuillage juvénile aciculaire. Le développement du feuil-
lage adulte du thuya (le feuillage squamiforme normalement associé a cette espece) est corrélé a une vigueur et une
croissance plus forte. Les différentes situations testées ont influencé le développement du feuillage adulte dans I’ ordre
suivant : lisiere forestiére et coupe a blanc > intérieur forestier et sol isolé de référence > sol local isolé > sol local
non isolé et la survie des semis dans |’ ordre suivant : lisiére > intérieur et sapin gracieux > pruche > thuya sur le sol
et mousse enlevée > cedre a méme le sol forestier. Le thuya et le sapin gracieux ont montré une réponse de croissance
moins forte & la lumiére que la pruche. Les résultats indiquent que le thuya, normalement considéré comme une espece
de fin de succession, nécessite une perturbation pour |’ établissement précoce et la survie de ses semis et que ce dernier
possede quelques caractéres d'une espece de début de succession.

[Traduit par la Rédaction]

Introduction

Interspecific differences in shade tolerance are widely
believed to drive forest successional dynamics (Spurr and
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Barnes 1980; Shugart 1984; Kobe et al. 1995; Walters and
Reich 1996). Light gradient partitioning theory, which sug-
gests that species have specific ranges of light within which
they outgrow and outsurvive others, is often cited as the
mechanism for species replacement in succession (Latham
1992; Kobe et a. 1995; Kobe 1999; Messier et a. 1999).
More detailed studies have attempted to relate the relative
shade tolerance of species to varied habitats, both in the
field (Carter and Klinka 1992; Wright et al. 1998a) and in
greenhouse studies, often with controlled nutrient levels
(Latham 1992; Walters and Reich 1997; Finzi and Canham
2000). While much research has attempted to determine
physiological variables that dictate a species shade toler-
ance (e.g., Niinemets 1997; Khan et al. 2000), very little at-
tention has been paid to the diverse factors in ecosystems
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that may determine a species ability to survive, such as the
interactive effects of canopy cover with predation, substrate,
and root competition (but see Wright et al. 1998b; Coomes
and Grubb 2000).

The western hemlock (Tsuga heterophylla (Raf.) Sarg.) —
amabilis fir (Abies amabilis (Dougl. ex Loud.) Dougl. ex
J. Forbes) (HA) forest type is common on mesic sites on
northern Vancouver Island. Most recent HA stands were ini-
tiated by large windstorms in the early 1900s, with the most
damaging one blowing down approximately 16 000 ha in
1906. It is expected that in the absence of large-scale distur-
bance, western redcedar (Thuja plicata Donn ex D. Don)
will establish in the HA understory, eventually creating a
cedar-dominated ecosystem (Lewis, cited in Prescott and
Weetman 1994).

Cedar has two distinct foliage morphologies at a young
age. Primary needle leaves, with a low surface area, are
formed almost immediately after cotyledon emergence, and
these tend to grow only on the leader. Secondary foliage is
produced after primary foliage and has the scale-like form
characteristic of cedar. Previous sampling revealed that cedar
seeds and germinants are fairly common in mature HA stands,
but very few cedar seedlings survive to a secondary foliage
stage (B. Gilbert, unpublished data). In contrast, hemlock
seedlings and saplings are common (Keenan 1993), suggest-
ing that these stands are beginning to undergo understory
reinitiation of the existing species rather than cedar (sensu
Oliver and Larson 1996). These observations are inconsis-
tent with the literature on cedar, which consistently ranks ce-
dar as one of the most shade-tolerant tree species in coastal
British Columbia (Carter and Klinka 1992; Kobe and Coates
1997; Khan et al. 2000). Our study was designed to explore
why cedar is not establishing in this habitat.

We tested several hypotheses concerning the factors limit-
ing cedar establishment in HA stands: (i) cedar is light lim-
ited in the HA, (ii) factors specific to the HA humus or soil
substrate are limiting cedar establishment, and (iii) competi-
tion from the moss layer is limiting cedar establishment.

Materials and methods

Study area

The nine sites used in this study were randomly selected
from HA stands bordering recent clearcuts. HA sites are
classified as poor to medium in nutrient regime and fresh to
moist in moisture regime (T. Lewis, unpublished data, using
the system of Pojar et a. 1987). Slope was minimal on all
sites (<10%), and aspect was not controlled. All sites were
within the Port McNeill forest area of Tree Farm License 6
on northern Vancouver Island and within the Coastal West-
ern Hemlock very moist subzone and variant 1 (Krajina 1965,
modified by Pojar et al. 1987). Meteorological data from the
Port Hardy airport (approximately 15 km from the study
area) had a mean annua precipitation of 1700 mm, with
most of this occurring in the winter months (from Keenan et
al. 1993). Mean daily temperatures range from 2.4°C in Jan-
uary to 13.8°C in August. Mean hours of sunshine vary from
1.5 h/day in December to 6.4 h/day in July due to summer
fog and frontal clouds in the winter. Soils are typically
Humo-Ferric Podzols with 0.1- to 1-m-deep mor humus
overlying surficial unconsolidated moraina and fluvial
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outwash material (Lewis 1982). The interior of the HA
stands had mounds 30-100 cm high and 26 m apart. The
mounds likely resulted from windthrow events and result in
variable depths of forest floor over mineral soil. Much of the
forest floor is woody material in various stages of decay
(Keenan et a. 1993).

The forest interior contained a sparse (0—3% cover) under-
story of sala (Gaultheria shallon (Pursh), deer fern (Blech-
num spicant ((L.) Roth)), blueberry (Vaccinium ovalifolium
(Sm.)), and salmonberry (Rubus spectabilis (Pursh)) (no-
menclature from Qian and Klinka 1998). The forest edge
had a more vigorous herb and shrub layer (0-15% cover),
with the same species plus occasiona fireweed (Epilobium
angustifolium (L.)). Both the interior and edge had a consis-
tent cover (70-100%) of mosses, mainly Hylocomium
splendens (Hedw.) and Rhytidiadelphus loreus (Hedw.) with
lesser amounts of Plagiothecium undulatum (Hedw.). Clear-
cuts had almost no moss cover but 50-80% cover of herbs,
shrubs, and young (7- to 12-year-old) trees. The main plant
species in the clearcuts were fireweed, salal, and salmon-
berry.

Experimental design

Two experiments were conducted between May 1997 and
June 2000. The first examined the effects of substrate, nutri-
ents, and root competition on cedar development in the HA
forest interior, at the forest edge, and in a clearcut. The sec-
ond examined the effects of substrate and immediate above-
ground vegetation on cedar development in the HA stand
interior and edge and also contrasted cedar, hemlock, and
amabilis fir development on undisturbed forest floor.

Experiment 1

The primary hypothesis for the first experiment was that
light and a factor related to the substrate (either mineral soil,
forest floor, or root interactions) were working singly or in
conjunction to limit cedar survival and development of sec-
ondary foliage. Cedar survival and development of second-
ary foliage were monitored under the following conditions:
(i) undisturbed forest floor, (ii) exposed local minera soil
(area with the forest floor scraped off), (iii) isolated local
mineral soil (mineral soil from within the forest and isolated
from the surrounding soil by a plastic barrier), (iv) isolated
clearcut soil (mineral soil from the clearcut, isolated from
the surrounding soil by a plastic barrier), and (v) isolated
reference soil (a sandy soil taken from a riverside location,
fertilized with ammonium nitrate pellets and isolated from
the surrounding soil by a plastic barrier).

Each treatment was applied at each of three locations:
stand interior (50 m in from the clearcut edge), stand edge
(under the drip-line of the outermost trees), and clearcut
(50 m from the stand edge). The experiment was laid out in
a blocked, incomplete split-plot design with a total of four
sites that acted as blocks, the locations acting as main treat-
ments, and substrate treatments acting as split treatments.
All future mention of “location” refers to the location within
the HA stand (interior, edge, or clearcut) and “treatment” re-
fers to manipulation of substrate, fertilizer, etc., within a lo-
cation. “Experimental unit” refers to an individual treatment
within a location.
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To test mineral soil as it occurs in the HA, randomization
of the exposed mineral soil treatment was limited to areas
where it was naturally close to the surface of the forest floor
(i.e., on the top or side of mounds). Our decision to use ex-
isting microsites in the forest violates standard randomiza-
tion practices for experimental design, but we feel that it is
justified in that it represents a random sample of the mineral
soil microsites that exist.

All substrates that were isolated from the surrounding soil
(isolated local mineral soil, clearcut soil, and reference soil)
were placed into holes approximately 30 cm in diameter,
with a plastic barrier around the circumference extending to
about 30 cm depth. Slow-release ammonium nitrate pellets
were applied to the surface of the reference soil treatment,
and nitrogen addition was believed to occur over much of
the 2-year period of sampling, as small remnants of the pel-
lets were observed during the final measurements. Although
the level of fertilization was not quantified, the inference
that we drew from the treatment is simply for a nitrogen-rich
“reference soil”.

All locations had at least one replicate of all treatments,
and some experimental units were replicated several times
within locations to compensate for the high mortality that
was expected. Experimental units were positioned on rela-
tively flat, homogenous microsites that were large enough
(approximately 2 x 3 m) to house al substrate treatments.
No discrimination was made between microtopographic fea-
tures, except that wood was avoided as were nonmesic patches
(creek beds, etc.). Each experimental unit was seeded with
30 cedar seeds between April 30 and May 3, 1997. Seeds
were obtained from the British Columbia Ministry of Forests
Tree Seed Centre in Surrey, B.C. Seedling survival and de-
velopment of secondary foliage were recorded every 1-—
4 months until September 1998.

Experiment 2

The second experiment was designed to test the effects of
light, moss competition, and substrate on cedar survival and
development and to test the relative abilities of cedar, hem-
lock, and amabilis fir to survive and develop on the forest
floor. The substrate and species treatments were as follows:
(i) cedar on undisturbed forest floor, (ii) cedar with moss re-
moved (forest floor with mosses, small herbs, and seedlings
cut away), (iii) cedar on exposed mineral soil (plots with the
forest floor scraped off), (iv) hemlock on undisturbed forest
floor, and (v) amabilis fir on undisturbed forest floor.

This experiment was a blocked split-plot design with
within-site replicates. There were 10 replicates of each treat-
ment at each of two locations: the forest interior (50 m from
the stand edge) and the forest edge, with replicates estab-
lished within each location in conditions similar to those of
experiment 1. Experimental units were seeded between Sep-
tember 3 and 6, 1997, with 30 cedar, hemlock, or amabilis
fir seeds. Hemlock and amabilis fir seeds were stratified
prior to sowing. Survival, development of mature leaves
(cedar only), vigour (cedar only), height, and length of lon-
gest leaf or branch of each seedling were recorded every 1—
4 months until May 29, 2000.

M easurements
There is no single measure that accurately represents shade
tolerance of a species. Growth on its own is not necessarily a
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good predictor of shade tolerance, as various studies have
shown that shade-tolerant species may grow more in the
shade (Kobe et al. 1995; Walters and Reich 1996), less in
the shade (Walters et al. 1993; Reich et a. 1998), or approx-
imately the same in the shade as shade-intolerant species
(Lee et al. 1996; Coates 2000). However, growth is consid-
ered a good indicator of survival within a species (Carter
and Klinka 1992; Kobe et a. 1995; Walters and Reich 2000).
We have used growth in combination with survival to assess
shade tolerance for al species (Kobe 1999) and have in-
cluded a measure of vigour to provide a more complete pic-
ture of cedar’s performance within each treatment.

Percent germination and survival from seed could not be
determined, as some seeds germinated outside of their origi-
nal experimental units in both experiments. As a result, sur-
vival data are based on ratios of the final number of seedlings
observed to the initial number that germinated within an ex-
perimental unit. Likewise, development of secondary foliage
was measured as the ratio of the final number of cedar seed-
lings with secondary foliage to the initial number that germi-
nated.

The vigour of cedar germinants was measured in experi-
ment 2. Many cedar seedlings showed a characteristic colour
change before dying, turning from a dark green to a rusty
red colour. On this basis, we ranked all live seedlings using
the following scale: vigour score = Z(colour score x % of
leaf area that was each colour), with red having a colour
score of O, pale green a colour score of 0.5, and green a col-
our score of 1. Thus, al living cedar plants in the treatment
units were assigned a score between 0 and 100. All colour
scores were assigned by one person.

Height and lateral growth (millimetres) were measured in
experiment 2. Height was defined as the length of the stem
from the root collar to the tip of the leader. Lateral growth
was defined as the length of the longest branch (or leaf) on
each plant.

Light was measured in both experiments on overcast days
between May 11 and June 6, 2000, using the instantaneous,
one-point technique described by Parent and Messier (1996).
Point estimates provide accurate estimates for total seasonal
photosynthetic photon flux density (PPFD) in forest interiors
(Parent and Messier 1996; Messier and Parent 1997,
Comeau et al. 1998). Two calibrated Decagon sunfleck
ceptometers were used to simultaneously measure the PPFD
at the height of the seedlings within experimental units and
in the open, with two measurements taken at 90° to each
other over each experimental unit. Percent PPFD at each ex-
perimental unit was then recorded as (average PPFD at the
experimental unit/PPFD in the open) x 100.

Statistical analyses

Both experiments were analysed using a blocked, split-
plot ANOVA using SAS version 6.1 (SAS Institute Inc. 1996),
with locations and treatments considered fixed. The block by
location interaction term was used to test the effect of the
location and block (Hicks 1993). Within-site replicates were
averaged. The residual variance was used to test the effect of
treatments and the treatment by location interaction. Sur-
vival data were transformed as needed using an arcsine
transformation to meet assumptions of normality and homo-
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geneity of variance (Neter et a. 1996). All means are pre-
sented in their original units.

Post hoc comparisons were performed using Tukey’s mul-
tiple comparison procedure (a = 0.05) when the number of
observations was equal in all treatments. Otherwise, post hoc
comparisons were made using the least square mean, in
which case Bonferroni’s adjustment was used so that the ad-
justed a = 0.05/number of comparisons (Neter et a. 1996).

Height growth in experiment 2 was analysed with one out-
lier removed to meet model assumptions. Removal of the
outlier lowered the mean value for hemlock seedlings on the
edge, but this difference did not change the statistical signifi-
cance of the results. Means for height data were compared
within treatments between the edge and interior to test the
location by treatment interaction.

Vigour, height, and lateral growth were compared between
cedar seedlings that had developed secondary foliage and all
other cedar seedlings on the forest edge, as only edge seed-
lings developed secondary foliage. Mean values were calcu-
lated for each on a per site basis, and a paired t test was used
to test the hypothesis that those with secondary foliage had
greater growth and vigour than the others. Each site compar-
ison acted as a paired observation.

Results

Variables measured in both experiments were compared to
test for differences caused by year to year variation in grow-
ing conditions. Mean survival and development of secondary
leaves showed no significant difference in similar treatments
between experiments 1 and 2 (analysis not shown), indicat-
ing no significant annual variation in cedar survival during
the 3 years of our study.

Experiment 1

PPFD was measured at the top of the seedlings and there-
fore represents light available to the uppermost leaves of
seedlings. PPFD varied from 3.7 to 32% full sunlight in the
interior and edge locations, respectively, and increased to
77.6% in the clearcut.

Substrate treatments had no significant effect on survival
in experiment 1 (p > 0.05), but location did (p = 0.003). Ce-
dar survival was significantly lower in the interior (9.3%)
than in the edge (54.3%) and the clearcut (59.5%).

No seedlings developed secondary foliage in the interior,
and the difference between the edge and clearcut in develop-
ing secondary leaves was not significant (p > 0.05). How-
ever, there was a significant (p = 0.03) difference among
substrate treatments (Fig. 1). In the reference soil, a signifi-
cantly greater percentage of plants developed secondary
leaves than in the exposed mineral soil (48.9 and 12.1%, re-
spectively). Secondary foliage development in the isolated
clearcut soil and the isolated mineral soil from the forest in-
terior was not significantly different from that in any of the
other treatments. Comparisons with the forest floor treat-
ment could not be made due to the unbalanced design of the
experiment.

Overall, development of mature foliage in cedar declined
in the order clearcut and edge > interior, and reference iso-
lated soil > isolated mineral soil > exposed mineral soil >
forest floor. Thus, cedar seedling development was greatest
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Fig. 1. Mean percentage of western redcedar seedlings develop-
ing secondary foliage at the edge and clearcut. Soil type: M,
mineral soil; ff, forest floor; N, nitrogen added; place of soil ori-
gin: C, clearcut; F; forest. Treatments with the same letter are
not significantly different (a = 0.05). The forest floor treatment
could not be compared with other treatments due to the unbal-
anced experimental design. An asterisk indicates that values are
significantly different from zero (a = 0.05).
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on the isolated mineral soils in the edge and clear-cut loca
tions.

Experiment 2

The transition from the forest interior to edge in experi-
ment 2 was accompanied by an increase in PPFD from 3.5
to 37.2%. Only seedlings at the edge locations developed
secondary foliage, but this difference in secondary foliage
development was not statistically significant. Seedlings with
secondary foliage had significantly greater vigour scores and
greater height and lateral growth than those without (Ta-
ble 1). Development of secondary foliage is likely a good in-
dicator of future survival of cedar seedlings, as it is corre-
lated with increased vigour, height growth, and lateral growth.

There was a significant effect of both location (p = 0.01)
and treatment (p = 0.0001) on survival of seedlings. Survival
a the edge was 23.5% greater than in the interior (Fig. 2).
Cedar survival on the forest floor was significantly lower
than that of hemlock and amabilis fir in both locations. Sur-
vival rankings for al seedlings were edge > interior, and
amabilis fir (forest floor) > hemlock (forest floor) > cedar
(mineral soil and moss removed) > cedar (forest floor).

Vigour of cedar seedlings was significantly (p = 0.0003)
greater in the forest interior than at the edge, with mean
scores of 59 and 18, respectively. The greater vigour in the
interior appears to contradict the survival results presented
above.

There was a significant (p = 0.009) location by treatment
interaction in height measurements (Fig. 3). There were no
significant differences in cedar height growth between inte-
rior and edge locations, mean height growth was 23 mm in
al treatments. Amabilis fir had greater average growth
(38 mm) than cedar, but there was no significant growth dif-
ference between interior and edge locations. Hemlock height
growth was significantly greater at the edge (35 mm) than in
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Table 1. Differences in vigour, lateral growth, and height growth
between western redcedar seedlings with and without secondary
foliage.

Mean of seedlings
with secondary

Mean of seedlings
without secondary

Variable foliage foliage
Vigour 63.7* 21.7
Lateral growth (mm)  15* 5
Height (mm) 38* 23

*Mean difference greater than zero at a = 0.05.

Fig. 2. Percentage of seedlings surviving in the forest interior
and edge locations. Substrate: ff, undisturbed forest floor; veg,
minor vegetation removed; min, exposed mineral soil. Mean val-
ues for treatments with the same letter are not significantly dif-
ferent (@ = 0.05). Interior and edge treatments are significantly
different for al treatments (p = 0.01).
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60
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40
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Percentage of seedlings surviving for 2 years

amabilis/ff  hemlock/ff

Fig. 3. Mean heights (and SEM) of species in each treatment at
the edge and interior locations. Substrate: ff, undisturbed forest
floor; veg, minor vegetation removed; min, exposed mineral soil.
An asterisk indicates a significant difference between edge and
interior heights within a treatment (a = 0.05).
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the interior (20 mm). The greater change in hemlock growth
in the edge conditions indicates that it is more responsive to
light than cedar and amabilis fir.

Lateral growth differed significantly between species (p =
0.0001), but there was no difference within any of the spe-
cies. Only within-species differences in growth provide a
good indication of likelihood of survival; therefore, treat-
ment means are not illustrated.

Discussion

Stand position effects

Results from both experiments show a strong effect of
light on cedar establishment across all treatments. Lower
survival in the forest interior could be due to greater amounts
of inhibitory leaf exudates (Whittaker 1970), higher levels of
pathogen infection (Augspurger 1984), or low carbon fixa-
tion resulting from low light levels (Kobe 1997). The
increase in survival with decreased forest overstory is con-
sistent with other field studies on cedar (Wang et al. 1994;
Feller and Klinka 1998). However, cedar is considered to be
more shade tolerant than hemlock (Carter and Klinka 1992;
Kobe and Coates 1997; Khan et al. 2000), and its lower sur-
vival than hemlock in the understory is surprising. Light is
clearly cedar’'s most limiting factor in the HA, as shown by
the large increase in survival and secondary foliage develop-
ment in the edge and clear-cut locations, but the vigour and
growth results suggest that light does not fully explain ce-
dar's lack of establishment in the HA. The lack of difference
in development of secondary foliage between the forest edge
and clear-cut locations indicates that cedar’'s ability to de-
velop secondary leaves in 2 years is not light limited beyond
32% PPFD.

Cedar’s lower vigour on the edge appears to contradict
survival results. However, the scale for the vigour scoring
was based on colour, with lower scores recorded for plants
that were predominantly red and pale green. Weger et al.
(1993) showed that cedar turns a red colour when under cold
stress because of an increase in rhodoxanthin levels. Thisin-
crease in rhodoxanthin is correlated with a decrease in chlo-
rophyll content and is believed to aid in photoinhibition,
thus protecting the plant’s photosynthetic apparatus (Weger
et a. 1993). Ida (1981) found that severa members of the
Taxodiaceae showed similar responses to cold and water
stress but that colour changes did not occur in shaded leaves.
It is likely that cedar would accumulate rhodoxanthin as a
response to any stress that would impact the photosynthetic
apparatus (R. Guy, The University of British Columbia, per-
sonal communication). Cedar seedlings in the HA slowly
turned a rusty red colour, with only the new growth emerg-
ing green. It appears that greater discolouration in the edge
indicates higher exposure to light, not a lower probability of
survival. However, the low vigour scores in both locations
indicate that cedar in the HA are continually stressed at the
edge and in the interior.

Unlike cedar and amabilis fir, hemlock height growth sig-
nificantly increased from the interior to the edge. Increased
growth within a species is considered a good estimator of fu-
ture survival (Carter and Klinka 1992; Kobe et al. 1995;
Walters and Reich 2000). The lack of response in amabilis
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fir growth is consistent with Klinka et al. (1992) finding that
amabilis fir had a fairly flat growth curve at the light levels
included in our study. Coates and Burton (1999) reported
that cedar showed a larger growth response than hemlock to
increasing light at low light levels (<20%). A large height
growth response to increasing light at low light levels was
also reported for cedar by Carter and Klinka (1992), Wang
et a. (1994), and Khan et al. (2000). The differences be-
tween our study and previous studies indicate that light is
not the only limiting factor in cedar height growth in HA
forests. The greater survival of hemlock on the forest floor
of both the interior and the edge and its greater response in
height growth to stand edge conditions appear to make it a
superior competitor relative to cedar in both conditions. This
superior competitive ability of hemlock relative to cedar
across the range of locations that we examined is contrary to
what much of the ecological literature on coexisting species
suggests; plants that take advantage of high-resource situa-
tions by growing quickly tend to die in low-resource situa-
tions (e.g., Tilman 1988).

Soil substrate effects

Soil substrate had a significant effect on cedar survival,
with cedar responding positively to increased disturbance.
The increase in cedar survival in both exposed minera soil
and moss-removed treatments may be due to a decrease in
aboveground vegetation, allowing for higher access to light,
or to the resulting change in belowground resource availabil-
ity (for water and (or) nutrients). Although several studies
have shown the inhibitory effects of phenolics from the for-
est floor on plants (Whittaker 1970; Perry and Choquette
1987), the similar response of cedar to mineral soil and moss
removal treatments suggests that the effects of phenolics and
other attributes of the HA forest floor, such as pH, do not
play an important role in cedar survival. The survival of
hemlock and amabilis fir on mineral soil and on the forest
floor with moss removed was not tested, but Wright et al.
(1998b) have shown that hemlock has a higher survival rate
on forest floor with the moss layer removed.

Cedar development of secondary foliage was likewise
greatest in the most disturbed treatments:. soils isolated from
the surrounding soil. The reference soil, which showed
higher levels of secondary foliage development than the
exposed mineral soil, was mixed and isolated from surround-
ing roots. Soils disturbed to this degree often show higher
levels of nutrient availability in experimental conditions
(Johnson et a. 1995) and in nature (Vitousek and Melilo
1979; Vitousek et a. 1979; Silver and Vogt 1993; Feller and
Kimmins 1984). Adams and Mahoney (1991) demonstrated
a greater growth response of cedar to aboveground competi-
tion removal than to simply tying back competing herbs,
presumably because of resulting changes in belowground
dynamics. Studies on other plant species have shown root
isolation and fertilization to increase height growth and leaf
width (Cook and Ratcliff 1984; Callaway et a. 1991), and
fertilization trials conducted with cedar have likewise re-
sulted in increased height growth (Prescott and Brown
1998). The lack of difference between the isolated soil treat-
ments (reference, forest mineral soil, and clearcut mineral
soil) in our study indicates that soil disturbance and (or) root
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isolation are more important to cedar establishment than soil
type. Additional factors related to the soil disturbance, such
as nutrient availability and formation of mycorrhizal associ-
ations, may be important to cedar shade tolerance and war-
rant further study (Kough et a. 1985; Gehring and Whitham
1992; Latham 1992).

Although disturbed substrate is important to the establish-
ment of cedar, it is secondary to high light levels. Secondary
cedar foliage only developed at the forest edge and in the
clearcut; a combination of high light and soil isolation is
needed to produce high levels of cedar establishment in HA
stands.

Size effects

Initial survival rates of seedlings may be related to seed
size, athough Hewitt (1998) showed that long-term shade
tolerance and seed size are not related for North American
conifers. A study by Walters and Reich (2000) showed that
all species studied with a seed mass less than 3.2 mg showed
mortality due to low light (0.5-7%) within 40 days of germi-
nation. At larger seed sizes (17—-44.6 mg), trends were less
clear, with variable mortality occurring within 80 days of
germination. Cedar, hemlock, and amabilis fir have seed
masses of 1.4, 2.4, and 40 mg, respectively. The findings of
Walters and Reich (2000) suggest that seed size difference
does not adequately explain the difference in cedar and hem-
lock survival over the time frame of our measurements, al-
though it may be one factor contributing to high amabilis fir
survival.

The comparison of seedlings with secondary foliage with
those without demonstrates that the former had greater lat-
eral growth, as was expected, but also greater vigour and
height growth. This does not indicate whether the develop-
ment of secondary foliage produces this advantage or if those
seedlings that are performing better are simply more likely
to develop secondary foliage. Development of secondary fo-
liage does not guarantee future survival, but these findings
suggest that it is a good indicator of the relative likelihood
of cedar survival. Previous studies that have shown cedar to
be more shade tolerant than hemlock have used cedar seed-
lings or saplings with secondary foliage (Carter and Klinka
1992; Kobe and Coates 1997; Khan et al. 2000), suggesting
that survival rankings may change if cedar attains a certain
size. A strong decline in mortality has been documented to
occur with an increase in tree size (Clark and Clark 1992;
Kobe 1999), supporting the hypothesis that shade tolerance
of cedar increases as it ages. However, Givnish (1988) has
modeled a negative relationship between tree size and shade
tolerance based on energy alocation patterns and photo-
synthetic rate, which implies that the relationship between
seedling size and shade tolerance is not well understood.
The possibility that cedar’s shade tolerance ranking relative
to other species changes with seedling size merits further
study.

Conclusion

It is impossible to make accurate predictions for cedar es-
tablishment in the long-term given that the conditions tested
do not accurately represent the range of conditions existing
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after different disturbances in the forest. Nonetheless, given
the results of this study, it appears that cedar is at a disad-
vantage on the forest floor at any light level so long it has
equal numbers of germinants as hemlock and amabilis fir.
The response of cedar to high light and soil disturbance indi-
cates that cedar acts as a shade-intolerant species in its early
establishment phase. Cedar's ability to reproduce vegeta-
tively by layering and by rooting of fallen branches may be
an important mechanism of self-replacement in mature cedar
stands.

The hypothesis that cedar needs disturbances to establish
and survive appears to contradict much of the literature stat-
ing that it is a shade-tolerant species. It is possible that ce-
dar’s ability to survive in shade is more strongly related to
its size than for other species studied, such as hemlock. In
this case, initial growth would play a large role in long-term
establishment of the species on a site. This theory is sup-
ported by other studies that have found fire disturbances to
best explain the cedar establishment trends observed in coastal
forests of southern British Columbia (Daniels et al. 1995;
Feller and Klinka 1998). Alternately, the low vigour in the
seedlings studied may indicate that conditions specific to
HA ecosystems are responsible for the low survival and
growth rates of cedar. In this case, removal of the influence
of HA species (as done with the soil isolation treatments in
the edge and clearcut) would offer the greatest opportunity
for cedar establishment. Both hypotheses are supported by
our results, which indicate that cedar is most likely to estab-
lish on disturbed mineral soil in areas with little or no can-
opy influence.

Acknowledgements

We would like to acknowledge the support and help of the
following people, all of whom offered valuable advice and
ideas: Jennifer Bennett, Eliot Mcintire, Leandra Blevins,
Robin Duchesneau, Valerie LeMay, and Guillaume Therien.
The suggestions and input from the Journa reviewers was
also greatly appreciated. Thank you to Ben Andrew, Colin
Mahoney, and Anna Kolmert for the field assistance. We are
grateful for the financial assistance of the SCHIRP, Western
Forest Products, and Natural Sciences and Engineering Re-
search Council of Canada.

References

Adams, D., and Mahoney, R. 1991. Effects of shade and competing
vegetation on growth of western redcedar regeneration. West. J.
Appl. For. 6: 21-22.

Augspurger, C.K. 1984. Seedling survival of tropical tree species. in-
teractions of dispersal distance, light-gaps, and pathogens. Ecology,
65: 1705-1712.

Callaway, R., Nadkarni, N., and Mahall, B. 1991. Facilitation and
interference of Quercus douglasii on understory productivity in
central California. Ecology, 72: 1484-1499.

Carter, R.E., and Klinka, K. 1992. Variation in shade tolerance of
Douglas fir, western hemlock, and western red cedar in coastal
British Columbia. For. Ecol. Manage. 55: 87-105.

Clark, D., and Clark, D. 1992. Life history diversity of canopy and
emergent trees in a neotropical rain forest. Ecol. Monogr. 62:
315-344.

Can. J. For. Res. Vol. 33, 2003

Coates, K.D. 2000. Conifer seedling response to northern temper-
ate gaps. For. Ecol. Manage. 127(1-3): 249-269.

Coates, K.D., and Burton, PJ. 1999. Growth of planted tree seed-
lings in response to ambient light levels in northwestern interior
cedar—hemlock forests of British Columbia. Can. J. For. Res. 29:
1374-1382.

Comeau, P, Gendron, F, and Letchford, T. 1998. A comparison of
several methods for estimating light under a paper birch mixed-
wood stand. Can. J. For. Res. 28: 1843-1850.

Cook, S., and Ratcliff, D. 1984. A study of root and shoot competi-
tion on the growth of green panic (Panicum maximum var. tricho-
glume) seedlings in an existing grassland using root exclusion
tubes. J. Appl. Ecol. 21: 971-982.

Coomes, D., and Grubb, P. 2000. Impacts of root competition in
forests and woodlands: a theoretical framework and review of
experiments. Ecol. Monogr. 70: 171-207.

Daniels, L., Marshall, P, Carter, R., and Klinka, K. 1995. Age
structure of Thuja plicata in the tree layer of old-growth stands
near Vancouver, BC. Northwest Sci. 69: 175-183.

Feller, M., and Kimmins, JP. 1984. Effects of clearcutting and
slash burning on streamwater chemistry and watershed nutrient
budgets in southwestern British Columbia. Water Resour. Res.
20: 29-40.

Feller, M., and Klinka, K. 1998. Seedfall, seed germination, and ini-
tial survival and growth of seedlings of Thuja Plicata in south-
western British Columbia. Northwest Sci. 72: 157-1609.

Finzi, A., and Canham, C. 2000. Sapling growth in response to
light and nitrogen availability in a southern New England forest.
For. Ecol. Manage. 131: 153-165.

Gehring, A., and Whitham, T.G. 1992. Reduced mycorrhizae on
Juniperus monosperma with mistletoe: the influence of environ-
mental stress and tree gender on a plant parasite and a plant—
fungal mutualism. Oecologia, 89: 298-303.

Givnish, T.J. 1988. Adaptation to sun and shade: a whole-plant
perspective. Aust. J. Plant Physiol. 15: 63-92.

Hewitt, N. 1998. Seed size and shade-tolerance: a comparative
analysis of North American temperate trees. Oecologia, 114:
432-440.

Hicks, C. 1993. Fundamental concepts in the design of experi-
ments. 4th ed. Saunders College Publishing, New York.

Ida, K. 1981. Eco-physiological studies on the response of taxoia-
ceous conifers to shading, with special reference to the behav-
iour of leaf pigments. 1. Distribution of cartenoids in green and
autumnal reddish-brown leaves of gymnosperms. Bot. Mag. 94:
41-54.

Johnson, D., Walker, R., and Ball, J. 1995. Lessons from lysi-
meters: soil N release from disturbance compromises controlled
environment study. Ecol. Appl. 5: 395-400.

Keenan, R. 1993. Structure and function of western red cedar and
western hemlock forests on northern Vancouver Island, British
Columbia. Ph.D. dissertation, Department of Forest Sciences,
The University of British Columbia, Vancouver, B.C.

Keenan, R., Prescott, C., and Kimmins, J.P. 1993. Mass and nutri-
ent content of woody debris and forest floor in western red ce-
dar and western hemlock forests on northern Vancouver Island.
Can. J. For. Res. 23: 1052-1059.

Khan, S., Rose, R., Haase, D., and Sabin, T. 2000. Effects of shad-
ing on morphology, chlorophyll concentration, and chlorophyll
flourescence of four Pacific Northwest conifer species. New For.
19: 171-186.

Klinka, K., Wang, W., Kayahara, G., Carter, R., and Blackwell, B.
1992. Light-growth response relationships in Pacific silver fir

© 2003 NRC Canada



Weber et al.

(Abies amabilis) and subalpine fir (Abies lasiocarpa). Can. J.
Bot. 70: 1919-1930.

Kobe, R. 1997. Carbohydrate allocation to storage as a basis of
interspecific variation in sapling survivorship and growth. Oikos,
80: 226-233.

Kobe, R. 1999. Light gradient partitioning among tropical tree spe-
cies through differential seedling mortality and growth. Ecology,
80: 187-201.

Kobe, R., and Coates, K.D. 1997. Models of sapling mortality as a
function of growth to characterize interspecific variation in shade
tolerance of eight tree species of northwestern British Columbia.
Can. J. For. Res. 27: 227-236.

Kobe, R., Pacala, S., Silander, J., and Canham, C. 1995. Juvenile
tree survivorship as a component of shade tolerance. Ecol. Appl.
5: 517-532.

Kough, J., Moalina, R., and Linderman, R. 1985. Mycorrhizal re-
sponsiveness of Thuja, Calocedrus, Sequoia, and Sequoiaden-
dron species of western North America. Can. J. For. Res. 15:
1049-1054.

Krajina, V.J. 1965. Biogeoclimatic zones in British Columbia. Ecol.
West. N. Am. 1. 1-17.

Latham, R. 1992. Co-occuring tree species change rank in seedling
performance with resources varied experimentally. Ecology, 73:
2129-2144.

Lee, D., Baskaran, K., Mansor, M., Mohamad, H., and Yap, SK.
1996. Irrandiance and spectral quality affect Asian tropical rain
forest tree seedling development. Ecology, 77: 568-580.

Lewis, T. 1982. Ecosystems of the Port McNeill block (block 4) of
Tree Farm License 25. Consultant report. Western Forest Prod-
ucts, Vancouver, B.C.

Messier, C., and Parent, S. 1997. Reply — The effects of direct-
beam light on overcast-day estimates of light availability: on the
accuracy of the instantaneous one-point overcast-sky conditions
method to estimate mean daily %PPFD under heterogenous over-
story canopy conditions. Can. J. For. Res. 27: 274-275.

Messier, C., Doucet, R., Ruel, J.C., Claveau, Y., Kdly, C., and
Lechowicz, M. 1999. Functional ecology of advance regenera-
tion in relation to light in boreal forests. Can. J. For. Res. 29:
812-823.

Neter, J., Kutner, M., Nachtsheim, C., and Wasserman, W. 1996.
Applied linear statistical models. 4th ed. Irwin, Chicago, 111
Niinemets, U. 1997. Role of foliar nitrogen in light harvesting and
shade tolerance of four temperate deciduous woody species. Funct.

Ecol. 11: 518-531.

Oliver, C., and Larson, B. 1996. Forest stand dynamics. Wiley,
New York.

Parent, S., and Messier, C. 1996. A simple and efficient method to
estimate microsite light availability under a forest canopy. Can.
J. For. Res. 26: 151-154.

Perry, D., and Choquette, C. 1987. Allelopathic effects on mycor-
rhizae. Influence on structure and dynamics of forest ecosystems.
In Allelochemicals: role in agriculture and forestry. Vol. 17.
Edited by G. Waller. Am. Chem. Soc. Symp. Ser. No. 330. Amer-
ican Chemical Society, Washington, D.C.

Pojar, J., Klinka, K., and Meidinger, D. 1987. Biogeoclimatic clas-
sification in British Columbia. For. Ecol. Manage. 22: 119-154.

Prescott, C.E., and Brown, S.M. 1998. Five-year growth response of
western red cedar, western hemlock, and amabilis fir to chemical
and organic fertilizers. Can. J. For. Res. 28: 1328-1334.

861

Prescott, C., and Weetman, G. (Editors). 1994. Salal Cedar Hem-
lock Integrated Research Program: a synthesis. Faculty of For-
estry, The University of British Columbia, Vancouver, B.C.

Qian, H., and Klinka, K. 1998. Plants of British Columbia. Scien-
tific and common names of vascular plants, bryophytes, and li-
chens. University of British Columbia Press, Vancouver, B.C.

Reich, P, Tjoelker, M., Walters, M., Vanderklein, D., and Buschena,
C. 1998. Close association of RGR, leaf and root morphology,
seed mass and shade tolerance in seedlings of nine borea tree
species grown in high and low light. Funct. Ecol. 12: 327-338.

SAS Ingtitute Inc. 1996. The SAS system for windows, version
6.12. SAS Institute Inc., Cary, N.C.

Shugart, H.H. 1984. A theory of forest dynamics: the ecological
implications of forest succession models. Springer-Verlag, New
York.

Silver, W., and Vogt, K. 1993. Fine root dynamics following single
and multiple disturbances in a subtropical wet forest ecosystem.
J. Ecol. 81: 729-738.

Spurr, S., and Barnes, B. 1980. Forest ecology. 3rd ed. John Wiley
& Sons, New York.

Tilman, D. 1988. Dynamics and structure of plant communities.
Princeton University Press, Princeton, N.J.

Vitousek, P, and Méelillo, J. 1979. Nitrate losses from disturbed
forests: patterns and mechanisms. For. Sci. 25: 605-619.

Vitousek, P, Gosz, J., Grier, C., Mdlillo, J., Reiners, W., and Todd,
R. 1979. Nitrate losses from disturbed ecosystems. Science
(Washington, D.C.), 204: 469-474.

Walters, M., and Reich, P. 1996. Are shade tolerance, survival, and
growth linked? Low light and nitrogen effects on hardwood
seedlings. Ecology, 77: 841-853.

Walters, M., and Reich, P. 1997. Growth of Acer saccharum seed-
lings in deeply shaded understories of northern Wisconsin: ef-
fects of nitrogen and water availability. Can. J. For. Res. 27:
237-247.

Walters, M., and Reich, P. 2000. Seed size, nitrogen supply, and
growth rate affect tree seedling survival in deep shade. Ecology,
81: 1887-1901.

Walters, M., Kruger, E., and Reich, P. 1993. Growth, biomass dis-
tribution and CO, exchange of northern hardwood seedlings in
high and low light: relationships with successional status and
shade tolerance. Oecologia, 94: 7-16.

Wang, G., Qian, H., and Klinka, K. 1994. Growth of Thuja plicata
seedlings along a light gradient. Can. J. Bot. 72: 1749-1757.
Weger, H., Silim, S., and Guy, R. 1993. Photosynthetic acclimation
to low temperature by western red cedar seedlings. Plant Cell

Environ. 16: 711-717.

Whittaker, R.H. 1970. The biochemical ecology of higher plants.
In Chemical ecology. Edited by E. Sondheimer and J. Simeone.
Academic Press, Inc., New York. pp. 43-70.

Wright, E.F., Coates, K.D., Canham, C.D., and Bartemucci, P.
1998a. Species variability in growth response to light across cli-
matic regions in northwestern British Columbia. Can. J. For.
Res. 28: 871-886.

Wright, E.F.,, Coates, K.D., and Bartemucci, P. 1998b. Regenera-
tion from seed of six tree species in the interior cedar—hemlock
forests of British Columbia as affected by substrate and canopy
gap position. Can. J. For. Res. 28: 1352—-1364.

© 2003 NRC Canada



