Weber et al. (2017)

http://dx.doi.org/10.1016/j.foreco.2016.11.019

Post-print of For. Ecol. Manage. 386:13-21.
DOI: 10.1016/j.foreco.2016.11.019

Survival and growth as measures of shade tolerance of planted western redcedar, western
hemlock and amabilis fir seedlings in hemlock-fir forests of northern Vancouver Island.

Adrian Weber1, Sara Leckie2, J. P. (Hamish) Kimmins3, Benjamin Gilbert4, Juan A. Blanco5,
Yueh-Hsin Lo6,*
*

Corresponding author: Yueh-Hsin Lo

Dep. Ciencias del Medio Natural, Universidad Pública de Navarra
Campus de Arrosadía, Pamplona, Navarra, 31006, Spain
E-Mail: yuehhsin.lo@gmail.com
Tel: +34 948 16 9859
Fax: +34 948 16 8930

1

Deceased. Department of Forest Sciences, University of British Columbia, Vancouver, Canada.

2

Department of Botany, University of British Columbia, Vancouver, Canada.

3

Department of Forest Sciences, University of British Columbia, Vancouver, Canada. E-mail:
jpkimmins@gmail.com.

4

Department of Botany, University of British Columbia, Vancouver, Canada.

Current affiliation: Department of Ecology & Evolutionary Biology, University of Toronto,
Toronto, Canada. E-mail: benjamin.gilbert@utoronto.ca
5

Departamento de Ciencias del Medio Natural, Universidad Pública de Navarra, Pamplona,
Spain. E-mail: juan.blanco@unavarra.es

6

Department of Forest Sciences, University of British Columbia, Vancouver, Canada.

Current affiliation: Departamento de Ciencias del Medio Natural, Universidad Pública de
Navarra, Pamplona, Spain. E-mail: yuehhsin.lo@gmail.com
© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

1 / 38

Weber et al. (2017)

http://dx.doi.org/10.1016/j.foreco.2016.11.019

Abstract
We examined two measures of shade tolerance (survival and growth) of planted 1-year-old
seedlings of western redcedar (Thuja plicata (Donn ex D. Don)), western hemlock (Tsuga
heterophylla ([Raf.] Sarg.)) and amabilis fir (Abies amabilis ([Dougl. ex Loud] Dougl. ex
Forbes)). Seedlings were planted at two different sites (forest interior: 4.5% mean above canopy
photosynthetically active radiation [ACPAR], and forest edge: 41.5% mean ACPAR), in a 90year-old, windthrow origin, unmanaged mesic western hemlock-amabilis fir stand. Seedlings
were planted in 1997, and re-measured in 1998 and 2001 (after five growing seasons). To assess
the effects of deer browsing on redcedar survival and growth, additional seedlings of this species
were planted and protected with Vexar© tubes. To examine for nutrient-light interactions, half of
these seedlings were fertilized with N-P-K and micronutrients at planting. Western redcedar had
high levels of survival after 4 years (98% in edge plots and 93% in interior plots). Redcedar
seedlings in edge plots were more vigorous but were browsed more heavily than in the interior
plots. At edge sites, the negative effects of the Vexar© tubes may have been lower than their
positive effects. Hemlock survival was about 50% in the stand interior but 80% in the edge plots.
Amabilis fir in the interior plots had the lowest survival of the three species, with only 40% of
initial seedlings surviving over the next four years, but had high survival in edge plots (95%).
Height, biomass, and root collar diameter growth were significantly higher in edge plots for fir
and hemlock. However, for redcedar, only biomass was significantly higher and no differences
were detected for height and diameter. Our results show that shade tolerance cannot be assessed
by simple measures of leaf/light relationships alone, but also requires consideration of light,
nutrition, growth and browsing.

Keywords: light tolerance, light-nutrient interactions, edge effects, seedling survival, seedling
growth.
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1. Introduction
An ongoing trend for the last decade is driving forest management away from
clearcutting and planting towards partial and variable retention harvesting with natural
regeneration (Gustafsson et al. 2012), based on concerns about biological diversity
(Lindenmayer and Franklin 2002, Fedrowitz et al. 2014), hydrological issues (Hartman 2004),
ecosystem function (Lindenmayer et al. 2012), and public antipathy towards the aesthetics of
clearcut harvesting (Sheppard and Harshaw 2000). Partial harvesting systems inevitably increase
the role of natural regeneration, but planting will likely be necessary for desired species with
unreliable seed production, heavy seed predation, lack of a seed source or inadequate
seedbed/germinant establishment conditions. Therefore, silvicultural systems with natural
regeneration, augmented where needed by planting, have been promoted or suggested over the
last two decades (Arnott and Beese 1997, Serrouya and D’Eon 2004, Nilsson et al. 2006, Bott et
al 2014, Bragg et al 2015, Antos et al. 2016).
Success of both natural regeneration and planting in partial harvesting and variable
retention systems requires knowledge of shade tolerance (Wright et al. 1998b) and the associated
belowground competition for soil resources. Shade tolerance is a multi-dimensional concept
(Dean 2012, Lienard et al. 2015), and simple photosynthetic light saturation curves do not
adequately define it (Wright et al. 1998b, Valladares and Niinemets 2008, Lienard et al. 2015).
Prediction of successional pathways requires an understanding of what it means for one plant
species to establish and grow in the shade of another (Weber et al. 2014). Basing such
predictions only or even mainly on light, as is the case in many process-based forest models (see
reviews by Lo et al. 2011, 2015, and references therein) can lead to erroneous conclusions, if
other factors are not accounted for (Kimmins et al. 2008, Blanco et al. 2015, Dybzinski et al.
2015). Carbon allocation shifts in response to soil resource availability (Franklin et al. 2012,
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Farrior et al. 2013) can have significant effects on interspecific competition and successional
pathways (Weber et al. 2014). Seedling establishment is a key process that involves multiple
biotic and abiotic factors (Blanco et al. 2009). Therefore, ecosystem-level models are vital for
the development of adaptive, flexible decision support tools for sustainable forest management
(Messier et al. 2003; Kimmins et al. 2010). Credible mechanistic process models of ecosystem
response to natural and management-induced disturbance (Perrera et al. 2004) at the stand and
landscape scale (Seely et al. 2004) cannot be developed without this knowledge, as the minimum
complexity needed to represent the main processes that affect tree growth is not reached
(Kimmins et al. 2008).
Complex interactions between factors affecting seedling survival have been studied in
forests on northeastern Vancouver Island. Weber et al. (2003) compared the relative performance
of the three species studied in this paper in similar site conditions and light environments grown
from seed. Also, a study of the role of mycorrhizae in determining germinant shade tolerance
was carried out (Weber et al. 2005), as well as an assessment of what the results of all these
studies mean for successional pathways in these forests (Weber et al. 2014). Other previous
studies in the area have reported the growth of western hemlock and redcedar in different light
environments (Carter and Klinka 1992, Wang et al. 1994, Drever and Lertzman 2001,
Karakatsoulis 2004). Klinka et al. (1992) reported the response of amabilis fir.
Recently, Leidner et al. (2015) have offered a review of the shade tolerance concept in
which the tree species studied here are all ranked as “very tolerant”, but on the other hand,
McKenzie and Tinker (2013) have shown that at least western redcedar can behave as a pioneer
species. Therefore, traditional forest management of these forests needs to be revisited and
updated in view of the recent findings on forest ecology (Antos et al. 2016). Particularly,
traditional management experience in these forests indicates that there are marked differences
among the three species, assuming that the shade tolerance sequence follows the pattern:
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amabilis fir ≥ western redcedar > western hemlock. In addition, our team´s previous research has
shown that shade tolerance of seedlings and adult trees can be different, at least for western
redcedar (Weber et al. 2003, 2005), and that such inter-specific differences in shade tolerance
can have important successional consequences (Weber et al. 2014). Bringing light to such issues
has been highlighted as one of the main points for future research at these sites (Antos et al.
2016).
Therefore, our general objective was to test if a multi-variable response of the seedlings
of these three species supports traditional light-related measures of shade tolerance for western
redcedar (Thuja plicata [Donn ex D. Don]), western hemlock (Tsuga heterophylla [[Raf.] Sarg.])
and amabilis fir (Abies amabilis [Dougl. ex Loud] Dougl. ex Forbes)) seedlings planted in two
contrasting light environments (forest edge and forest interior) in western hemlock-amabilis fir
(HA) stands on northeastern Vancouver Island, British Columbia. To reach this goal, our specific
objectives were to test: 1) if shade tolerant conifer species have different survival rates in the
shade; 2) if shade tolerant conifer species show different height growth responses across a
gradient of light conditions; and 3) if shade tolerant conifer species maintain or reduce their
height:diameter ratios as light levels decline.The information provided by these tests allowed us
to establish a ranking of shade tolerance for three major forest species in western Canada.

2. Materials and Methods
This study was part of a larger study of the successional pathways on northeastern
Vancouver Island (Weber et al. 2003, 2005, 2014). Succession in these ecosystems has generally
been interpreted in terms of wind-related disturbance, light competition and relative shade
tolerance. However, the SCHIRP study (Salal-Cedar-Hemlock Integrated Research Project;
Prescott and Weetman 1994), of which this study is a component, was undertaken to expand the
scope of successional investigations in these forests to the ecosystem level, including nutrition
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and various biotic interactions. To address the objectives, nursery-stock seedlings were planted
in interior and edge plots of western hemlock (Tsuga heterophylla) – Pacific silver fir (Abies
amabilis) stands (HA) stands and their survival and growth were measured over five years.
Secondarily, since we were interested in factors limiting redcedar recruitment in HA stands as
detected by Weber et al. (2003), we tested whether redcedar seedling survival and growth was
affected by nutrient availability or browsing damage. Such a test was done by including an
additional factorial experiment on treatments of fertilizer and browsing protection for redcedar
seedlings

2.1. Research sites
In 1997, four sites were selected at random from the population of HA stands bordering
recent clearcuts within the Port McNeill (50º35´25”N, 127º05´5” W) forest area of Tree Farm
License 6, a 170,000 ha region on northeastern Vancouver Island. Elevation ranged from 300 to
600 m.a.s.l. Slope was minimal (<10%) on all stands, and consequently aspect was not
controlled. Meteorological data from the Port Hardy airport (approximately 15 km north of the
study area) showed a mean annual precipitation of 1,700 mm, with most of this occurring in the
winter months (Keenan et al. 1993). Mean daily temperatures range from 2.4°C in January to
13.8°C in August.
Selected sites were all in the Submontane Very Wet Maritime Variant (CWHvm1) of the
Coastal Western Hemlock biogeoclimatic zone (Krajina 1965, modified by Pojar et al, 1987).
Selected stands were representative of zonal sites and were dispersed throughout the study area.
HA sites are classified as poor-to-medium in nutrient regime and fresh-to-moist in moisture
regime (Pojar et al. 1987). The average mass of forest floor in HA stands is 211 Mg ha-1 (Keenan
et al. 1993). Soils are typically humo-ferric podzols with 0.25 m of mor humus (combined LFH
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layers) overlying surficial unconsolidated morainal and fluvial outwash material (Sajedi et al.
2012).
In early 1997, four sites were selected. The major disturbance that initiated the studied
stands was a windstorm in 1908 that affected about 30,000 ha (Prescott et al. 1993). As a
consequence, the stands selected were even-aged and about 90 years old at the start of the
experiment in 1997. At each of the four sites, four plots were established at the stand edge (just
inside the canopy, within the canopy dripline) and four in the interior of the forest (defined as 50
m from the stand edge). Each plot contained 24 seedlings, for a total of 768 seedlings per species
used in the experiment. All plots had heterogeneous microtopography, with the ground mounded
due to a history of periodic stand replacing wind disturbances, resulting in variable depths of
forest floor over mineral soil. Mound heights were 30-100 cm and spaced at approximately 2 to 6
m.
The forest interior plots contained a very sparse (0-3% cover) understory of salal
(Gaultheria shallon Pursh), deer fern (Blechnum spicant L. Roth), blueberry (Vaccinium
ovalifolium Sm.) and salmonberry (Rubus spectabilis Pursh). The forest edge plots had more
abundant and vigorous herb and shrub layers (0-15% cover) of the same species plus occasional
fireweed (Epilobium angustifolium L.). Both the interior and edge had a consistent cover (70100%) of mosses, mainly Hylocomium splendens (Hedw.) and Rhytidiadelphus loreus (Hedw.),
with lesser amounts of Plagiothecium undulatum (Hedw.). Clearcut areas adjacent to the selected
stands had almost no moss cover, but 50-80% cover of herbs, shrubs and young (7 to 12-yearold) trees. The main plant species present in the clearcuts were fireweed, salal and salmonberry.

2.2. Silvicultural treatments
One-year-old nursery stock seedlings grown from local seed sources of redcedar,
amabilis fir and hemlock were planted in April 1997 in each plot at each site. Height, root collar
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diameter, and total dry weight were measured at the time of planting for a random sample of 30
individuals of each species. Seedlings were planted at least 1 m apart, avoiding microsites with
rotten wood and exposed mineral soil. Vegetation within 50 cm of each seedling was removed
manually twice during the first year to reduce direct competition.
For redcedar only, fertilization and browsing protection treatments (using Vexar©
collars) were applied in factorial combination (fertilization, browsing protection, and fertilization
plus browsing protection). Untreated seedlings from the main experiment acted as controls.
Fertilization was done at the time of planting with “teabags” filled with fertilizer (Biopak 16-6-8
NPK plus micronutrients, 12-month release of plant nutrients). Ten-cm diameter plastic Vexar©
tubing was used to prevent deer browsing. We used four seedlings for each of the three
treatments at each of the four plots at each location (edge, interior) at each of the four sites for a
total of 384 additional redcedar seedlings. Initial size and mass values of seedlings were
measured at planting time (Table 1).

2.3. Survival and growth measurements
Seedling survival, height, and root collar diameter were assessed in the winter of 1997,
May 1998, February 1999, and at the end of the experiment in May 2001, when aboveground
biomass was harvested, dried at 65°C for 48-60 hours (until constant mass) and weighed.
Limited project resources did not permit the recovery of below-ground biomass.
Light measurements were conducted during overcast conditions on May 30, 2001 using
the instantaneous, one point technique described by Parent and Messier (1996). Two calibrated
sunfleck ceptometers (model SF-80, Decagon Devices, Inc., Pullman, Washington) were used to
simultaneously measure the photosynthetic photon flux density (PPFD) at the height of the
seedlings in all experimental plots and in adjacent open areas (clearcuts). Two measurements
were taken at 90° to each other at two locations in each plot, with the person taking the
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measurements standing to the north of the ceptometer. The percentage of above canopy
photosynthetically active radiation (%ACPAR) at each experimental plot was recorder as:
%𝑨𝑪𝑷𝑨𝑹𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 𝒖𝒏𝒊𝒕 =

̅̅̅̅̅̅̅̅̅𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 𝒖𝒏𝒊𝒕
𝑷𝑷𝑭𝑫
𝑷𝑷𝑭𝑫𝒐𝒑𝒆𝒏 𝒇𝒊𝒆𝒍𝒅

× 𝟏𝟎𝟎

(1)

2.4. Data analysis
Data were analysed using Proc-GLM (SAS version 8.2, SAS Institute Inc., Cary, North
Carolina) as a split-plot blocked design, with four blocks (sites), the whole plot-factor being plot
location (edge and interior) and the subplot factor being tree species. For the additional redcedar
experiment, the subplot was a factorial experiment of fertilization and herbivore browse
protection. There were some missing values in the data set due to disturbance by bears and
windthrow of overstory trees. An alpha value of 0.05 was considered significant for all analyses.
Where significant interactions occurred, analysis of variance was followed by pairwise t-test
comparisons of the least-square means within each of the treatment effects, with the alpha level
adjusted for the number of comparisons using Bonferonni’s adjustment (Quinn and Keough
2002).
Percent survival in the main experiment was calculated from the 16 individuals of each
species/treatment combination at each location at each site. Survival data were arcsinetransformed previously for statistical analysis to meet the assumptions of normality and
homogeneity of variance, but all results are presented in the original units. Mean seedling size
measurements for each treatment at each location were calculated at the plot level from seedlings
that survived through the end of the study, which gives n = 4 in the statistical analyses.

3. Results
3.1. Seedling survival
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As expected, the interior and edge plots had substantially different light environments.
Interior plots had consistently low light levels (ACPAR 4.5 ± 2.3%, mean ± s.d.). Edge plots had
consistently higher light levels but were much more variable (ACPAR 41.5 ± 20.2%) due to
aspect and stand structure variation.
Initial survival of planted seedlings after the first growing season differed among the
species and for the two light treatments (Figure 1, top panel). Redcedar and hemlock both had
high first-year survival rates in edge and interior plots (100.0 ± 7.5%, and 99.1 ± 2.4% for
redcedar; 93.9 ± 5.4% and 98.4 ± 12.2% for hemlock, respectively); amabilis fir had high
survival in edge plots (97.6 ± 9.6%) but much lower survival in the stand interior (59.1 ± 31.4%).
At the time of harvest in May 2001, four growing seasons after the first assessment, survival for
the whole 1997-2001 period remained uniformly high for redcedar in both interior and edge
locations. Hemlock had lower and somewhat more variable survival than redcedar in edge plots,
and much lower and more variable survival in interior plots. Fir had high survival in edge plots
but very low survival in interior plots (Table 2).
To eliminate carryover nursery effects and mortality that may have been due to initial
transplant shock regardless of the treatments, we estimated the proportion of trees alive at the
end of the first growing season that survived through to the end of the study (1998-2001
survival) (Figure 1, bottom panel). There was a significant interaction between species and
location. In interior plots there was a significant difference between the species (p =0.003), with
redcedar survival (94.8 ± 3.4%) being greater than that of hemlock (50.1 ± 31.5%) or fir (41.9 ±
27.9%). We did not detect a significant difference in 1998-2001 survival among species in edge
plots (p = 0.083), although hemlock survival tended to be lower than that of redcedar and fir.
Both hemlock and fir had lower survival in interior than in edge plots.
Although redcedar had uniformly high survival in both edge and interior plots, there was
a small but statistically significant reduction in survival for seedlings with the browsing
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protection treatment in interior plots (p = 0.042). We did not detect a significant effect of
fertilization on redcedar survival (Figure 2).

3.2. Seedling growth: height, diameter, and aboveground biomass
Initial mean seedling size was similar for redcedar and hemlock, but fir seedlings were
shorter, had larger root collars and greater biomass (Table 1). Height growth for the period 19982001 was not significantly different in edge and interior plots for redcedar, but both fir and
hemlock had much greater height growth in edge than in interior plots (Table 3, Figure 3 top
panel). Hemlock and fir had much greater root collar diameter growth in the period 1998-2001 in
edge than in interior plots, but there was no significant difference for redcedar (Figure 3, central
panel). These growth measurements undoubtedly underestimated the 1997-2001 growth,
particularly for seedlings in edge plots, but we rejected the first year growth response to avoid
nursery carryover effects and any planting shock. Fir showed a reduction in height:diameter
(H/D) ratio from edge to interior plots, whereas redcedar, and hemlock showed an increase,
suggesting a shade tolerance ranking of fir > redcedar > hemlock (Table 4).
The difference between aboveground mass in 2001 and the mean initial mass of a
subsample of seedlings (Table 1) was averaged for each position in each site. Both hemlock and
fir had significantly greater aboveground biomass increases in edge than interior plots (p <
0.001), and the effect for redcedar was marginally significant (p = 0.053) (Figure 3, bottom
panel). The slight decrease in mass for fir seedlings in the stand interior suggests greater survival
of smaller seedlings, mortality of plant parts (e.g. leader death, needle loss) or a combination of
both.

3.3. Effects of fertilization and browsing protection on redcedar growth
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Redcedar growth in response to fertilization and browsing protection treatments
depended on the plot location. Height and aboveground biomass significantly increased in
response to fertilization in edge plots, but we did not detect an effect in interior plots (Figure 4).
Seedling height growth was significantly greater in edge than interior plots for fertilized
treatments, but there was no significant difference for unfertilized treatments. Root collar
diameter and aboveground mass growth was greater in edge than interior plots for both fertilized
and unfertilized treatments. In interior plots, browsing protection resulted in a decrease in mean
root collar diameter and aboveground mass relative to control seedlings. Browsing protection
resulted in significantly greater growth in height, root collar diameter and aboveground mass in
edge than in interior plots (Figure 4). The decrease in mean aboveground mass in fertilized,
interior redcedar seedlings with browsing protection over the 1997-2001 period (Figure 4,
bottom panel) contrasts with their increase in height and root collar diameter over the 1998-2001
period (Figures 4, top and central panels), suggesting greater mortality of larger redcedar
seedlings in the browsing protection treatment over the first year.

4. Discussion
4.1 Seedling survival
The light levels (percentage of ACPAR) for this study are similar to the values reported in
nine other similar HA stands in the study area by Weber et al. (2003), who reported 4% and 32 to
37% for interior and edge plots, respectively. Shade tolerant species do not respond strongly to
increases in light when there are high light levels, in contrast to shade intolerant species that
respond little to light increases at low levels, but strongly to increases at higher levels (Kobe and
Coates 1997, Mailly and Kimmins 1997). Additionally, Karakatsoulis (2004) reported little
difference in height and H/D ratio of 1-year-old western hemlock and redcedar seedlings grown
in the greenhouse for four months at 24% and 45% full light. Natural variability in light levels
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along stand edges is therefore not expected to affect survival and growth response of these shade
tolerant species.
Planted redcedar seedlings survived well but grew slowly everywhere, a result that is
consistent with their reputed tolerance of shade but slow early growth, especially in the shade
(Carter and Klinka 1992, Kobe et al. 1995, Kobe and Coates 1997, Khan et al. 2000, Antos et al.
2016). Hemlock survival beyond the first year was only about 50% in interior plots in contrast to
over 80% in edge plots. Similar mortality rates for planted hemlock seedlings were reported by
Mailly and Kimmins (1997). However, these authors also indicated that hemlock mortality rates
were independent from light levels. In our case, hemlock growth was very slow in interior plots
and much greater in edge plots. Coates (2000) also showed that for redcedar, hemlock, and fir
small gaps could noticeably increase growth rates of planted seedling. Karakatsoulis (2004) also
reported better growth for hemlock in open conditions. Fir in interior plots had the lowest
survival of the three species but had very high survival (similar to hemlock and slightly higher
than redcedar) in edge plots. Fir seedlings that survived in the interior grew very little while
those on the edge had growth intermediate between redcedar and hemlock (Table 2).
The comparison of our results to those of Weber et al. (2003) (Table 2) suggests that shade
tolerance based on survival of planted seedlings may be very different from that of natural
regeneration from seed. Similarly, Holgén and Hågen (2008) also found that differences between
naturally regenerated and planted seedlings depended on microsite features in northern forests. In
our sites, planted fir seedlings had higher survival than regenerated seedlings in edge plots, but
the reverse was true in the interior plots. The difference in survival between edge and interior
was also much greater for planted than seed origin seedlings. Hemlock planted seedlings had
higher survival than seed origin seedlings in both locations, with a generally similar decline in
survival between edge and interior plots. The uniformly high survival of planted redcedar
seedlings at both locations contrasted dramatically with the low and very low survival in edge
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and interior plots, respectively. This was attributed to mycorrhizal factors by Weber et al. (2003).
Although not studied, we expect that the planted seedlings would be mycorrhizal, given their
high responsiveness to the presence of mycorrhizae propagules in the soil (Kough et al. 1985).
With shade tolerant secondary foliage, the redcedar seedlings would be able to support the
arbuscular symbionts. Belowground competition has also been identified as one of the main
factors influencing natural regeneration in thinned forests in the Pacific Northwest (Devine and
Harrington 2008).
Based on survival, redcedar was the most tolerant of the three species when planted, with
only 5% reduction from edge to interior. This is probably due to redcedar´s plasticity to adapt its
growth rates to different and varying light levels. Karakatsoulis (2004) showed redcedar´s
capability to growth under low light levels that changed seasonally, including the capability to
use sunflecks. Fir was the least tolerant of the shaded stand conditions, with a 75% reduction in
survival. Hemlock was intermediate with a 40% reduction. This contrasts with seedlings
developing from seed placed on the forest floor (Weber et al. 2003), which ranked in the order
hemlock > fir > redcedar (Table 2). The difference between planted and regenerated survival
could also be related to seed size and size predation, as seed size for the same species follows the
same rank as survival (hemlock > fir > redcedar), and it has been reported that bigger seeds have
higher survival rates (Westoby et al. 2002, Lo et al. 2012). However, the rank for survival of
planted seedlings was different (fir > hemlock > redcedar), indicating that the influence of seed
size on mortality rates could be overrun if they are grown in nurseries, probably as seed
predation much more controlled.
Redcedar seedlings did not have a clear significant response to fertilization alone. This could
indicate that soil nutrient availability is not by itself an important issue for promoting
regeneration for this species, especially if seedlings were mycorrhizal. Similar results have been
reported for other tree species in the same region (Lilles et al. 2014). However, fertilization and
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browsing protection combined improved redcedar growth in edge plots, suggesting that both
browsing and fertility are limiting factors on growth under non-limiting light conditions when
occurring together, which is the normal situation in the field.
In contrast, treatments with only browsing protection caused a reduction in survival, root
collar growth, and mass growth in interior plots. Possible explanations for this include: 1)
physical interference with seedling growth by Vexar© tubes; 2) additional shading caused by the
Vexar© tubes (Puértolas et al. 2010, Vázquez de Castro et al. 2014), which would have been
more detrimental to the seedlings in interior than edge plots; and 3) differences among species in
severity of browsing of unprotected redcedar seedlings, which tends to be greater at stand edge
than stand interior locations. Browsing by deer may have been a significant factor in the low
response of unprotected redcedar seedlings to edge light environments. Black-tailed deer
(Odocoileus hemionus Rafinesque) could also be a factor removing redcedar seedlings (Stroh et
al. 2008). Hemlock and fir are much less subject to deer browsing so they can respond to greater
resource availability at the stand edge. However, growth of redcedar seedlings with fertilization
and browsing protection was still substantially lower than hemlock growth in edge plots. This
indicates the inherent differences between species in growing rates.

4.2. Seedling height growth
In interior plots, redcedar and hemlock height growth was quite similar and fir had the lowest
rate (Table 3). Fir seedlings were also shorter than hemlock and redcedar at the time of planting
(Table 1), indicating that taller plants may have had higher mortality rates. However, seedlings
had nearly twice the mass and significantly greater root collar diameter, pointing to relative
higher importance of secondary (diameter) growth rather than primary (height) growth. Amabilis
fir is known to respond to deep shade by reducing height growth in favour of branch elongation,
and stem and root diameter growth (Kimmins 2004, Antos et al. 2005). Shade intolerant species
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maintain height growth in the shade at the expense of diameter and root growth (Kobe and
Coates 1997, Mailly and Kimmins 1997, Karakatsoulis 2004). In edge plots, hemlock had the
greatest height growth, followed by amabilis fir, with redcedar the lowest. In terms of relative
reduction in height growth from edge to interior, the three species ranked fir > hemlock >
redcedar, with redcedar actually being taller in the interior plots (Table 3).
Growth of redcedar seedlings was similar at edge and interior locations unless accompanied
by any of the silvicultural treatments tested. Fertilization increased redcedar height growth in
edge plot, suggesting that its growth was nutrient limited in this location. In interior plots
fertilization had no effect, suggesting that light was the dominant limiting factor. Browsing
protection increased the growth in edge plots, probably because of reduced herbivory (Stroh et
al. 2008). On the other hand, Vexar© reduced growth in interior plots probably by further
reducing light reaching the foliage, and this was intensified by fertilization. Even with the
additional treatments, redcedar growth was always much less than that of hemlock. The results
from the browsing protection treatments suggested that at the edge locations, redcedar response
was in part due to protection from browsing.
The height growth data suggest the following shade tolerance ranking: fir > hemlock >
redcedar. This is in conflict with the general assumption by local foresters that redcedar is very
shade tolerant, ranking close behind fir. In Karaktsoulis´ (2004) experiment, Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco), which is considered to be a moderately intolerant shade
species in the climatic conditions of the study area, showed no significant change in height above
12% full light, whereas its diameter increased and H/D decreased continuously over the 3-45%
full light gradient. This could indicate that redcedar is less shade tolerant than traditionally
assumed, in accordance with observations from natural regeneration (Weber et al. 2005).
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4.3. Height:diameter ratios
Height:diameter ratio (H/D) is thought to be a useful measure of shade tolerance (Hulshof
et al. 2015). Our results for this parameter agree with the ranking based on height, but puts
redcedar much closer to hemlock than to fir. Similarly, results from Karakatsoulis (2004)
reported a significant increase in height and root collar diameter for hemlock and redcedar
between seedlings grown for 4 months at 3% full light vs. 24% full light (Table 4). The further
increase from 23 to 45% full light was non-significant. Levels of 3-45% full light are similar to
the ACPAR range we encountered in this study. Mailly and Kimmins (1997) reported a linear
decrease in the H/D ratio with increasing light levels for hemlock.
Fir showed essentially no change in H/D from its initial values. Redcedar sustained its
initial value in the edge plots but dramatically increased H/D in the interior plots, a response
more typical of a shade intolerant than a shade tolerant species (cf. Douglas-fir, Table 4).
Hemlock showed a different response, halving its initial H/D value in the edge plots while
maintaining its initial ratio in the interior plots, giving a similar difference in ratio values to that
of redcedar. Whether this reflects different nursery light regimes for the two species is not
known7, but the results could suggest that the hemlock may have been grown at a reduced PAR
and redcedar at full light.
Karakatsoulis (2004) found that when grown for 4 months under a range of light levels in
the greenhouse, 1-year old seedlings increased in H/D ratio between 45% full light and 3% full
light as follows: Douglas fir +82%; hemlock +19%; and redcedar +14% (Table 4). These
results show a ranking for hemlock and redcedar close to that for height. However,
Karakatsoulis´ results differ from our results, a fact suggesting again that there are more
determinants of seedling growth in our field sites than in the greenhouse experiment reported by
Karakatsoulis (2004). The possible effects of differences in seed origin of the seedlings between
7

Nursery information was lost with the sudden death of Adrian Weber.
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the two experiments are not known, raising the question as to whether the field results reflect
much more than simply light conditions, and greenhouse-based studies of shade tolerance as
being an incomplete measure of tolerance. Wright et al (1998a) and Valladares and Niimetes
(2008) concluded that survival of samplings is a more important measure of the ability of trees to
compete than simple light adaptations, again implying that there are many factors that contribute
to the ability of a species to invade, survive and grow with other species.

4.4. Multi-variable assessment of shade tolerance
The interspecific differences we detected in growth response are comparable with results of
other field studies of light-dependent growth responses (e.g., Carter and Klinka 1992, Wang et
al. 1994, Mailly and Kimmins 1997, Coates 1998, Wright et al. 1998b) and are consistent with
traditional classifications of shade tolerance, which rank western redcedar as more shade tolerant
than Douglas-fir (Lienard et al. 2015). Shade-tolerant species typically grow faster at low levels
of light, whereas shade-intolerant species typically grow faster at high light levels (Kobe and
Coates 1997, Mailly and Kimmins 1997, Valladares and Niiemets 2008). This was the pattern we
observed for height growth and radial growth at low light western redcedar. These results
indicate a trade-off in the ability of saplings to survive and grow at low light levels with their
ability to grow rapidly at high light levels (Pacala et al. 1994, Kobe and Coates 1997, Wright et
al. 1998b, Messier et al. 1999).
Shade tolerance is a multi-dimensional characteristic of a plant species (Kimmins 2004,
Valladares and Niiemets 2008, Lienard et al. 2015) that depends on many factors, including PAR
levels, photosynthetic light saturations curves for the species, its carbon allocation patterns under
low light (which affects its resistance to wind and snow damage), disease resistance, and its
ability to establish appropriate mycorrhizal relationships that permit it to compete for soil
resources under low light and adverse soil microbial conditions (Weber et al. 2005).
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Kobe (1999) showed that, when considered together, mortality and growth can lead to light
gradient partitioning. Neither growth nor mortality considered alone can reveal this
specialization. Such light gradient partitioning provides an explanation for successional
dynamics in these forests (Weber et al. 2014). Therefore, empirical measures of shade tolerance
should include both survival and growth at different light levels.
Franklin and Dyrness (1988) classified redcedar as “tolerant”, and amabilis fir and western
hemlock as “very tolerant”. Linder et al. (2015) have classified all the species as “very tolerant”.
Lertzman (1995) reported that amabilis fir is more shade tolerant than mountain hemlock in the
Mountain Hemlock zone near Vancouver and attributed this to the larger seed and longer radical
of the germinant that enable the fir to survive the first summer drying of the surface layers of the
forest floor and to develop sufficient leaf area to survive in a deeply shaded understory.
However, the lower survival of both hemlock and amabilis fir seedlings in the interior plots
indicate that planted seedlings of these two species are actually less tolerant than planted
redcedar, in wetter and colder sites in the interior of HA forests on northern Vancouver Island,.
High survival of redcedar seedling with secondary foliage over the five years of this study
indicates that planted seedlings of this species can tolerate the conditions in both the interior and
edge plots of these forests. In contrast, Weber et al. (2003) reported little natural recruitment of
redcedar seedlings into closed HA stands, while hemlock and amabilis fir successfully recruit
given a seed source and some opening of the canopy. The failure of redcedar to recruit is
attributed to the relative shade intolerance of redcedar germinants that have a low leaf area of
primary leaves, and appear to require higher light levels for survival and the development of
shade tolerant secondary foliage than that found in closed HA stands (Weber et al. 2005). These
authors attributed the lack of redcedar recruitment into closed, mature HA stands to the
domination of the upper soil by ectotrophic mycorrhizae and the exclusion of arbuscular fungi
that redcedar germinants need in order to compete for nutrients with the ectotrophic fine roots of
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overstory hemlock and amabilis fir. Antos et al. (2016) have also pointed to mycorrhizae as one
determining factor in the ecology of western redcedar. These nutrients are required in order to
develop the shade tolerant secondary foliage that confers on redcedar seedlings the shade
tolerance observed in the present study (Weber et al. 2003). Western redcedar can also benefit
from mycorrhizae by supporting a larger root mass compared to hemlock and fir. Redcedar is
therefore able to mobilize more nutrients (Hawkins et al. 2014). However, the growth response
to mycorrhizae in seedlings can also be affected by light levels (Gehring 2003).
Based on survival of the planted seedlings, shade tolerance would appear to be in the order
redcedar > hemlock > fir. This contrasts with observed natural regeneration in HA stands which
suggests shade tolerance for natural regeneration in the order fir > hemlock > redcedar (Table 5).
Survival of seedlings established experimentally from seed (on forest floor substrate) in interior
and edge plots of HA forests was found to decline in the order of fir > hemlock > redcedar after
2.5 years (Weber et al 2003). Differences in results between these two studies suggest that
survival of these species depends on size (or development stage in the case of redcedar – the
presence or absence of secondary foliage) or may relate to differences between planted nurserystock seedlings and seedlings regenerated from seed (Holgén and Hållen 2008).
Hemlock and fir had substantially greater growth in edge plots than interior, which is
consistent with the growth strategy of plants that are less shade-tolerant and have higher light
saturation points for photosynthesis. This strategy would lead to a greater increase in net
productivity as PAR level increase compared to a shade tolerant species. Based on this
observation shade tolerance would be redcedar > fir > hemlock.
Redcedar and hemlock seedlings in interior plots had relatively greater height growth than
biomass production. This phenomenon suggests etiolation, a feature of shade intolerant plants,
although some foliage loss due to planting shock could also have happened. This would suggest
a shade tolerance ranking of fir > hemlock > redcedar. Compared to interior forest conditions,
20 / 38

Weber et al. (2017)

http://dx.doi.org/10.1016/j.foreco.2016.11.019

redcedar germinants had higher survival rates at stand edge and clearcut locations, including low
light environments beneath evergreen shrub foliage in clearcuts (Weber et al. 2003, Antos et al.
2016). Redcedar’s ability to survive in shade appears to be strongly related to the development of
secondary foliage (Weber et al. 2003), which could be used to take advantage of sunflecks and is
adapted to variable light levels along short time scales such as days or seasons (Karakatsoulis
2004). Early growth and development appears to play a critical role in establishment and longterm recruitment of the species on a site, with implications for successional pathways (Weber et
al 2014). The very low growth of cedar in edge plots found in our study differs from the results
of other studies (Coates and Burton 1999, Khan et al. 2000, MacKenzie and Tinker 2013).This
fact suggests that there are other factors more important than light affecting the growth but not
survival of planted redcedar.

5. Conclusions
When all the studied parameters are combined to set up a simple ranking of shade tolerance,
all species are close to each other but the ranking appears to be amabilis fir > western redcedar >
western hemlock (Table 5), supporting our initial hypothesis and traditional knowledge.
However, our results for the three species combined with the factorial analysis of silvicultural
treatments for western redcedar indicate that while light is undoubtedly important, factors other
than shade are important for both early survival and subsequent growth.
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Table 1. Initial sizes of redcedar, hemlock and fir seedlings at time of planting. For each
measurement, the mean ± standard deviation for 20 seedlings are presented. Values followed by
different letters indicate significant differences among species with Tukey´s H.S.D. (α = 0.05).

Tree Species

Belowground biomass Aboveground biomass

Height

Root collar diameter

(g)

(g)

(cm)

(mm)

Western redcedar

1.07 ± 0.34 a

1.49 ± 0.45 a

26 ± 4 b

2.5 ± 0.3 b

Western hemlock

0.98 ± 0.37 a

1.44 ± 0.49 a

30 ± 4 c

2.7 ± 0.3 b

Amabilis fir

1.62 ± 0.64 b

3.35 ± 1.14 b

15 ± 4 a

3.4 ± 0.6 a
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Table 2. Comparison of average survival (mean ± s.d.) for the period 1997-2001 between
seedlings grown from seed in the forest and 1-year old planted nursery seedlings (data for
regenerated seedlings from Weber et al. 2003).

Seedling
origin

Planted

Regenerated

Tree Species

Seedling survival
Change

Edge (%)

Interior (%)

Western redcedar

98.6 ± 7.1

94.1 ± 4.7

-4.6

Western hemlock

81.5 ± 8.1

49.3 ± 37.2

-39.5

Amabilis fir

93.4 ± 10.3

23.6 ± 31.6

-74.7

Western redcedar

25.5

7.7

-69.8

Western hemlock

50.0

24.5

-51.0

Amabilis fir

70.0

38.4

-45.1

(% of edge)
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Table 3. Comparison of height growth (cm) for the period 1998-2001 of 1-year old planted
nursery seedlings and for 1997-2000 for seedlings grown in the forest from seed (data for
regenerated seedlings from Weber et al. 2003).

Seedling origin

Planted

Regenerated

Tree species

Height growth
Edge

Interior

Change

(cm)

(cm)

(% of edge)

Western redcedar

8.5 ± 4.9

9.7 ± 4.1

+14.1

Western hemlock

30.5 ± 14.7

9.4 ± 4.4

-69.2

Amabilis fir

14.0 ± 3.7

0.7 ± 1.7

-95.0

Western redcedar

23

24

+4.3

Western hemlock

35

20

-42.9

Amabilis fir

37

38

+2.7
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Table 4. Change in height/diameter (H/D) ratios (in mm) for the 1998-2001 period for seedlings
planted in two different plot types compared with values for the original 1-year old seedlings that
were planted, and compared to data from Karakatsoulis (2004). na: non-applicable.

Tree species

Data from this work

Data from Karakatsoulis (2004)
Change

Change (%

Original

Edge

Interior

(% edge)

45% Light

3% Light

45% light)

Western redcedar

104.0

111.8

173.2

+54.9

93

106

+14.0

Western hemlock

111.1

57.7

110.6

+91.7

69

82

+18.8

Amabilis fir

44.1

36.5

12.5

-65.8

na

na

na

Douglas-fir

na

na

na

na

50

91

+82.0
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Table 5. Shade tolerance rankings of the three studied species based on different survival and
growth variables. Overall ranking is calculated by adding up the scores given by the rankings of
the four individual parameters (sum in brackets).
Parameter

Western redcedar

Western hemlock

Amabilis fir

Survival of regenerated seedlingsa

3rd

2nd

1st

Survival of planted seedlings

1st

2nd

3rd

Biomass growth

1st

3rd

2nd

Height growth

3rd

2nd

1st

Diameter growth

1st

3rd

2nd

Observed natural regeneration

3rd

2nd

1st

Height : diameter ratio

2nd

3rd

1st

2nd (14)

3rd (17)

1st (11)

Overall ranking
a

Data from Weber et al. (2003).
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Figures

Figure 1. Proportion of amabilis fir, western redcedar, and western hemlock that survived the
first growing season after planting (period 1997-1998, top panel) and survival for the period
1998-2001 (bottom panel).

Figure 2. Proportion of western redcedar seedlings alive at the end of the first growing season
(1998) that survived to the end of the study (2001) when treated to different combinations of
fertilization and browsing protection (Vexar© collars).

Figure 3. Height growth (top panel), root collar diameter growth (central panel), and
aboveground mass increment (bottom panel) of amabilis fir, western redcedar and western
hemlock in interior and edge plots for the period 1998-2001.

Figure 4. Height growth (top panel), root collar diameter growth (central panel), and
aboveground mass increase (bottom panel) of western redcedar seedlings in interior and edge
plots under different treatments of fertilization and browsing protection (Vexar© collars) for the
period 1998-2001.
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