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Abstract 

Unpredictability surrounding climate change has prompted questions about forest productivity 

and biodiversity.  Uncertainties exist regarding the future composition of current ecosystem 

envelopes, including ICH forests.  This study investigated the growth rates of common conifer 

species under different levels of canopy cover and soil moisture north of Revelstoke, BC.  

Generally all species showed a negative relationship to increased cover regardless of the soil 

moisture with the exception of western redcedar (Thuja pilcata Donn ex D. Don) (Cw).  Average 

leader growth of Cw was greater on wet sites with low and moderate levels of canopy cover 

compared to dry sites.  The results of this study suggest that harvest plans can optimize 

regeneration success by increasing residual stands and planting species in a variety of site 

conditions to successfully manage potential climate impacts.  The establishment and growth of 

Cw should be encouraged so that the characteristics of the inland rainforest are maintained. 
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Introduction 

The impact of climate change on forest diversity, productivity, and ecological integrity is 

largely unknown (Hamann & Wang, 2006; Spittlehouse & Stewart, 2003).  According to current 

climate models, British Columbia will experience greater warming and precipitation changes 

than most other regions around the world, including increases in both summer and winter 

temperatures (Spittlehouse, 2008; Spittlehouse & Smith, 2003).  Increased frost-free periods and 

mild winters could extend the growing season, while a reduction in the amount of precipitation 

falling as snow will likely reduce yearly snowpack accumulation and the associated water-

storage capacity in the soils.  These factors are expected to produce drier conditions in BC and 

could shift the geographical distribution of existing plant communities and ecological 

assemblages.  The biogeoclimatic ecosystem classification (BEC) system integrates biotic and 

abiotic processes to classify ecosystems.  In total there are 14 different BEC zones in BC, which 

are largely defined by climate and the interactions between edaphic conditions to produce 

expected vegetation communities.  Climate plays a large role in defining BEC units.  For 

example, Interior Douglas Fir (IDF) zones are found in drier areas of interior BC while moist, 

coastal areas support the Coastal Western Hemlock Zone.  Based on the most commonly 

accepted climate model projections, southwesterly aspects of predominately-western redcedar 

(Thuja pilcata Donn ex D. Don) (Cw) forests could shift to interior Douglas fir (Pseudotsuga 

menziesii (Mirb.)  Franco) (Fd) dominated forests in the next 50-80 years (Hamann & Wang, 

2006; Hebda, 1997;   Spittlehouse, 2008; Williamson et al., 2009).  

The interior wet-belt in BC exhibits climatic conditions similar to other temperate 

rainforests and is considered by some to be of particular ecological importance (Arsenault & 

Goward, 1999).  On a global scale temperate rainforests are uncommon and untouched temperate 
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rainforests even rarer (Arsenault & Goward, 1999; Stevenson et al., 2011).  The temperate 

rainforests that do exist are mostly coastal and not within the interior of a continent (Arsenault & 

Goward, 1999).  The interior rainforest is found in pockets within the interior cedar hemlock 

forests of BC.  It is species-diverse and supports a wide variety of plants adapted to interior 

climates as well as specialized species typically associated with Pacific coastal regions.  Western 

redcedar is a provincially important species with many highly valued ecological, social, and 

economic qualities.  It grows slowly, persists for a long time, and can, in some circumstances, 

attain great size compared to species like Hw (Stevenson et al., 2011).  The loose bark and 

hollow trunks of older trees provide habitat for numerous wildlife species (Stevenson et al., 

2011) and to a lesser degree, young trees provide browsing opportunities for some ungulate 

species (Martin & Baltzinger, 2002).  In addition, Cw provides valuable inputs to soil fertility 

through the decomposition of its foliage thus creating niches for other organisms and 

mychorrihizal associations (Stevenson et al., 2011).  It is also an important element of the 

traditional material culture and spirituality for First Nations people of BC (Garibaldi & Turner, 

2004).  Western redcedar is valued for its redeeming qualities like durability, ease of use, and 

resistance to rot (Stevenson et al., 2011).  It is very merchantable for these reasons in addition to 

its superior quality as a finished product (Ministry of Forests and Range (MOFR), nd; Stevenson 

et al., 2011).   

There is concern among researchers that general changes in climate with have serious 

impacts on interior BC forests (Bonan, 2008; Gayton, 2008; Hamann & Wang, 2006; Hebda, 

1997; Latta et al., 2010; Spittlehouse, 2008; Stevenson et al., 2011; Westerling, Hidalgo, Cayan, 

& Swetnam, 2006).  Large changes in these factors are believed to be occurring in the province’s 

Interior Cedar Hemlock (ICH) Biogeoclimatic Zone (Alftine & Malanson, 2004; Hamann & 
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Wang, 2006; Mote et al., 2003; Spittlehouse & Stewart, 2003; van Mantgem et al., 2009; 

Westerling et al., 2006).  Recent studies have linked climate change effects to increased 

frequencies of fire (Stevenson, 2011), drought (Mote et al., 2003), disease (Mote et al., 2003; 

Stevenson et al., 2011), pest infestations (MOFR, 2006; Mote et al., 2003; Stevenson et al., 

2011) and shifting distribution for species (Latta et al., 2010; Lo, 2010; Stevenson et al., 2011; 

Hamann & Wang, 2006).  

Future climate change scenarios in the interior of BC project dramatic changes to current 

forest ecosystems the including expansion of some zones like Ponderosa Pine and ICH forests 

(Hamann & Wang, 2006).  Some plant communities may experience a northern shift, particularly 

the in IDF (Hebda, 1997; Spittlehouse, 2008) and finally, a potential loss of Cw in sites where 

the current growing conditions are less than favorable (Spittlehouse, 2008).  In addition to this, 

Hebda (1997) indicates that the ICH may be more vulnerable to future climate scenarios than 

other BEC zones, primarily due to the increased risk of fire and spread of invasive plant species, 

but states that more research is needed in these forests to understand the full implications of 

climate change.   

Historically, the ICH has been an important biogeoclimatic zone for forestry and has been 

an important economic driver for local communities.  In 2008, direct and indirect forest-based 

employment accounted for 6.8% of total employment in BC and almost 30% of the province’s 

exports were from forest-related products (B.C. Ministry of Forests, Mines and Lands, 2010).  

Climate change will not only influence forest productivity but may pose operational restrictions, 

such as reduction of winter harvest due to the lack of snowpack or frozen ground (Seppälä, Buck 

& Katila, 2009; Williamson et al., 2009).  Forest management is becoming increasingly 
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complicated as decision makers attempt to develop silviculture plans that embrace an ecosystem-

level approach while adapting harvest methods to meet multiple, often conflicting goals.  

Interior Cedar Hemlock Forest Ecology 

British Columbia’s interior rainforest is located several hundred kilometres inland from 

the Pacific coast and experiences westerly flows of warm, moist air from the Pacific Ocean that 

have been modified by more continental-like conditions during transit over the interior.  This 

synoptic flow sheds precipitation as it moves over the coastal mountains but then recharges with 

localized evaporation above the central interior plateaux before again releasing significant 

precipitation along the slopes and valley bottoms of the Columbia Mountains.  In contrast to the 

coastal forests, the ICH experiences stronger seasonal variations including temperatures cold 

enough to stimulate winter dormancy in trees but due to high levels of humidity, the climate is 

somewhat milder compared to other continental areas.   

The BEC system defines the ICH Zone as one of the most productive and diverse in BC 

(Ketcheson et al., 1991).  It has a moist, moderate climate and climax forests dominated by Cw 

and western hemlock (Tsuga heterophylla, (Raf.) Sarg.) (Hw) with populations of spruce and fir 

(Ketcheson et al., 1991).  Large snow-packs and infrequent frosts tend to prevent the soil from 

freezing to notable depths, allowing for a relatively long growing season (Braumandl & Curran, 

1992).  Although the wet belt of the interior extends from the USA boarder north more than 

800km, Stevenson et al. (2011, p 4) define the interior rainforest “as the wettest biogeoclimatic 

subzones of the Interior Cedar Hemlock (ICH) zone – the wet cool (ICHwk) and the very wet 

cool (ICHvk) subzones (Meidinger and Pojar, 1991).”  Here, the combination of wet summers, 

cool winters, significant snowfall, and a prolonged spring melt interact to produce a climate 

similar to the humid, maritime-influenced coastal areas (Holt, MacKillop, & Braumandl, 2002; 
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Ketcheson et al., 1991; Stevenson et al., 2011).  The portion of the ICH considered inland 

rainforest is approximately 1.5 million hectares in size (Stevenson et al., 2011).  The actual 

worldwide area of climatically similar zones is unknown, but only 42 million hectares of 

temperate rainforest are currently documented globally and, due to deforestation and 

development, less than half of this area is in its natural state (Stevenson et al., 2011).  The inland 

rainforest is arguably an ecosystem under substantial threat from climate change due mainly to 

its limited geographic range.  This paper will focus on the forests in the southern interior of the 

province and will not comment on the tract of transitional ICH forests north of Babine Lake 

between the coastal forests to the west and the Nechako Plateau to the east. 

ICH forests have disturbance regimes that vary by subzone.  Drier subzones tend to 

experience disturbances like fire that produce uniform stands (Stevenson et al., 2011).  In 

contrast, the wet and very wet subzones of the ICH are typically composed of older forests 

because fire is less frequent, resulting in fewer stand-level disturbances but relatively more 

small-scale gap-type disturbances (Coates, 1997; Holt et al., 2002; Stevenson et al., 2011).  

These smaller-scale disturbances result from root rot, dominantly Armillaria spp., bark beetles, 

and mechanical damage from wind or avalanche action, but rarely affect more than small patches 

of trees within a stand (Holt et al., 2002; Stevenson et al., 2011).  Due to the infrequent nature of 

stand replacing events, those that do occur create important habitat features necessary for species 

that depend on large snags and coarse woody debris (Holt et al., 2002).  Although stand 

replacing events in the ICH are rare, particularly in the ICHwk and vk, they do occur.  The most 

common large-scale disturbance type is from severe fire or an outbreak of Hw looper (Lambdina 

fiscellaria lugubrosa (Hulst)), a leaf defoliator (Holt et al., 2002).  Both tend to impact large 

tracts of land causing varying levels of mortality, resulting in a landscape level disturbance.  This 
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works to create dynamic stand structures with multi-aged trees, including remnant climax Cw 

(Stevenson et al., 2011) with robust understory growth (Banner & LePage, 2008). 

When planning silviculture strategies, it is important to understand growth response 

under varying levels of light as these two factors are closely related yet differ by species.  Shade-

tolerant species, such as Cw and Hw, are able to establish and survive under low light conditions 

(Carter & Klinka, 1992; Wang, Qian, & Klinka, 1994) in the understory and typically experience 

a rapid growth release when disturbance creates canopy openings that allow increased 

transmission of light to the forest floor (Wright, 2000).  Ambient light levels has been found to 

be a good predictor for seedling growth (Burton, 1999; Drever & Lertzman, 2001), however, 

growth and shade tolerance is influenced by a myriad of factors including below ground 

competition, edaphic conditions, abiotic conditions, and climate (Kimmins, 2008).   

Western redcedar and Hw are both shade-tolerant species but respond positively to 

increased light levels with increased growth (Wang et al., 1994).  Coates & Burton (1999) and 

Drever & Lertzman (2001) studied growth response in ICH forests in northern BC and in the 

Coastal Western Hemlock Zone on eastern Vancouver Island, respectively.  Both reported Cw 

experienced increased growth at 30-40% full sun but found little difference in growth response 

among multiple conifer species, including Fd and lodgepole pine (Pinus contorta var. latifolia 

Engelm. Dougl. ex Loud.).  This suggests that some tree species can adapt to variable retention 

levels regardless of their shade-tolerance ranking.  However, it should be noted that shade-

tolerant species have a greater growth response at low light levels compared to species that are 

classified as shade intolerant (Burton & Cumming, 1995; Carter & Klinka, 1992; Drever & 

Lertzman, 2001; Kobe & Coates, 1997; Wang et al., 1994).  Regeneration of shade intolerant 

species in low light is possible, but the rate of growth may not be substantial enough to ensure 
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long-term survival of the regeneration (Kobe & Coates, 1997; Wright, Coates, Canham, & 

Bartemucci, 1998). 

Western redcedar is typically slow to start growing in the spring, but continues to grow 

steadily throughout the growing season and will continue to grow long into the fall if conditions 

are suitable (Buckland, 1956; Parker & Johnson, 1987).  Western redcedar, along with Hw and 

other Cupressaceae species form winter buds that do not have fully preformed shoots but use 

food reserves for initial growth and then reallocate energy produced in the current season for 

shoot production and continued growth (Parker & Johnson, 1987).  In contrast, pines and other 

conifers have predetermined buds containing preformed shoots that, once elongated in the spring, 

start to produce another preformed shoots, which, under favorable conditions in the fall, can have 

a second flush resulting in lammas growth (Parker & Johnson, 1987).  Under dense canopy 

cover, Cw seedlings start growing early in the spring but do not continue the same rate of growth 

throughout the entire season (Parker & Johnson, 1987).  Conversely, seedlings that are grown in 

full-sun start growth early and continue to grow until a soil moisture deficit is present (Parker & 

Johnson, 1987).  During the growing season in the ICH, soils typically stay moist except for a 

limited time during late summer on dry sites (Ketcheson et al., 1991) and therefore, it is expected 

that the current moisture levels in the ICH can generally support Cw growth all summer and 

potentially into the spring and fall.  If climate change predictions are correct for the ICH, then 

soil moisture deficits during the growing season could be expected to increase in severity and 

duration and could reduce overall annual growth in these areas.   

Management of Interior Forests 

Harvesting systems are complex management plans that address the falling and bucking of 

timber, moving the logs to a landing (yarding), loading the logs onto trucks, and hauling them to 
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as processing site (MacDonald, 1999).  Harvest systems in BC incorporate a variety of methods 

including clear-cuts, variable retention, group selection, thinning, shelterwood, and other 

combinations of partial cutting systems.  In contrast to clear-cutting where all the timber is 

removed, variable retention is a system where at least half of the openings must be within one 

tree length from the edge and/or a patch of trees (Harkeme & Scott, 2002).  Likewise, partial 

cutting removes small patches of trees, individual trees or a percentage of the area to meet 

management goals (Harkema & Scott, 2002).  Over the last decade, harvesting on public lands in 

BC has been dominated by clear-cutting, followed by variable retention and other partial cutting 

systems; however, various forms of partial cutting are on the rise (B.C. Ministry of Forests, 

Mines and Lands, 2010).   

In addition to harvest systems, there are a number of harvesting techniques used in BC, 

some of which are more suited to the ICH than other areas.  Harvest techniques are typically 

determined by cost, timber quality, terrain, soils, hydrology, and climate.  Ground-based and 

cable yarding are both common techniques in the interior of BC with different levels of impact to 

the harvest site.  Ground-based yarding incorporates the use of machines equipped with wheels 

or tracks to retrieve and transport logs from the forest to a landing where it is processed 

(MacDonald, 1999).  Cable yarding uses cables to either partially or fully suspend logs off the 

ground while transporting them downhill to where the logs are handled for transport 

(MacDonald, 1999).  A ground-lead cable yarding system suspends the butt end of the logs in the 

air from the cable while the rest of the log is dragged along the ground to where it is processed 

(MacDonald, 1999).  Due to steep terrain and wet soils, cable yarding and aerial systems i.e. 

helicopter, full suspension cable, etc., are typically used in the ICH.  Ground based yarding is 
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most frequently utilized in the winter months as the ground freezes reducing the amount of 

ground disturbance.  

 Regeneration in the ICH can be difficult, especially in wet patches of interior rainforest 

(Stevenson et al., 2011).  As a result, the specific harvest technique chosen for an area can have 

considerable impacts on natural regeneration.  Ground-based yarding techniques are more 

common where relief is low and the ground is more stable with well-drained soils (MacDonald, 

1999).  However this technique can increase soil compaction, hinder the growth of understory 

species (Berger, Puettmann, & Host, 2004), and reduce the rate at which the site is re-established 

with native vegetation.  Comparatively, cable yarding reduces disturbance to soil structure, soil 

organisms, and understory plants (MacDonald, 1999).  Maintaining understory soil and plant 

communities is important as it can promote the natural establishment of desired species from 

remnant forest patches (Berger et al., 2004; Holt et al., 2002; Waters & Quesnel, 2001).  In the 

ICH, understory tree species are dominated by Cw and Hw and are able to re-establish naturally 

after disturbance.  Western redcedar regeneration is facilitated by seed rain or layering, where 

branches of Cw can form roots and establish in the openings (Kimmins, 2008) created by natural 

or manmade disturbance.  Some level of disturbance to expose mineral soils is encouraged as it 

can facilitate native seedling establishment and recruitment (Wright, Coates, & Bartemucci, 

1998).  Regardless, harvesting systems and techniques in the ICH are generally constrained by 

site characteristics like terrain and soil composition, with often less consideration for natural 

regeneration.  Harvesting systems that retain portions of mature canopy may facilitate natural in-

growth and regeneration.   
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Climate Change and the Interior of BC 

Forests are important to the economic, cultural, and ecological fabric of BC (Gayton, 

2008).  Forests provide essential goods and services for people from wood products to water 

filtration.  Uncertainty exists about the way forests will react to climate change both locally and 

globally.  Climate trends for BC generally indicate the province will experience warmer and 

wetter conditions, with the snowpack thinning, moving to higher elevations and melting earlier 

in the spring (Gayton, 2008; Mote et al., 2003; Mote, Salathe, & Peacock, 2005; Seppälä et al., 

2009).  British Columbia will likely experience greater changes in temperature and precipitation 

than the global averages (Smith & Fraser, 2002).  By 2080, maximum summer temperature 

increases could reach increases of 3 to 4°C above this decade’s average (Gayton, 2008; 

Spittlehouse, 2008).  Precipitation and temperature are not the only expected changes.  In 

addition, fluctuations of evaporation rates (Gayton, 2008), relative humidity (Flannigan, 2001; 

Gayton, 2008; MOFR, 2006) and wind patterns (Gayton, 2008; MOFR, 2006; Mote et al., 2003) 

may influence many important BC ecosystems.    

In the Columbia Basin, the valley bottoms were flooded from the construction and 

subsequent operation of multiple hydroelectric dams throughout the 1960’s - 1980’s (Holt et al., 

2002).  As a result, the geographic area that supports low elevation ICH forests has been 

significantly reduced and therefore these forests may experience greater changes from altered 

precipitation and temperature trends than the forests at a higher elevation in the same region 

(Latta et al., 2010).  Recently, there has been more research into the impacts climate change will 

have on BC forests, however many results for the interior, particularly the wet belt, are 

generalized and speculative.  Gayton (2008) compiled a literature review addressing impacts to 

BC’s biodiversity with respect to climate and notes that the southern interior is already 
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experiencing earlier springs and longer summers than in the past.  He also inferred that soil 

moisture deficits in low-elevation and south-westerly sites might increase.  These conditions may 

give rise to concern regarding the success of post-harvest regeneration as species that are more 

drought-tolerant than Cw and Hw are often planted.  Prolonged droughts associated with drying 

conditions may produce an environment more suited to Fd and Pw regeneration where these 

species could successfully out-compete Cw and Hw.  Changes in local or regional climate trends 

have already had an impact on BC’s forests over the last decade and such changes can influence 

species’ realized niches, distribution frequency, and growing success (Hamann & Wang, 2006).  

Hanman and Wang (2006) used ecosystem-based climate modelling to project changes in 

distribution of the common BEC zones in BC.  Based on their research, the southern interior of 

BC is forecast to experience large plant community shifts.  Some plant species may be able to 

adapt genetically or even migrate to more suitable conditions.  However distribution of those 

species will likely decrease if suitable habitat is lost quicker than new habitat is created (Hamann 

& Wang, 2006).  The ecological amplitude or the range of environmental conditions a species is 

able to tolerate can be limited.  Tree species may not be able to respond quickly enough to the 

types of changes projected by various climate model scenarios.  According to the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change (Parry et al., 2007), the 

majority of ecological impacts to forests from climate change will most likely be negative.  

Ecosystems are predicted to experience species level changes and will likely create new 

ecosystems as the composition of dominant species changes and exotic species are introduced 

(Gayton, 2008).  This is likely to occur from increased frequency of disturbance events.  

Unfortunately, some species will not be able to adapt by moving to areas of suitable climate due 
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to geographical barriers, unsuitable habitat, and/or competition (Iverson & Prasad, 2001; 

Spittlehouse, 2008). 

Climate change can alter forest composition and structure indirectly through altering 

natural disturbance regimes, or directly by altering growth patterns (Hamann & Wang, 2006; Lo, 

2010; Utzig & Holt, 2009).  Fire activity in the southern interior regions of BC is expected to 

become more intense and fire seasons are expected to last longer (Utzig & Holt, 2009).  It is 

probable to assume that entire plant communities, especially late-seral stands, could be wiped out 

from large-scale fires.  In addition, this will likely create significant impacts to existing 

ecosystems by increasing plant susceptibility to insect and disease and through altering existing 

soil characteristics (Utzig & Holt, 2009).  When growing conditions are favourable, i.e. sufficient 

soil moisture, trees are able to utilize more defence mechanisms to protect themselves from pests 

or disease (Banner & LePage, 2008; Seppälä et al., 2009).  However, drier conditions may 

weaken trees and this, coupled with evidence to support the theory that insect populations react 

positively to increased temperatures (Seppälä et al., 2009), there is a risk that if temperature 

increases coincide with a soil moisture deficit, then increased disease and pest outbreaks can be 

expected as tree resistance weakens due to moisture stress.  Climate and site variables alone 

cannot explain all growth and stand structure variations among forest types as inter- and 

intraspecific competition drives plant community composition over time (Flannigan, 2001; 

Hamann & Wang, 2006; Lo, 2010).  In short, although there is agreement that climate change 

will affect natural disturbance regimes (Beniston, 2002; Gayton, 2008; Hebda, 1997; Kimmins, 

Blanco, Seely, Welham, & Scoullar, 2008; Latta et al., 2010; Seppälä et al., 2009), the extent and 

magnitude of these changes are not fully understood.  
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Forest productivity may also be influenced by climate change as temperature and 

precipitation are key drivers of plant growth (Latta et al., 2010).  Model predictions have 

examined changes in forest productivity with accepted climate scenarios and have suggested that 

lower elevation forests may experience increased impacts.  These impacts may range from 

smaller snow-packs and earlier melts in the form of growing-season soil moisture deficits to 

subsequent reduction of growth that logically may cause a decline in forest productivity (Latta et 

al., 2010; Stevenson et al., 2011) and a shift in plant communities.  Changes to the distribution of 

plant communities do not happen readily and are not influenced by climate alone.  Soil 

composition, available moisture, topography, morphological attributes, and competition from 

other species all influence species shifts (Mote et al., 2003; Stevenson et al., 2011).  Within a 

biogeoclimatic envelope specific subzones may be impacted more than others may.  For 

example, model predictions indicate an initial expansion of the ICH, as a result, the wet and very 

wet subzones may experience drier conditions forcing these subzones to migrate to higher slopes 

and further up the valleys (Hamann & Wang, 2006; Stevenson et al., 2011).  The current 

Engelmann Spruce Sub-alpine Fir (ESSF) Zone immediately upslope of exiting ICH forests may 

transition to ICHwk or ICH vk subzones (Stevenson et al., 2011).  This upward expansion of 

ICH is questionable because there is not enough information to adequately understand how ESSF 

communities will react to drying and warming conditions.  However, Englemann spruce (Picea 

engelmannii Parry ex Engelm.) is expected to persist in this elevation band due to its tolerance to 

drought (Hebda, 1997).  

While increased temperatures will likely result in an increased number of frost-free days 

and longer growing seasons (Seppälä et al., 2009; Spittlehouse, 2006), a reduced snow pack in 

the ICH could actually contribute to more periods of frost during the spring, fall, and winter 
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months (Stevenson et al., 2011; Williamson et al., 2009).  Lack of snow can increase the 

incidence of frost damage to plants, especially in the winter when soils exposed to the air 

become more likely to freeze causing subsequent damage to surface roots (Williamson et al., 

2009).  Snow has low heat conductivity that makes it a good insulator for conserving latent heat 

in the soil and reducing heat loss through radiative exchange (Oke, 1987).  Soil with higher 

moisture content freezes at a slower rate because latent heat is released as moisture molecules 

freeze, in turn this warms the surrounding soils (Bonan, 2008; Oke, 1987).  Extensive summer 

droughts and/or prolonged winter periods without a snowpack can lead to increased risk of frost 

as available moisture is reduced and soils are exposed to the air.  Frost can impact tree species in 

a number of ways, including changes to bud burst timing, (Burton & Cumming, 1995; Gayton, 

2008; Seppälä et al., 2009), chilling requirements (Burton & Cumming, 1995; Gayton, 2008; 

Hebda, 1997; Nitschke & Innes, 2008; Seppälä et al., 2009; Stevenson et al., 2011), and reduced 

soil productivity (Nitschke & Innes, 2008; Stevenson et al., 2011; Williamson et al., 2009).  

Increased temperatures related to climate change could be expected to cause lower mean 

temperatures and earlier dates required for bud burst (Burton & Cumming, 1995; Lavender, 

1989; Nitschke & Innes, 2008).  If buds are not properly chilled, they may remain partially 

dormant through the spring thereby reducing growth potential for that season (Gayton, 2008; 

Nitschke & Innes, 2008).  Increased incidence of frost as a result of decreased snowpack in the 

ICH (Stevenson et al., 2011) could impact regenerating species as young trees are more 

susceptible to damage and mortality related to frost, particularly with respect to establishment 

(Nitschke & Innes, 2008) and plantation success (Stathers, 1989).   

Many temperate tree species have specific chilling requirements defined as the number of 

hours below a certain winter temperature required by the tree to develop buds in preparation for 
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the following growing season (Nitschke & Innes, 2008).  Most tree species require a period of 

cool temperatures to enter a post-dormant condition where increased spring temperatures and 

length of daylight promotes normal shoot expansion (Lavender, 1989).  Species that have high 

chilling requirements tend to be sensitive to late season frosts (Nitschke & Innes, 2008).  These 

species need moderately long periods of cold winter temperatures in order to complete dormancy 

requirements prior to spring (Nitschke & Innes, 2008).  If local climates warm, it is then very 

possible that these species will not successfully achieve bud burst or could experience delayed 

bud burst.  This can hinder necessary growth and reproductive tasks.  When coupled with the 

possibility of a late or early season frost, it could also increase mortality rates for some species 

(Burton & Cumming, 1995; Gayton, 2008; Lavender, 1989; Nitschke & Innes, 2008).  Tree 

species that are not able to meet their chilling requirements may negatively impact post-

disturbance regeneration and therefore could alter species community composition and 

productivity due to reduced growth rates and increased susceptibility to disease and/or pests 

(Gayton, 2008; Nitschke & Innes, 2008).  However, edaphic conditions and species-specific 

traits may allow some species to endure regardless of impacts to chilling requirements (Nitschke 

& Innes, 2008; Seppälä et al., 2009).  

It is important for planning purposes to understand how changes to local climate trends 

could affect forest productivity and management (Latta et al., 2010).  Changes in temperature 

and precipitation effect growth and can also influence timber harvest strategies (Nitschke & 

Innes, 2008; Spittlehouse, 2008).  Total harvesting costs encompass silviculture plan 

development, infrastructure development, harvest, transport, and forest regeneration 

(MacDonald, 1999).  Failures in any of these aspects will affect future forest productivity and 

can have significant economic consequences, both locally and regionally.  Future forest 
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productivity plays an important role in determining future timber supply (Latta et al., 2010) and 

therefore has some influence on other management objectives like enhancing habitat for 

important wildlife species such as mountain caribou (Rangifer tarandus caribou) and managing 

wildfire risk or other natural disturbance regimes.  

Changes to ecological niches of important forest tree species could have major impacts 

on local forest management.  In the southern interior of BC, the ICH has been identified as being 

sensitive to climatic changes (Hebda, 1997).  However the sensitivity of the ESSF Zone, found 

upslope of the ICH, is not fully understood (Hebda, 1997).  Both Hanman and Wang (2006) and 

Spittlehouse (2006) produced results indicating that the ICH and IDF will expand significantly 

northwards and to higher elevations.  This shift may favor Fd expansion.  Nevertheless, these 

species are prone to snow-press and could experience increased mechanical damage that could 

decrease their merchantable quality (K. Bollefer, personal communication, April 12, 2012).  In 

addition, if the ESSF were to remain stable then Cw or Fd establishment at higher elevations 

may not be possible.  Alternatively, low elevation south or west facing ICH forests may 

transition into drier ecosystem that could better support Fd or species of pine (Hamann & Wang, 

2006; Hebda, 1997; Spittlehouse, 2006; Utzig & Holt, 2009), successfully outcompeting Cw or 

Hw tree species.  Under some climate change scenarios a longer growing season is expected with 

warmer temperatures (Beniston, 2002; MOFR, 2006; Williamson et al., 2009).  Conversely, 

warming temperatures and changing hydrological regimes could lead to drier conditions (Lo, 

Blanco, & Kimmins, 2010; Mote et al., 2003), increased incidence of plant stress, and decreased 

growing performance (Mote et al., 2003; Williamson et al., 2009).  Natural regeneration of Cw 

and Hw on the very wet sites of the ICHwk1 is generally sparse due to vigorous vegetation 

growth and pockets of standing water combining to limit suitable seedbeds (Holt et al., 2002).  
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The reduction of natural regeneration establishment in wet areas could be expected to accelerate 

ecosystem-level climatic changes through the loss of canopy cover and shade to aid moisture 

regulation (i.e. transpiration) (Bonan, 2008).  As the ICHwk and vk zones experience drying 

conditions with less snowpack, harvesting techniques may shift to more cable-based systems in 

these instances.  Timber harvesting without the cover of snow tends to cause more soil 

disturbance and can contribute to increased amounts of exposed and compacted soils depending 

on the degree of saturation and composition of the soils (Berger et al., 2004). 

As described earlier, climate models predict that portions of interior forests will experience 

drier conditions and could promote the establishment of species that are able to respond 

positively to conditions outside their defined growing niche.  Soil moisture is often a limiting 

factor for growth (Caspersen & Kobe, 2001; Latta et al., 2010; Littell, Peterson & Tjoelker, 

2008; Nitschke & Innes, 2008; Seppälä et al., 2009) and some common species currently 

regenerated in the ICH may be more adaptable to frequent soil moisture deficits than other 

species.  Although the ability of species to survive in less than optimum conditions is likely 

dependent on the morphological differences between species (Caspersen & Kobe, 2001; Seppälä 

et al., 2009), numerous abiotic factors like topography, nutrient regime (Lo et al., 2010), soil 

disturbance (Wright et al., 1998), and local climate can also play a large factor in survival (Lo et 

al., 2010).  Based on the results of this study and others, it is possible to maximize growth rates 

by creating openings with light environments appropriate for regeneration of desired species 

(Burton, 1999; DeLong, Simard, Comeau, Dykstra & Mitchell, 2005; Drever & Lertzman, 2001; 

Latta et al., 2010), indicating that growth rates can be maximized in variable retention 

silviculture systems compared to traditional clear-cuts.   In the ICH, it is possible to successfully 

regenerate good quality trees in openings of 1.0 ha and less (Coates, 2000; York, Heald, Battles 
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& York, 2004), although larger openings will promote growth of other species and potentially 

enhance mixed stocking efforts.  

The purpose of the research was to examine and compare the growth rates of tree species 

in the interior wet-belt of BC on mesic and wet sites within the same biogeoclimatic unit.  These 

results will then be related to the forecasted changes local climate will have in combination with 

forest harvesting strategies.  Specific questions investigated were: 

1. Do the comparative growth rates of tree species vary on wet versus dry soils? 

2. Do the comparative growth rates of tree species change under different light regimes? 

3. Does the growth of western redcedar on wet and dry sites change under different light 

regimes? 

Based on previous work, growth of Cw, Hw, Fd, western white pine (Pinus monticola Dougl. ex 

D. Don) (Pw) and hybrid spruce (Picea glauca (Moench) Voss x engelmannii Parry ex Engelm.) 

was hypothesized to increase as canopy cover decreased.  To test this hypothesis, growth data 

was collected from a study site north of Revelstoke BC in the spring and fall of 2011 and 

analyzed.  The results are presented here. 

Research Methodology 

Study site 

The study area was located in the Columbia Mountains, situated along the western slopes 

of Lake Revelstoke, 55 km-north of Revelstoke BC (118˚ 26 W 51˚ 26’ N), in the  Wells Gray 

wet cool variant of the ICH (ICHwk1) (Ketcheson et al., 1991).  This variant is defined by moist, 
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warm summers and cool winters with moderate to high snowfall.  Based on the most recent 

weather data available from Environment Canada, average daily temperatures  for the Revelstoke 

area range from 2.7 to 4.5°Celcius, with average daily summer temperatures recorded at the 

Revelstoke Airport (elevation 450m) of 17.4°C, while winter temperatures averaged -2.7°C 

(recorded between 1971 and 2000).  In July of 1992, an extreme daily temperature of 37.2°C was 

recorded at the airport, with the lowest temperature recorded as-29.4°C in January of 1970 

(Environment Canada).  Annually, Revelstoke receives over 1000mm of precipitation, with 

617mm falling as rain and approximately 420mm as snow (Environment Canada). 

The Columbia Mountains are located in the Montane Cordillera ecozone with bedrock 

consisting mainly of sedimentary rock with some limited presence of igneous rock.  Soils in the 

ICH are generally comprised of Humo-Ferric Podzols, with Brunisolic development in drier 

areas (Braumandl & Curran, 1992; Ketcheson et al., 1991).  In the study area, soils in the 01/04 

site series consisted of morainal silt loam with colluvial materials confined to steep slopes and 

varying layers of fluvial and glaciofluvial deposits.  Wetter sites (05 site series) consisted of soils 

dominated by fluvial deposits, morainal till, and colluvial deposits with pockets of glaciofluvial 

soils.   

The site ranges in elevation from 620m to 785m, at an average of 690m.  Aspect and 

general terrain features were common for all sites.  The upper slopes were steeper (>60%) but 

gradually transitioned to slopes with an average grade of 45%.  The lower portion of the site was 

a small bench with gentle slopes less than 20% grade.  

The study site is located within the harvesting tenure of the Revelstoke Community 

Forest Corporation (RCFC), established in 1993.  However, harvesting in this area has a much 
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longer history.  In the 1950’s, Cw poles were harvested from all but the very steep slopes in the 

block.  More recently, the site was logged using a ground-lead cable system creating 1ha linear 

openings that were planted the following year (2005).  The openings are approximately 300m in 

length (top slope to bottom slope) with an average width of 60m (see Figure 1).  The 2004 timber 

cruising data ages the forest at 250 years old. 

Under full canopy cover, the understory vegetation was typically sparse with well-

developed moss communities overlaying thick humus layers.  In contrast, areas with irregular 

canopy cover and zones of standing water typically had a diverse and dense understory layer.  

The mature overstory was composed of Cw and Hw with large Fd and Pw.  Few shrubs were 

found in the understory of the closed forest , with the exception of former harvested openings 

where the understory was dominated by Taxus brevifolia (Nutt.), Vaccinium membranaceum 

(Douglas ex Torr.), Paxistima myrsinites ((Pursh) Raf.) and an abundant herb layer of Cornus 

canadensis (L.), Gymnocarpium dryopteris ((L.)  Newman) and Clintonia uniflora ((Menzies ex 

Schult. & Schult. f.)) Kunth).    

  The site was planted with one-year-old seed stock from a single nursery; 567 stems per 

hectare (ha) of Fd, 286 stems/ha Cw, 301 stems/ha of Pw and 308 stems/ha of Sx.  In addition to 

this, 28 stems/ha of two-year-old Sx seedlings from the same nursery were also planted.  As no 

planting reports could identify where these seedlings were planted, all Sx were measured and 

analyzed the same as all other planted species.  Although two-year old seedlings are expected to 

be taller than younger seedlings, leader growth was measured at the end of the growing season as 

opposed to measuring pre- and post-season heights.  Therefore, the influence of older Sx 

seedling was not expected to affect the analysis.  The site was brushed every year until 2009 and 

will be monitored until silviculture obligations are met. 
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This site was chosen because of the elevation, aspect, and geographical location.  It is a 

lower elevation, west-facing site along a north-south corridor that may experience climatic 

extremes as projected by various climate models (Gayton, 2008).  In particular, the ICHwk1 

could experience greater ecological variations from changes in temperature and precipitation 

than other subzones in the ICH (Stevenson et al., 2011).  These variations could be related to 

changes in run-off patterns and evapotranspiration during the summer months due to reduced 

winter snow-pack and soil-moisture deficits (Hebda, 1997; Mote et al., 2003; Mote et al., 2005).  

 

Figure 1:  Overhead photo of the study area, Gregson Road FSR, 50km north of Revelstoke BC. 
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Design and treatments 

 The study area was divided into five blocks, composed of 1ha, linear openings with 60m 

leave strips in between each opening.  Each block was defined as open forest and closed forest, 

where the openings represented the harvested areas and the closed canopy forests represented the 

leave strips.  The area was stratified by the biogeoclimatic variant using site associations and the 

corresponding site series as a proxy for soil moisture to compare dry sites to wet sites.  Dry sites 

were represented by Hw - Cw - Falsebox - Feathermoss site association with 04/01 site series 

and soil moisture regime (SMR) ranging from subxeric to mesic (ICHwk1/04 & 01).  Wet sites 

were defined by the Cw – Hw – Devil’s club – Lady fern association with 05 site series and 

SMR of mesic to subhygric (ICHwk1/05).  Overstory treatments were defined as low, moderate, 

or high canopy cover levels depending on the proximity to the forest edge.  Plots located in the 

center of the openings were defined as ‘low cover’.  Plots within one tree length of the forest 

were considered to have ‘moderate cover’ and plots located within the forest strips were defined 

as having ‘high cover’.  Transects were established perpendicular to the slope along a north – 

south bearing, approximately 20m apart.  Each light condition (low, moderate, high) had three 

transects, with plots placed every 15 – 25m, for a total of 30 plots per block.  Plot size was 3.99m 

radius or 50m2 and centers were uniquely identified and marked with a wooden stake and 

flagging tape.  General overstory canopy cover was measured using a spherical densitometer.  

Four readings were taken at each of the cardinal points at plot center and then averaged to 

produce a measure of canopy cover in percent.  In each plot, general site conditions were 

recorded, as were the dominant herb and shrub communities.  This design was repeated in all 

five blocks for a total of 150 plots.   
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Height measurements and root-collar diameters were collected from Cw in May 2011 and 

October 2011.  Western redcedar was measured along the length of the stem from the top of the 

root collar to the end of the terminal bud using a rigid measure pole.  In situations where the tree 

stem was perpendicular to the slope, the measurement was still taken along the length of stem, 

from root collar to the end of the terminal bud or leader.  In each plot, Cw were numbered and 

marked with flagging tape to facilitate re-measuring in the fall.  Two measurements were 

necessary because of the difficulty with consistently identifying the leader in the field due to 

lateral branches tending to grow higher than the terminal branch, particularly in low light 

conditions (Parker & Johnson, 1987) .  Therefore, proper identification was made by counting 

the leaf pairs on the main stem as described by Parker (1987).  Western redcedar leader growth 

was determined by subtracting the heights measured in October from the heights measured in 

May, providing the relative leader growth over one growing season.  Root collars were measured 

using common household calipers.  Measurements were taken 5cm above the root collar or 

where the root collar was not evident (i.e. Cw <60cm), measurements were taken 5cm above 

significant root shoots.  This area was marked using cosmetic white nail polish to ensure 

consistent re-measuring in October.  Root collars were also measured both in May and October 

2011 and the diameter growth increment was determined by subtracting October results from the 

measurements collected in May.  In October 2011, leader growth of Fd, Pw, Sx, and naturally 

regenerated Hw was measured for individuals less than 3.0m.  Leader growth was determined by 

measuring from the top of the last whorl to the end of the leader for Fd, Pw, and Sx.  In plots 

where tree numbers exceeded three per species, the three most robust trees in four height classes 

were measured; A, B, C, D (30–60cm, 60–130cm, 130– 200cm, >200cm) in all light levels for a 

maximum of 12 measured trees per species per plot.  Western hemlock leaders were also difficult 
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to identify under low light conditions.  When identification was not possible, a value of zero was 

recorded and the individuals were tallied into the appropriate age class (A through D).  If a leader 

measurement for Hw, Fd, Pw, or Sx was not recorded because the tree was damaged or was 

recorded as zero, the tree was not accounted for in the analysis.  Leader growth for Hw, Fd, Pw 

and Sx was averaged per plot and used to compare leader growth over one growing season with 

canopy cover measured in percent.  A maximum of two western redcedar (single Cw) seedlings 

per plot displaying the best growth were chosen for a densitometer reading to compare individual 

tree growth response with canopy cover.  Lastly, leader measurements were averaged by level of 

canopy cover on wet and dry sites.  Averages were also compiled for each slope position (north, 

south, and center) in the openings, regardless of cover level and soil moisture 

A blocked, fully crossed factorial designed was used.  Each of the two moisture regimes 

and three overstory treatments were crossed and replicated once in each of the blocks.  Where a 

species was absent from a treatment, the block was dropped and the analysis conducted with four 

blocks.  No empty cells were included in any of the analyses.  Assumptions for this design 

included: the treatment effects are additive, constant for all units, and the blocks are independent.  

The response variable tested was the measured leader growth at the end of the growing season in 

October 2011.  

Statistical analysis 

 All data analyses were performed with JMP ® 9.0.2 (©2010 SAS Institute Inc.)  The null 

hypothesis that the average growth per tree species in the study area will have no difference 

regardless of light availability or soil moisture was tested.  All data were tested to meet 

assumptions of analysis of variance and linear regression including independent observations, 

constant variance, and normality tests.  Unequal variances were tested using Levene’s test for 
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equality of variances and Barlett’s test for homogeneity of variances.  Leader growth 

measurements were transformed to meet equal variance assumptions where required.  A general 

linear model approach was used to conduct analysis of variance (ANOVA).   

Leader growth was averaged per observation and analyzed using a two-way ANOVA to 

compare the difference between the means on wet and dry sites with varying categorical levels of 

canopy cover (Low = center plots; Moderate = south and north edge plots; High = center plots).  

Block effect was considered random and treatment effects fixed.  A species comparison was 

conducted using 3-way ANOVA with the variables soil moisture, canopy cover, and species.  

Where replication was not equal, i.e. no Fd measured under high levels of cover, then that light 

condition was dropped to maintain balance.  Where the difference among means were 

significant, Tukey’s honestly significant difference (HSD) test was used to separate treatment 

means.  Simple linear regressions were calculated to test relationships between growth and 

overstory density on dry (ICHwk 01/04) and wet sites (ICHwk 05).  As the openings were linear, 

each replicate had equal number of plots along the north and south timber edge and in the center 

of the openings.  Leader measurements in plots from each position (north, south, and center) 

were averaged for general growth comparisons.  In addition, simple linear regressions were used 

to evaluate relationships between canopy cover and opening position.  However, low sample size 

for these tests warrant caution when interpreting the results.  A p level of 0.05 was considered 

statistically significant for all tests.  

Results 

Leader growth by species and canopy level are presented in Table 1 and in Figures 2 – 4.  

Leader averages were not statistically analyzed due to the small sample sizes for Fd, Pw and Sx.     
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Table 1: Average leader growth (cm) for all species with standard deviation in brackets  

 n Mean leader growth(cm) (SD) 
 Dry Sites   
Low Cover   
 Cw 36 17.86(12.08) 
 Hw 13 21.98(10.47) 
 Fd 39 43.26(12.89) 
 Pw 12 31.42(13.72) 
 Sx 11 30.45(9.95) 
Moderate Cover   
 Cw 84 12.35(8.22) 
 Hw 58 21.97(11.11) 
 Fd 36 35.19(16.91) 
 Pw 18 25.83(10.93) 
 Sx 39 28.37(8.99) 
High Cover   
 Cw 71 4.20(3.82) 
 Hw 47 14.16(8.91) 
 Fd - - 
 Pw - - 
 Sx - - 
 Wet Sites   
Low Cover   
 Cw 33 16.48(12.96) 
 Hw 36 20.20(14.78) 
 Fd 13 47.68(20.16) 
 Pw 12 27.83(12.54) 
 Sx 15 35.82(12.11) 
Moderate Cover   
 Cw 84 22.45(20.14) 
 Hw 37 21.02(13.18) 
 Fd 27 37.74(17.80) 
 Pw 25 26.78(17.04) 
 Sx 24 33.11(12.08) 
High Cover   
 Cw 73 6.31(7.37) 
 Hw 50 15.43(9.24) 
 Fd - - 
 Pw - - 
 Sx - - 
Bold indicates greatest growth 
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Figure 2: Average leader growth for all species along the north edge, south edge, or center of the 
openings, with standard error bars. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Average leader growth for all species on wet and dry sites, with standard error bars. 
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Figure 4: Average leader growth of all species under each level of cover (low, moderate, high) 
with standard error bars. 

 

Cover, soil moisture, and species all significantly affected leader growth (Table 2) for 

Cw, Fd, Sx, and Pw.  The influence of soil moisture on leader growth showed a greater response 

on wet sites compared to dry sites for Cw, Fd, Sx, and Pw but was only statistically significant 

for Cw (Table 4).  Species effect of Cw and Hw mean leader growth was tested separately with 

only high and moderate canopy levels because Hw was not found in all blocks under low canopy 

cover.  Cover and species significantly affected leader growth for Cw and Hw on sites with 

moderate and high cover levels (Table 3).  
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Table 2:  Analysis of variance table of mean leader measurements for Cw, Fd, Pw, and Sx with 
canopy cover levels and soil moisture.  Least square mean (LSMean) is reported with standard 
error (SE). 

 

Source of variation dfn
a F p LSMean(SE) 

     
Cover (C) 1 6.77 0.0125*  
 Low    31.95a (1.59) 
 Moderate    28.06b (1.59) 
Soil Moisture (SM) 1 12.07 0.0011*  
 Wet    32.60a (1.59) 
 Dry    27.40b (1.59) 
Species (S) 3 43.44 <.0001*  
 Fd    41.52a (1.91) 
 Sx    33.00b (1.91) 
 Pw    27.49b (1.91) 
 Cw    18.01c (1.91) 
C x SM x S 3 0.43 0.7308  
C x SM 1 0.82 0.0737  
C x S 3 2.47 0.074  
SM x S 3 0.12 0.9504  
Note: Values with an asterisk (*) are significant at p < 0.05 for the F test.  Levels not connected by same letter are 
significantly different using Tukey’s HSD test. 
dfn

a, numerator degrees of freedom 
 

 

Canopy cover and soil moisture had significant effect on mean leader growth for Cw 

(Table 4).  Leader growth was greater on wet sites and on sites with low cover (Table 4).  The 

differences between mean averages on sites with low and moderate cover were not statistically 

significant (Table 4).  The results of mean spring height measurements of Cw showed that 

canopy cover had an effect with increased growth under low cover.  No significant difference 

was detected between Cw spring heights on sites with moderate and low levels of cover (Table 

4).  Neither soil moisture nor the interaction was significant (Table 4).  This discrepancy between 

measured heights in the spring and leader growth calculated from October measurements may be 
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due to a small sample size (n = 54).  Mean leader growth for Cw was negatively associated with 

increased levels of canopy.  Approximately 50% variation was accounted for with cover (r2 = 

0.54) and produced similar results for wet and dry sites (Table 5).   

Western hemlock had increased leader growth on sites with moderate and high levels of 

canopy cover compared to Cw (Table 3).  Western hemlock leader growth had a stronger 

negative correlation with canopy cover on dry sites (r2 = 0.27) compared to wet sites or 

combined sites (wet & dry) (Table 5 & Figure 5).  Along the north edge of the openings, Hw was 

positively correlated with increasing canopy cover (Table 5 & Figure 6).  Although significance 

is not strong (r2 = 0.35, p = 0.0431), it does indicate that Hw leader growth was greater with 

increased canopy cover along the north edge of the openings (up to 40% canopy cover) whereas 

other species with significant correlations showed decreased mean leader growth with more 

residual overstory (Table 5).  Hybrid spruce had a weak, negative correlation to increased canopy 

cover on wet sites compared to dry sites (Table 5).  Finally, to confirm that canopy cover was 

indeed different between treatments, ANOVA was used to compare plot densitometer readings 

per cover level.  The results were significantly different and post-hoc comparisons are reported 

in Table 4.  Low canopy cover had an average densitometer reading over 8%, moderate cover 

levels averaged approximately 25%, and high cover levels averaged around 80% (Table 4). 
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Table 3: Analysis of variance table of mean leader measurements for Cw and Hw with canopy 
cover levels (high & moderate), soil moisture, and interaction terms   

ANOVA effects dfn
a F p LSMean(SE) 

Mean leader (√mean incre.(cm))     
Cover (C) 1 59.74 <.0001*  
 Moderate    4.07a (0.17) 
 High    1.95b (0.17) 
Soil Moisture (SM) 1 4.17 0.0507  
Species (S) 1 6.58 0.0160*  
 Hw    3.32a (0.17) 
 Cw    2.63b (0.17) 
C x SM x S 1 0.90 0.3510  
C x SM 1 0.23 0.6336  
C x S 1 0.99 0.3284  
SM x S 1 2.15 0.1541  
Note: Values with an asterisk (*) are significant at p < 0.05 for the F test.  
dfn

a, numerator degrees of freedom 
 

  



Light-growth Relationships of Conifers 32 
 

Table 4: Analysis of variance table of mean leader measurements for species and a summary of 
post-hoc comparisons for mean leader growth (when p < 0.05).  Least square mean (LSMean) is 
reported with standard error (SE). 

ANOVA effects dfn
a F p LSMean(SE) 

Cw (√mean leader incr.(cm))      
 C 2 46.83 <.0001*  
Low    3.94a (0.24) 
Moderate    3.80a (0.24) 
High    1.47b (0.24) 
 SM 1 10.56 0.004*  
Wet    3.45a (0.21) 
Dry    2.69b (0.21) 
 C x SM 2 1.44 0.2595 ns 
Cw (spring height (cm))     
 C 2 10.95 0.0015*  
Low    150.45a (7.57) 
Moderate    135.41a (7.57) 
High    100.95b (7.57) 
 SM 1 0.32 0.5797 ns 
 C x SM 2 1.61 0.2215 ns 
Overstory canopy cover (%)     
 C 2 525.48 <.0001*  
Low    8.59c(2.02) 
Moderate    24.50b (1.46) 
High    79.41a (1.49) 
     
Note: Values with an asterisk (*) are significant at p < 0.05 for the F test; C, cover; SM, soil moisture.  
ns = non-significance.  Levels not connected by same letter are significantly different using Tukey’s HSD test.  
dfn

a, numerator degrees of freedom 
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Table 5: Summary of regression analysis of mean leader growth with percent canopy cover on 
wet and dry sites.  

Dependant and independent variables n 
p-Value 
(regression) Slope 

R2 
regression 

Cw     
 Dry & Wet sites (DW) 115 <.0001* -.03 0.54 
     Dry sites (D) 58 <.0001* -.03 0.54 
      Wet sites (W) 59 <.0001* -.04 0.49 
 South edge only 26 0.0444* -.42 0.16 
Hw     
 DW 73 0.0002* -.15 0.16 
 D 35 0.0015* -.20 0.27 
 W 38 0.032* -.11 0.12 
Hw     
 North edge only 12 0.0431* 8.06 0.35 
 South edge only 16 0.1332 ns ns 
Fd     
 DW 58 0.344 ns ns 
 D 76 0.2385 ns ns 
 W 40 0.1651 ns ns 
Sx     
 DW 58 0.3335 ns ns 
 D 31 0.9557 ns ns 
 W 26 0.0480* -.03 0.15 
Note: Values with asterisk (*) are significant at p < 0.05.   
ns = non-significance. 
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Figure 5: Mean leader growth of Hw on dry sites with increasing canopy cover (p = 0.0015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Mean leader growth of Hw correlated with canopy cover in plots along the north edge of openings only 
(p = 0.0431). 
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Discussion 

Growth Response  

Leader growth of all species generally declined because of reduced light in high residual-

canopy areas, however there were some differences between species across soil moisture 

conditions.  These results are consistent with other research that shows the level of available light 

during the growing season can influence growth response of multiple species (Burton, 1999; 

Drever & Lertzman, 2001; Drever, 2003; Stathers, 1989; Wang et al., 1994; Wright, Coates, 

Canham et al., 1998).  In addition to available light, soil moisture has been described as one of 

the more important factors to determine growth (Hebda, 1997; Nitschke & Innes, 2008; 

Williamson et al., 2009).   

 
 
 

 

 

 

 

 

 

 

 

 

Figure 7: Mean leader growth of Sx on wet sites with increase canopy cover (p = 0.0480). 
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This study showed that Cw grew better on wet sites compared to dry but that leader growth 

was similar under low and moderate levels of canopy cover (Table 4).  This was also true for Hw 

where growth had a stronger negative correlation on dry sites compared to wet (Table 5).  

Preference for wet sites may be a disadvantage for Cw and Hw in the ICH if climate change 

predictions are accurate and species with higher levels of drought tolerance have an increased 

competitive advantage over Cw and Hw in the future.  As these species are ranked shade-tolerant 

(Carter & Klinka, 1992), natural range of Cw and Hw may be reduced in the ICH due to 

increased drought stress, especially under open clear-cut conditions.  In addition, Hw leader 

growth along the northern edge of the openings was greater with increased cover and Hw grew 

more than Cw overall (Table 2 & 5).  This could lead to increased competition from Hw along 

the northern edge of west-facing openings in cut-blocks with higher levels of retention where 

mature Hw from the adjacent stand can contribute to seed rain effects.  Although no studies 

reviewed looked at established growth with respect to aspect, Wright et al. (1998) found that 

emerging seedlings favored the shady, south edges of openings.  Perhaps this preference is a 

trade-off for later growth as the data from this study suggests all species had increased growth 

along the north edge of the openings (Figure 2).  

Generally, Fd grew better than any other species in the blocks (Table 1) regardless of soil 

moisture differences, except under levels of high canopy cover where this species wasn’t found.  

Other studies have shown that Fd does not reach a clear growth plateau with increased available 

light (Drever & Lertzman, 2001) but is able to grow well in various light levels with the 

exception of light conditions less than 30% full sun (Burton, 1999; Drever & Lertzman, 2001).  

In low light conditions, species ranked as shade-intolerant will continue to grow, however they 

are typically unable to support enough annual growth to survive to maturity (Coates, 2000; 
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Coates, 2002; Drever & Lertzman, 2001; Kobe & Coates, 1997; Wright, Coates, Canham et al., 

1998).  Douglas fir could be expected to out-compete Cw in areas influenced by partial canopies 

and where drier conditions occur because shade-tolerance rankings for Fd tend to increase when 

soil moisture is limiting (Drever & Lertzman, 2001; Kobe & Coates, 1997).  Partial canopies that 

create light conditions of 30% or less full sun (Drever & Lertzman, 2001) on wetter sites may be 

the preferred location to grow Cw and give this species a competitive growth advantage over Fd.   

In the current study, Sx growth was better on moist sites with low canopy cover (Figure 4 

and Table 5).  As mentioned previously, tree growth could be limited by soil moisture (Kobe & 

Coates, 1997; Littell et al., 2008), especially if ICH forests transition to drier subzones or shift to 

higher elevations currently occupied by the ESSF Zone.  Coates & Burton (1999) found little 

difference in the growth rates of shade-intolerant Sx compared to shade-tolerant Cw under low 

light conditions, but under full sunlight Sx showed high levels of growth compared to Hw, Cw, 

and subalpine fir (Abies lasiocarpa (Hook.)  Nutt.).  The strong growth response of Sx in the 

study area suggests that these species experience less stress because of other physiological traits, 

indicating Sx or other shade intolerant species could persist in the ICH and perhaps out-perform 

Cw regardless of light levels.  In addition, edaphic conditions including moisture can affect a 

species’ shade-tolerance ranking, survival (Casperson & Kobe, 2001; Drever & Lertzman, 2001; 

Kobe & Coates, 1997), and growth potential (Caspersen & Kobe, 2001; Hebda, 1997; Nitschke 

& Innes, 2008).  Under climate change scenarios and subsequent drying conditions, the ability 

for a species to survive in variable light conditions may be altered from what is currently 

understood.  This could have large implications on plantation success and seedling establishment 

if there are shifts in shade-tolerance rankings for some species.  For example, current genetic 
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strains of seedlings commonly used for re-forestation and microsite re-planting guidelines may 

not be appropriate under future climate scenarios.         

Interestingly, average leader measurements suggest that all species in the study 

performed better along the north edge of the openings, with the exception of Sx.  Hybrid spruce 

performed slightly better in central plots compared to plots along the north or south edge of the 

openings (Figure 6).  The increased growth along the north edge of the openings is likely due to 

more heat units and greater solar exposure during the growing season on more southerly aspects 

than the other edge in the block.  Earlier snowmelt may have also played a large factor with 

respect to comparative growth in plots along the south edge of the openings than in plots along 

the north edge.  Moderate levels of available sun and regulation of soil moisture from the mature 

canopy along the edge of the openings may have also favoured growth.  Curiously, few Hw were 

found in wet or dry sites with low cover levels.  This is likely more related to soil moisture and 

silvicultural activities than to available seed source.  The presence of Hw in the residual canopies 

close to the harvested openings likely provide abundant native seeds to the study area but 

seedling establishment may have been restricted by available moisture and mechanical brushing.   

Management Implications 

The International Union of Forest Research Organizations (IUFRO) defines sustainable 

forestry as a system of practices aimed at maintaining and enhancing economic, social, and 

environmental values for all forests types (Seppälä et al., 2009).  An important goal for managing 

forests in the face of climate change is to reduce the sensitivity of a forest so that its vulnerability 

is also reduced (Hebda, 1997; Seppälä et al., 2009).  Reduced vulnerability increases the 

resilience of a system that is exposed to change (Banner & LePage, 2008; Seppälä et al., 2009).  

Increased outbreaks of insects (Gayton, 2008; Hebda, 1997; Mote et al., 2003; Utzig & Holt, 
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2009), disease (Gayton, 2008; Hamann & Wang, 2006; Hebda, 1997; Mote et al., 2003; Utzig & 

Holt, 2009), and fire (Beniston, 2002; Mote et al., 2003; Utzig & Holt, 2009) are likely if 

drought conditions are exacerbated in the future.  These increases can contribute to reduced vigor 

and increased susceptibility to disease or pests (MOFR, 2006; Seppälä et al., 2009).  Timber 

management is shifting to incorporate values other than solely timber production to include 

broader ecosystem functions and promote natural adaptation of forests to changing environments 

and market shifts (Coates, 1997).  Silvicultural strategies that employ partial cutting may be an 

efficient way to manage for multiple non-timber values. 

Silviculture strategies that incorporate variable retention systems like shelter-wood, group 

selection, and partial cutting may moderate the projected impacts of climate change (Latta et al., 

2010) on ecosystems like the ICH.  Variable retention systems that provide low to moderate 

levels of cover and shade for regenerating species may help to regulate evapotranspiration 

pressure and reduce the impact that soil moisture deficits have on growth response.  Retained 

patches and individual trees in a cut-block can simulate differing levels of natural disturbance 

that successfully supports adaptation to climate change by promoting uneven-aged stands with 

multiple species that are more resilient in the face of change, climate change in particular 

(Seppälä et al., 2009).  In addition, the retention of advanced regeneration (i.e. naturally 

occurring understory tree species) and overstory canopy cover may produce better growing 

condition in plantations by regulating moisture and possibly reducing plant stress related to 

drought conditions.  Trees that are stressed are typically more susceptible to disease or pests, 

both of which can lead to large-scale plantation failures.  Therefore, any management strategy 

that reduces tree stress will increase resistance to pests and pathogens in the face of climate 

change.  Nevertheless, long-term regeneration strategies should consider the species composition 
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in leave-patches as high levels of retained Hw might outcompete planted species in areas where 

harvesting and changing climatic conditions favour Hw growth, as was demonstrated in this 

study.  Due to the larger size of advanced regeneration and because trees typically respond 

quickly with increased growth when canopy openings are created (DeLong et al., 2005) planted 

seedlings may experience competition for light from such patches of advanced regeneration. 

Changes in light and edaphic conditions may greatly affect seedling establishment and 

early growth (Burton, 1999; Drever & Lertzman, 2001) and therefore can significantly influence 

plantation development.  Regeneration success in larger cut-blocks can be reduced by the 

increased frequency of frost events (Waterhouse, Wallich, Daintith, & Armleder, 2010).  Even 

though predicted climate scenarios indicate that the frost-free period may be increased 

(Stevenson et al., 2011), incidence of growing season frosts will still affect young trees (Nitschke 

& Innes, 2008; Newsome et al., 2010; Waterhouse et al., 2010).  Vegetative cover helps to slow 

the rate of heat being radiated from the ground up to the atmosphere (Stathers, 1989) thus 

maintaining warmth near the ground and reducing frost occurrence (Waterhouse et al., 2010).  

Western redcedar and Fd that are both susceptible to frost compared to other species typically 

planted in the ICH (Kneeshaw, Williams, Nikinmaa, & Messier, 2002; Nitschke & Innes, 2008; 

Stathers, 1989).  Therefore, reducing the incidence of frost could increase general plantation 

success.  Regardless, frost moderation is likely to be achieved, in part, through employing a 

variable retention system that maintains some level of overstory cover (Newsome et al., 2010).   
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Recommendations 

Based on the results of this study, the following recommendations for future forest 

management in the ICH include 

• increase the percentage of lands harvested using variable retentions systems that increase 

edge and/or create openings equal to or less than 1ha.  This will promote variable light 

levels, regulate heat loss and moderate evapotranspiration from the soil; 

• increase the number of Cw seedlings planted in wet areas and along the north edge of 

lower elevation, west-facing sites; 

• incorporate broader land management planning objectives when considering regional and 

site specific harvest systems in order to address multiple management goals. 

A primary management goal in the ICH should be to promote establishment and growth of Cw 

and Hw species so that the characteristics of the inland rainforest are maintained, especially in 

the wet and very wet sites.  Silviculture prescriptions can still harvest to maximize total 

merchantability while addressing other timber objectives, including maintaining mature forest, 

preserving wildlife habitat and functional soil fauna, mitigating the microclimate effects of 

removing forests, and preserving social values such as recreation, aesthetics, and culture (Drever 

& Lertzman, 2001; Drever, 2003; Kimmins, 2008; Seppälä et al., 2009).  In the ICH, managers 

should be designing cut-blocks with high edge ratios to promote shading and partial canopies.  

This study and others have shown that Cw performs well with moderate levels of canopy cover, 

especially on wet sites.  In addition, other merchantable species like Fd and fast growing species 

such as Pw can successfully be regenerated in sites with less than full sunlight environments.   
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Regeneration strategies may be able to maximize shifting ecological niches by 

proactively planting tolerant tree species in zones that are likely to experience changing climate 

conditions.  This study suggests planting shade-intolerant and/or desired second growth species 

along the north edge of openings to promote growth and establishment.  These findings were also 

corroborated by Raymond (2006) who found increased growth for eastern white pine (Pinius 

strobus L.) in the northern and central areas of openings.  Increasing the number of planted Cw 

in all edge environments with partial canopies and especially in wet sites may promote Cw 

persistence in drying climates.  Some researchers have indicated that Cw may form minor 

components in coastal second-growth forests (Banner & LePage, 2008; Seppälä et al., 2009).  

Active and focused management on the establishment and success of Cw plantations may 

alleviate some of these concerns in the interior.  The frequency of some species may decrease 

due to a reduction in growth rates and natural recruitment (Hamann & Wang, 2006; Seppälä et 

al., 2009) or through increased reforestation failures (Hamann & Wang, 2006; MOFR, 2006).  

Ultimately, managers want to be planting a species under conditions that complement its 

evolving realized niche and may thereby increase future plantation success (Hamann & Wang, 

2006).     

Partial cutting has been shown to be an efficient and cost-effective way to manage forests 

to meet multiple harvest goals (Holt et al., 2002; Walters, Lajzerowicz, & Coates, 2006).  These 

goals can include harvesting for profit while maintaining structural diversity, ecosystem services, 

and wildlife values.  The challenge is to ensure that silvicultural plans are developed with 

potential climate change impacts as a consideration (Latta et al., 2010).  Managers must overtly 

incorporate adaptive harvest and regeneration strategies that can reduce ecosystem vulnerability 

(Hebda, 1997; Seppälä et al., 2009).  Employing multiple harvest systems that create variation 
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throughout the landscape unit and retain diversity will produce valuable resources for second-

entry harvest plans.  Employing a variety of partial cutting systems and clear-cuts with reserves 

may promote the necessary balance between producing suitable light conditions for tree growth 

while reducing the frequency of soil moisture deficits.  Although longer rotation lengths are a 

significant trade-off inherent with the use of partial cutting practices, resulting stands can be 

forecast to have improved timber quality while retaining valuable ecosystem functions.   

Lo, Blanco, & Kimmins (2010) caution the sole use of climatic envelope models to 

predict future vegetative shifts because climate is not the only factor influencing tree species 

distribution, recruitment, establishment, or growth.  However, there is general agreement that 

climate change will influence species distribution (Flannigan, 2001; Gayton, 2008; Hamann & 

Wang, 2005; Nitschke & Innes, 2008; Seppälä et al., 2009; Wright, Coates, Canham et al., 1998).  

How this will affect current post-harvesting strategies is not clear.  According to Gayton (2008, 

pg. 4), some “climate refugia” areas in BC will not be as impacted by climate change as other 

places, but external pressures from continued resource extraction and expanding recreational 

activities will likely exert additional stressors to these areas.  The employment of flexible 

silvicultural strategies including the use of partial cutting to actively promote the presence of 

species such as Cw is one method that can be used to reduce stress on such areas. 

Conclusion 

The unique inland rainforests of BC exist in a limited geographic range and Cw is a vital 

component of these forests.  Climate change threatens the inland rainforest and the response of 

Cw is unknown.  To mitigate this risk, the selective management of Cw on moist sites using 

silvicultural systems that create moderate and possibly high levels of retention is suggested.  
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Silviculture systems that retain moderate levels of cover may provide an optimal choice as it 

combines adequate levels of canopy to moderate heat and moisture stress while affording enough 

light to promote high rates of growth compared to high levels of cover resulting from systems 

that are more selective.  In addition, systems that promote moderate retention levels and 

associated canopy cover may give Cw a competitive advantage over Fd by reducing the available 

light to levels that support optimal growth for Cw. 
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