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Introduction 
Fire is rare in hypermaritime and maritime biogeoclimatic subzones of coastal 

BC, with mean return intervals that commonly exceed 350 to 1000 years (Daniels and 

Gray 200, Green et al. 1999, Gavin 2003, Hallett et al. 2003).  In these forests, gap 

processes dominate; one to a few trees die and create openings in the canopy allowing 

tree establishment and recruitment to the upper canopy (Lertzman et al. 1996, Wells et 

al. 1998). Gap-dynamics results in structurally diverse, uneven-aged, old forests with 

late-successional characteristics expressed at both stand and landscape scales (Pojar et 

al. 1999). “Variable retention” (VR) silvicultural systems that create gaps in a matrix of 

forest cover and with long rotation periods have been recommended as the sustainable 

approach for timber management of coastal old-growth forests (Scientific Panel 1995). 

Success of VR silviculture as an element of ecologically sustainable forest management 

requires a comprehensive understanding of natural disturbances and resulting 

vegetation dynamics.  In coastal BC, this includes understanding gap-dynamics in old-

growth forests, including spatio-temporal dimensions of above-ground and below-ground 

gap attributes.   

Canopy gaps may be characterized according to type, magnitude, and size 

(White and Pickett 1985).  These attributes have been shown to vary locally and 

regionally (Lertzman et al. 1996), but little information exists for the hypermaritime 

forests of the Coastal Western Hemlock zone .  Temporal aspects of gap dynamics are 

less well understood because it is difficult to obtain empirical time series of disturbance 

events (Lertzman et al. 1996).  Baseline spatio-temporal data are needed to guide and 

assess VR silviculture in the hypermaritime forests. 

 Moreover, there is little information on regeneration patterns after harvest in 

variable retention systems, nor on how well variable retention emulates regeneration 

patterns in natural disturbance gaps.  A recent study of regeneration in clearcuts, VR 

openings and natural canopy gaps in the wettest subzones of Clayoquot Sound showed 

that the light environment created by VR openings was moderate relative to a clearcut, 

but remained significantly different from a natural canopy gaps (Pearson et al. 2003).  

Similarly, VR openings created organic and woody substrates that were intermediate in 

abundance relative to clearcuts and natural gaps, but closer to clearcut conditions.  The 

availability and quality of rooting substrates strongly influenced the density and 

distribution of tree regeneration.  This study illustrated that the size of VR openings (≤ 
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30% retention) had a significant influence on forest structure and composition relative to 

natural gaps.  It also demonstrated that knowledge of within-stand and within-gap micro-

environmental variability is critical for understanding the distribution and dynamics of 

regenerating trees within gaps of different type and size. 

 Few studies have linked above-ground and below-ground gap attributes. 

Although greater nitrogen availability has often been reported in forest floors and soil 

following clearcut harvesting of forests (Frazer et al. 1990, Smethurst and Nambiar 

1990, Dahlgren and Driscoll 1994), the size of gap necessary to instigate increased N 

availability is less clear.  Elevated rates of N mineralization or nitrification have been 

reported in gaps as small as 0.25 ha (Prescott et al. 1992), 15 trees (Parsons et al. 

1994), 30 m (Bauhus and Barthel 1995), and 65 to 611 m2 (Denslow et al. 1998).  In 

contrast, rates of net mineralisation, nitrification and nitrate leaching in partial cuts have 

been similar to those in the uncut forests at the MASS installation (Prescott 1997, Feller 

et al. 2000) and in coastal Washington (Barg and Edmonds 1999). At the Sicamous 

Creek site, nitrate concentrations in forest floor and mineral soil were elevated in 

openings of 0.1 ha and larger (Prescott et al. 2003). At the Opax Mountain experiment, 

increased nitrate occurred in partial harvested areas, within 11 m of the forest edge 

(Hope et al. 2003).  

Similarly, there have been a few studies of microbial communities responses to 

forest harvest, but very few in forest gaps. Increases (Entry et al 1986), decreases 

(Pietikainen 1995) or no change (Smolander 1998) in microbial biomass have been 

found following clearcutting. Clear-cutting appears to reduce fungal biomass (Pennanen 

et al 1999, Siira- Pietikainen  et al 2001) and change microbial community structure 

(Pennanen 1999). Microbial biomass was higher closer to the green trees in Washington 

State (Barg and Edmonds 1999), and microbial biomass in gaps in German beech 

forests was greater than in adjacent forest one year and less the next year (Bauhus and 

Barthel 1995). The paucity of information regarding microbial community structure is 

because the techniques to study this have only recently been developed, but are now 

enabling us to open up the ‘black box’ of belowground organisms. 
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Objectives and Overview 
This study was conducted in collaboration with the Bamfield Huu-ay-aht 

Community Forest (BHCF).  The management plan for the BHCF includes variable 

retention harvesting that will include high retention and low removal using small patch 

cuts.  The goal of this research was to provide baseline information on the size, spatial 

distribution and temporal dynamics of natural gaps.   We have quantified and compared 

tree regeneration, understory vegetation, soil microorganisms, nutrient dynamics and 

resource availability (substrate and light) in natural and VR gaps and adjacent forest.  

Monitoring of sites after harvesting will document medium to long-term impacts of 

harvesting. 

This report summarizes work completed between April 2004 and March 2007 

and includes seven parts:  

Part 1: Forest Structure, Composition and Canopy Gap Attributes 

Part 2: Soil Nutrients 

Part 3: Soil Microbial Communities 

Part 4. Dendroecology of Canopy Gaps 

Part 5: Age and Recruitment Dynamics of Western Redcedar and Western 

Hemlock Saplings 

Part 6: Baseline Data for Variable Retention Silviculture Trial 

Part 7: Regional Comparisons of Species Composition and Gap Attributes 

We conclude with management implications for the Bamfield Huu-ayaht Community 

Forest.   
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Introduction 

 Variable retention (VR) silvicuture is currently used in many coastal forest 

operations. VR with low removal-high retention may be used in ecologically sensitive 

sites, such as sites near marbled murrelet nests, or in culturally important forests such 

as the Bamfield Huu-ay-aht Community Forest where the density of culturally modified 

trees (CMT’s) provide evidence on long-term resource use by First Nations (Morgan 

2002). Conceptually, VR that uses the natural canopy gap disturbance regime as a 

guideline for harvesting at fine spatial scales and adheres to the principles of ecosystem 

management based on historic range of variation (Christensen et al. 1996, Landres et al. 

1999). Theoretically, high retention VR may provide an example of ecological 

sustainability; however, we lack empirical data to test or demonstrate the sustainability of 

this approach in coastal British Columbia. Specifically, we need to answer the following 

questions:  

1. Does VR silviculture emulate all important characteristics of natural gaps in old-
growth forests?  

2. Are the attributes of VR gaps within the natural range of variation of natural gaps 
and if not, how do they differ? 

This research provides baseline data for VR silviculture specifically designed to emulate 

historic canopy gaps in coastal old-growth forests.  We have quantified canopy structure, 

forest composition, and the size and spatial distribution of tree-fall gaps in the Bamfield 

Huu-ay-aht Community Forest (BHCF).  The size and spatial distribution of gaps provide 

empirical guidelines for VR harvesting to be conducted in the BHCF.  We have 

compared canopy openness, rooting substrate, cover of vascular and non-vascular 

plants, and abundance of tree regeneration within gaps versus those in the forest 

adjacent to gaps.  These results also provide baseline data for quantifying the impacts of 

VR harvesting on forest structure, composition and selected ecological processes.   
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Study Area 

 The Bamfield Huu-ay-aht Community Forest (BHCF) is located on the southwest 

coast of Vancouver Island, British Columbia. The study area is located at 10 to 30 

metres above sea level (m.a.s.l.) in two old-growth stands in the southern variant of the 

Very Wet Hypermaritime Coastal Western Hemlock subzone (CWH vh1; Figure 1). The 

forest is dominated by western red cedar (Thuja plicata Donn ex D. Don) and western 

hemlock (Tsuga heterophylla).  Other tree species include Sitka spruce (Picea 

sitchensis), lodgepole pine (Pinus contorta var. latifolia), Pacific silver fir (Abies amabilis) 

and pacific yew (Taxus brevifolia.). The average stand volume is 493 m3⋅ha-1 with an 

average mean annual increment of 2.78 m3⋅ha-1⋅yr-1 (Morgan 2002). We have sampled 

the forest in two areas (Figure 1).  Variable retention harvesting has been planned for 

the area south of Bamfield ("South Bamfield"), while the forest in West Bamfield will not 

be harvested and serves as a control area for long-term monitoring of harvesting effects. 

Culturally modified trees (CMTs) are abundant in South Bamfield and provide evidence 

of historical land management by the Huu-ay-aht First Nation. 

 
 
 Figure 1. Map of Bamfield Huu-ay-aht Community Forest (BHCF) showing the 
 control and treatment areas. (Image Source: Morgan 2002). 

West Bamfield 
(control area) 

South Bamfield 
(treatment area) 
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Methods 

Data Collection 
 Two transects, totalling 400 m (250 and 150 m), were established in South 

Bamfield while four 100m transects, also totalling 400 m, were established in West 

Bamfied. At each meter along the length of the transect, the canopy was classified as 

closed canopy, expanded gap or canopy gap (Lertzman et al. 1996).  Each canopy gap 

intersected by the line transects was classified according to the causal agent (see 

Lertzman et al. 1996).  Developmental gaps form when one or more trees died creating 

an opening in the canopy while edaphic gaps are caused by edaphic features such as 

streams or rock outcrops that created permanent openings in the canopy.  All 

developmental gaps (n = 42) were sampled for size and shape by measuring the 

distance and azimuth from the geographical centre of the gap to the bole of each canopy 

tree along the boundary of the gap ("boundary tree") using a VertexTM transponder and a 

compass. We assumed that subcanopy trees with diameter at breast height (dbh) ≥10cm 

growing in a gap have a high chance of recruiting to the canopy and classified them as 

"filler trees."  The species, height class (emergent, co-dominant, intermediate, or 

suppressed), dbh (cm) and rooting substrate were recorded for each boundary and filler 

tree. The species, coarse woody debris (CWD) type (snag or log), and decay class 

(Maser et al. 1979, Thomas et al. 1979) was determined for each dead tree that created 

the gaps ("gap makers").  Height of snags (m) and azimuth of logs (degrees) were 

recorded. Only gap makers with dbh ≥20cm were sampled; we assumed that smaller 

trees do not create canopy gaps when they die as they do not contribute to the upper 

canopy.  

 Ten gaps, five in each of West and South Bamfield study areas, were selected 

for analysis of abiotic and biotic attributes.  Each gap included at least one log in decay 

class 1 or 2 or one snag in decay class 3 or 4.  We located two 4 m2 square quadrats 

along the north-south axis of the gap, half way between the centre and boundaries of the 

gap.  Two additional quadrats were located 10m north and 10m south of the boundary of 

the each gap beneath the forest canopy. Hemispheric canopy photographs, taken at c. 

1.3 m above ground level, were used to quantify canopy openness (Frazer et al. 1999, 

2000). We estimated the percent cover of rooting substrates (exposed mineral soil, 

exposed and moss-covered decaying wood and organic material on the forest floor) and 

bryophytes, ferns and allies, herbs, shrubs, and tree regeneration by species.  We 

measured the density of seedlings and saplings stratified by species and substrate.  
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Forest Structure 
 The percentage of closed canopy, expanded gaps and canopy gaps were 

compared between West and South Bamfield.  The area (m2) and perimeter (m) of each 

gap were calculated using ArcView GIS.  The shape of each gap was calculated as 

follows (McGarigal and Marks 1995, Bogaert et al. 2000): 

 Shape index = ( ))(2 area
perimeter
π

     [1] 

Where, the denominator is the minimum perimeter possible for the observed gap area. 

The lowest possible shape index value is 1.0, for a circle, and increases as the shape of 

gaps become more convoluted. 

We used multivariate analysis of variance (proc GLM, SAS v.9.1) to test for 

differences between South and West Bamfield for the following biophysical attributes of 

canopy gaps: gap area, gap perimeter, gap shape index, the number of gap maker 

trees, the number of boundary trees and the number of gap fillers. These attributes were 

rank transformed to meet the assumptions of normality and equal variance.   

Relations between gap attributes and forest structure were tested using 

Spearman’s correlation and canonical correlation analyses for both ranked and 

unranked variables (SAS v. 9.1).  A forward stepwise regression procedure (SAS v.9.1) 

was used to develop predictive models of gap perimeter, area and shape index from 

forest structural attributes. The objective of these analyses was to identify attributes and 

develop quantitative guidelines for the size and shape of forest patches to be harvested 

using variable retention silviculture.  

 A general linear model was also used to test for spatial variation in several 

abiotic and biotic attributes. The five abiotic factors were canopy openness, cover of 

exposed decaying wood, decaying wood covered by moss, exposed mineral soil and 

undisturbed forest floor. The five biotic factors were cover of tree regeneration, shrubs, 

ferns, herbs, and mosses.  For canopy openness, cover of decaying wood, tree 

regeneration and ferns, tests were conducted on ranked variables. Comparisons were 

made at three scales: (a) West versus South Bamfield, (b) quadrats in gaps versus 

quadrats beneath the closed canopy, and (c) quadrats located north versus south of gap 

centre. We hypothesized that canopy openness would be greatest in quadrats on the 

north side of gaps and least in the forest south of the gaps (gap-north > gap-south > 

forest-north > forest-south), as solar insolation tends to increase along the south-to-north 

axis in canopy gaps in temperate forests at high latitude and insolation decreases with 
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increasing canopy cover.  Plant cover, including abundance of regeneration, was 

expected to follow a similar trend as light is often a limiting factor in structurally complex 

old-growth forests.  With respect to rooting substrates, we hypothesized that the 

abundance of decaying wood would be greatest in gaps, due to the presence of gap 

makers. All statistical tests were considered significant at the 0.05 level. 

Forest Composition 
 Between and within study areas, we used contingency tables and chi-squared 

goodness-of-fit tests (SAS v. 9.1) to compare the abundance of gap makers, boundary 

trees and gap fillers of the three dominant tree species, western redcedar, western 

hemlock and Pacific silver fir. Gap makers, boundary canopy trees and filler trees were 

assumed to represent the past, current, and future canopy, respectively. Comparisons 

among these three groups of trees were made to generate hypotheses about 

compositional changes over time under the influence of the gap dynamics disturbance 

regime. Five tests were conducted, as follows: 

1. Subcanopy boundary trees (intermediate and suppressed height classes) were 
compared with gap filler trees to test for differences in recruitment patterns in gaps 
versus the surrounding forest. 

2. Canopy (emergent and co-dominant height classes) were compared with 
subcanopy boundary trees to test for potential change in species composition of the 
future forest canopy. 

3. Canopy boundary trees were compared with gap filler trees to test for differences 
in recruitment patterns in gaps versus the surrounding forest. 

4. All boundary trees were compared to gap makers to test for differences between 
the current canopy composition and past composition, represented by the gap 
makers. 

5. Gap fillers were compared with gap makers to test for a potential change in 
species composition in gaps in future. 

Tests 1 and 2 for West Bamfield included only three Pacific silver fir; therefore, a 

likelihood ratio chi-squared statistic (SAS v. 9.1) was calculated to verify results. In tests 

4 and 5, the species of 95 gap makers (57 and 38 in West and South Bamfield, 

respectively) were undetermined because of advanced decay.  Given the decay 

resistance and persistence of western red cedar in coastal rainforests (Daniels et al. 

1997), we assumed (a) these gap makers were likely western hemlock and Pacific silver 

fir and (b) the relative abundances of each species were similar to the composition of the 
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boundary trees in the emergent and canopy height classes.  For each study site, we 

recalculated the abundance of gap makers of each species as follows: 

Gap makersest. = Gap makersobs. + (Gap makersunkn.  x  RAcanopy boundary trees)    [2] 

Where, Gap makersest. is the estimated number of gap makers; Gap makersobs is the 

observed number of gap makers, Gap makersunkn is the observed number of gap makers 

for which species is unknown; and, RAcanopy boundary trees is the relative abundance of 

boundary trees in the emergent and co-dominant height classes. 

Results and Discussion 

Forest Structure   
 In the Bamfield Huu-ay-aht Community Forest, 68.0 ± 8.1% (mean ± standard 

error) of the canopy was closed, 23.3 ± 6.1% was expanded gap, and 8.7 ± 4.2% was an 

open canopy gap (Table 1). Overall, the forest canopy in West Bamfield was more 

closed (p = 0.02) and had significantly less expanded gap (p = 0.01) than South 

Bamfield. Despite this, the percentage of the canopy that was classified as canopy gap 

did not differ significantly (p = 0.48, Table 1).  

 The line transects intersected 44 gaps.  In West Bamfield, there were 21 

developmental gaps and two edaphic gaps while all 21 gaps in South Bamfield were 

developmental gaps. For developmental gaps, area ranged from 24.0 to 616.2 m² and 

averaged 191.2 ± 21.6 m² (Table 2). These gaps had an average perimeter of 57.2 ± 3.5 

m and tend to be relatively complex in shape, as indicated by an average shape index of 

1.2 ± 0.03 (Table 2). In contrast, a 50 by 50m square, such as the 0.25ha harvesting 

patches that are proposed for the South Bamfield area, has a shape index of 1.13. Mean 

values for perimeter (p = 0.43), area (p = 0.47) and shape (p = 0.38) of gaps were not 

significantly different between West and South Bamfield (Table 2).  

 The number of gap makers, boundary trees and filler trees varied among gaps, 

but they did not differ significantly between West and South Bamfield (p = 0.62, 0.39 and 

0.67, respectively) (Table 2). Individual gaps included one to 30 gap makers and four to 

18 boundary trees. Thirteen gaps included no filler trees, 11 gaps had one and the 

remaining gaps had five to 14 filler trees.   
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Table 1. Comparison of the canopy structure between West and South Bamfield. Mean 
values are followed by standard errors in parentheses.  In each column, superscripts 
indicate significantly different means (α = 0.05). 
 

Study area n Percent cover 

  Closed canopy Expanded gap Canopy gap 

West Bamfield 4 79.3 (5.4)a 14.3 (3.8) a 6.4 (6.0) 

South Bamfield 2 45.5 (6.1)b 41.0 (2.4) b 13.5 (3.8) 

 

   
Table 2. Comparison of gap attributes between West and South Bamfield. Mean values 
are followed by standard errors in parentheses.  In each column, superscripts indicate 
significantly different means (α = 0.05). 
 

West Bamfield 
(n = 21) 

South Bamfield 
(n=21)  All gaps 

(n = 42) Attribute (units) Mean (SE) Mean (SE)  Mean (SE) 

Perimeter (m) 52.6 (3.6) 61.7 (6.0)  57.2 (3.5) 

Area (m²) 167.8 (23.2) 214.6 (36.3)  191.2 (21.6) 

Shape index  1.2 (0.05) 1.2 (0.03)  1.2 (0.03) 

Gap Makers (n) 8.4 (1.4) 7.9 (1.4)  8.1 (1.0) 

Snags (n) 4.1 (0.8) 3.6 (0.8)  3.8 (0.6) 

Logs (n) 3.9 (0.7) 3.7 (0.8)  3.8 (0.6) 

Boundary trees (n) 8.4 (0.6) 9.4 (0.8)  8.9 (0.5) 

Filler trees (n) 2.0 (0.4) 3.1 (0.8)  2.6 (0.5) 
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Understanding the factors that determine the spatial dimensions of gaps is 

important for ecologically-based guidelines of the size and shape of VR openings. Gap 

area and perimeter were strongly, positively correlated (r = 0.95), indicating that 

perimeter increases as gap size increases; however, these attributes are not  
independent since both metrics are derived from measurements of gap radii.  The shape 

index was not significantly correlated with gap perimeter or area (r = 0.28 and 0.08, 

respectively).  Evidently, the complexity of the gap shape is independent of gap size, 

meaning large gaps can be relatively simple (circular) or complex (convoluted).   

Correlations between gap perimeter and area and the total number of gap 

makers, snags, boundary trees and filler trees were statistically significant and ranged 

from 0.44 to 0.78 (p < 0.05 for all).  Correlations between the number of logs and gap 

attributes and between gap shape and all forest attributes were much lower (r2 < 0.26 

and were not significant (p = 0.09 to 0.86).  The ranked forest variables explained 56% 

of the total variation in gap variables, with higher explained variance for gap perimeter (r2 

= 0.84) and area (r2 = 0.80) than gap shape (r2 = 0.05).  The predictive models that 

explained the greatest variation in gap perimeter (r2 = 0.79, p < 0.001) and area (r2 = 

0.76, p <0.001) were based on the number of boundary trees, as follows: 

Perimeter (m) = 3.77 + 5.98 (BT)      [3] 

Area (m2) = -129.77 + 35.94(BT)      [4] 

Where, BT is the number of boundary trees forming the edge of the gap.  Models for gap 

shape did not meet the assumptions of regression and, therefore, are not included. 

An alternate approach for incorporating historic variation into the design of VR 

harvesting patches is to predict gap size from the number of gap makers. Gap area 

generally increased with the number of gap makers; however, the effectiveness of 

predictions is limited by the variability in gap size relative to the number of gap makers 

(r²adj = 0.28; p<0.001; Figure 2).  Although most gaps were <200 m² in area and had 

fewer than 10 gap makers (Figure 3), the largest gaps were over 500 m2 but had only 

four or five gap makers.  Conversely, gaps with up to 20 gap makers were relatively 

small (<400 m²) (Figure 2). The variability in gap size relative to the number of gap 

makers reflects several factors including the range of sizes of gapmakers, differences 

time since death of the gap makers and in decay processes between snags versus 

uprooted logs and among species.  Gap makers ranged in size from subcanopy western 

hemlocks with dbh of 20 cm to emergent western redcedar with dbh of 250cm.  Overall,  
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Figure 2.  Relation between gap size and the number gap makers. 

 

 

 
 

Figure 3.  Number of gap makers per canopy gap.  Stacked bars include logs 

(black), snags (gray) and broken snags for which the logs were in the gap (white).  
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the number of snags was similar to the number of logs, but snags and logs undergo 

different decay processes at different rates.  Many gap makers were western redcedar 

and western hemlock, but the species of many gap makers could not be distinguished in 

the field because they were in advanced stages of decay.  These gap makers were most 

likely western hemlock or Pacific silver fir, as western redcedar decomposes very slowly 

and can be identified even at advanced stages of decay when while incorporating into 

the forest floor. 

 

Abiotic and Biotic Variability 

 Several abiotic and biotic attributes varied between study areas and forest versus 

gap quadrats, but variation along the north-to-south axis of gaps was not significant. 

Canopy openness was significantly greater in South Bamfield than West Bamfield (p = 

0.003, Figure 4), which was consistent with our measurements of canopy cover 

conducted along line transects. Canopy openness was greater in gaps than in qudrats 

located beneath the forest canopy (p = 0.002).  Shrub cover was greater in gaps than 

beneath the canopy (p < 0.001), but the cover of tree regeneration, ferns, herbs and 

mosses did not vary significantly among quadrat locations (Figure 4).  Decaying wood 

covered by moss was more abundant in the forest than in gaps (p = 0.04).  Other rooting 

substrates did not vary significantly among quadrat locations.   

 
Forest Composition 
 Although western redcedar, western hemlock and Pacific silver fir are tolerant of 

shade, the density of regeneration was low, averaging 1440 seedlings and 170 saplings 

per hectare.  Seedlings were growing in only 8 of 40 quadrats and saplings were in only 

four quadrats.  Most quadrats had only one seedling or sapling; the maximum density 

was 11 western hemlock seedlings per 4m2 quadrat.    

The composition of gap makers and boundary trees differed significantly between 

West and South Bamfield, as did the frequency distribution of boundary and filler trees 

among height classes (Figure 5). The number and type of gap makers were similar 

between the two areas, but there were significant differences in the species composition. 

Relative to West Bamfield, there were more western hemlock and Pacific silver fir gap 

makers and boundary trees but fewer western redcedars in South Bamfield (X² = 15.1, p 

= 0.002 for gap makers; X² = 10.2, p = 0.006 for boundary trees). Also, more gap makers  
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Figure 4.  Variation in biotic and abiotic attributes between West and South 

Bamfield and forest and gap plots.  Statistical comparisons were made between study 

areas (West Bamfield = W, South Bamfield = S) and quadrat locations (forest = F and 

gap = G). 
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 were highly decayed and species could not be identified in West Bamfield.  South 

Bamfield included more emergent and subcanopy boundary trees than West Bamfield 

(X² = 17.06, p < 0.001). The filler trees in the two areas were similar in species 

composition, but there were fewer subcanopy trees and more suppressed trees in South 

Bamfield relative to West Bamfield (X² = 3.9, p = 0.048).  

 Comparison among gap makers, boundary trees and gap filler trees suggest 

possible changes in community composition over time in West Bamfield, but that the 

South Bamfield forest is relatively stable (Table 3). For West Bamfield, tests 3 (X2 = 

8.82,p = 0.01) and 5 (X2 = 9.94,p = 0.007) were significant, suggesting two possible 

changes. Western redcedar was more abundant in the canopy and less abundant as a 

filler tree than expected; results for Pacific silver fir were opposite. Similarly, western 

redcedar gap makers were more abundant and gap fillers were less abundant than 

expected; results for western hemlock and Pacific silver fir were opposite.  Overall, there 

are fewer western red cedar and more western hemlock and pacific silver fir filler trees 

relative to the current canopy or the gap makers. Based on the ratio of trees among 

canopy strata, these results may suggest future western redcedar decline as there 

appears to be insufficient gap fillers to replace gap makers and canopy trees as they die.  

However, this scenario assumes equivalent rates of recruitment, survivorship and 

mortality among the three species and canopy classes.  Species-specific differences in 

these rates of population dynamics need to be understood and long-term population 

data are needed to verify or refute these predictions.   
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 Figure 5. Comparisons of composition and structure of canopy gaps in West  
(black bars) and South (white bars) Bamfield.   
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Table 3. Comparison of species composition among gap makers, boundary trees and  
filler trees in West (top) and South (bottom) Bamfield. Significant p-values (α = 0.05) are 
bold.   

Observed (expected) abundance X²  
Test Population Component Western 

redcedar 
Western 
hemlock 

Pacific 
silver fir (p) 

West Bamfield 
1 Boundary  trees - subcanopy 11 (9.8) 15 (15.1) 3 (4.1) 
 Gap filler trees 13 (14.2) 22 (21.9) 7 (5.9) 

0.73 
(0.69) 

2 Boundary trees - canopy 64 (62.7) 78 (77.8) 6 (7.5) 
 Boundary trees - subcanopy 11 (12.3) 15 (15.2) 3 (1.5) 

2.05 
(0.36) 

3 Boundary trees - canopy 64 (60.0) 78 (77.9) 6 (10.1) 
 Gap filler trees 13 (17.0) 22 (22.1) 7 (2.9) 

8.82 
(0.01) 

4 Boundary trees - subcanopy + canopy 64 (70.3) 78 (71.5) 6 (6.2) 
 Gap makers 61 (54.7)  49 (55.5) 5 (4.8) 

3.19 
(0.20) 

5 Gap filler trees 13 (19.8) 22 (19.0) 7 (3.2) 
 Gap makers 61 (54.2) 49 (52.0) 5 (8.1) 

9.94 
(0.007)

6 Boundary trees - subcanopy + canopy 64 (57.8) 78 (83.3) 6 (6.9) 
 Gap makers (with unknown species) 61 (67.2) 102 (96.8) 9 (8.1) 

1.79 
(0.41) 

7 Gap fillers 13 (14.5) 22 (24.3) 7 (3.1) 
 Gap makers (with unknown species) 61 (59.5) 102 (99.7) 9 (12.9) 

6.38 
(0.04) 

South Bamfield 
1 Boundary  trees - subcanopy  13 (12.9) 29 (29.8) 5 (4.3) 
 Gap filler trees 17 (17.1) 40 (39.2) 5 (5.7) 

0.23 
(0.89) 

2 Boundary trees - canopy 54 (51.1) 73 (77.8) 24 (22.1) 
 Boundary trees - subcanopy 13 (15.9) 29 (24.2)  5 (6.9) 

2.61 
(0.27) 

3 Boundary trees - canopy 54 (50.3) 73 (80.1) 24 (20.6) 
 Gap filler trees 17 (20.7) 40 (32.9) 5 (8.4) 

5.06 
(0.80) 

4 Boundary trees - subcanopy + canopy 54 (53.8) 73 (74.1) 24 (23.1) 
 Gap makers 44 (44.2) 62 (60.9) 18 (18.9) 

0.10 
(0.95) 

5 Gap filler trees 17 (20.3) 40 (34.0) 5 (7.7) 
 Gap makers 44 (40.7) 62 (68.0) 18 (15.3) 

3.80 
(0.15) 

6 Boundary trees – subcanopy + canopy 54 (47.3) 73 (79.1) 24 (24.6) 
 Gap makers (incl. unknown species)  (44) 50.7 91 (84.9) 27 (26.4) 

1.88 
(0.39) 

7 Gap fillers 17 (16.9) 40 (36.3) 5 (8.9) 
 Gap makers (incl. unknown species) 44 (44.1)  91 (94.7) 27 (23.1) 

2.86 
(0.24) 
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Introduction 

 The objective of this project is to investigate the effect of disturbance of the forest 

canopy on the availability of nutrients in temperate old-growth forests in coastal British 

Columbia. We evaluate natural gaps and close-canopy forest phases to identify if there is a 

consistent effect of gap formation on nutrient availability. We will discuss implications of the 

results for variable retention silviculture and possible effects on gap regeneration. This study 

is part of a series of studies on gap formation with the long-term goal of developing 

ecologically-based spatial and temporal criteria to guide VR silviculture that emulates fine-

scale canopy disturbances. 

 Based on the literature, it is hypothesised that the availability of nutrients will be 

increased after gap formation, especially for inorganic NO3
+ and Al3+. It is expected that the 

difference between gap and closed forest is stronger than the spatial variation between each 

forest phase. The availability of nutrients should decrease in the order Gap-North > Gap-

South > Forest North > Forest South. The expectations are based on the following 

arguments: soil moisture, temperature and solar radiation tend to increase from south to 

centre to north positions within a gap and to decrease from forest north to forest south 

positions due to the increasing influence of the surrounding forest.  Changes in these 

environmental factors causes higher microbial activity (i.e. biologically-based nutrient cycles), 

greater ion movement and faster chemical reactions of ions in the soil.  With respect to 

nutrient cycling, VR silviculture could be an appropriate management method to emulate 

fine-scale canopy disturbance. 

 

Study Area 

 This study was conducted in the Bamfield Huu-ay-aht Community Forest near 

Bamfield British Columbia.  The study area is located at 10-30 m a.s.l. in two old-growth 

stands in low-elevation Coastal Temperate Rainforest of the very wet hypermaritime Coastal 

Western Hemlock subzone with a Southern Variant (CWH vh1). The forest is dominated by 

western red cedar (68%; often spike-topped) followed by western hemlock subcanopy (27%). 

Other tree species are in relatively equal proportions Sitka spruce (Picea sitchensis Bong.), 
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western white pine (Pinus monticola Dougl.), lodgepole pine (Pinus contorta var. latifolia 

Dougl.), Pacific silver fir and pacific yew (Taxus brevifolia Nutt.). The average stand volume 

is 493 m3⋅ha-1 with an average MAI of 2.78 m3⋅ha-1⋅yr-1.  

 Based on transect analysis, the portion of closed-canopy was 62.4 % (SD = 20.5), 

canopy cap 10.0 % (SD = 10.7), and expanded gap 27.6 % (SD = 16.3). The mean gap size 

is 151.3 m2 with a range of 28.8 to 274.9 m2 (SD = 80.12 m2). The gaps were not influenced 

by the aspect of their topographical position because the area is flat. The forest had a 

moderate to patchy tree cover by western hemlock, western red cedar, and Pacific silver fir. 

Scattered very large trees (age > 250 years) rise above main canopy layer.  The dense shrub 

layer in gaps was comprised of frequent and tall salal (Gaultheria shallon Pursh) with varying 

amounts of red huckleberry and evergreen huckleberry (Vaccinium ovatum Pursh). The herb 

layer was less dense but well-developed, consisting mainly of deer fern.  Moss cover was 

variable and comprised of Oregon beaked moss (Kindbergia oregano (Sull.) Ochyra) and 

step moss (Hylocomium splendens (Hedw.) B.S.G). 

 Average precipitation for the Bamfield area is approximately 2814 mm with 2801 mm 

as rain and 16 cm as snowfall. July and August are normally the driest months. The mean 

annual temperature is 9.8oC with mean monthly variations from 5.9oC in winter to 13.7oC in 

summer. The general topography is flat to rolling with occasional knobs and wet depressions 

with many areas directly adjacent to salt water. Mineral soils within the Community Forest 

exhibit a hummocky topography with some gentle inclines. 

 Soils at each site were classified as well to moderately well drained Ferro-Humic 

Podzols, derived from gravely sandy loam surface textures overlain by a thick forest floor of 

variable depth which contains a large component of decaying wood. The thickness of the FH 

layer was measured by taking forest floor cores at each of the plots.   

  

Methods 

Nutrient Availability 

 Nutrient availability was measured using ion exchange resins (Plant Root Simulator 

(PRS)™-probes; Western Ag Innovations Inc., Saskatoon, Saskatchewan) incubated in the 

soil for a burial period of 4 to 8 weeks. The ion exchange membrane (IEM) method is an in 

situ soil testing tool which promotes a measure of dynamic ion fluxes in soils according to 

actual field conditions (i.e. soil type, moisture, temperature, microbial activity). Long-term 

burial of ion exchange resins provides information of nutrients supply rates from ions 

diffusion from greater distance, cation exchange and slow release of nutrients from 
decomposition and mineralization. When chemically pre-treated with 0.5N HCL and 0.5N 



Part 2: Soil Nutrients 

   21

sodium bicarbonate (NaHCO3), the anion and cation exchange resin membranes exhibit 

surface characteristics and nutrient sorption phenomena that closely resemble a plant root 

surface. The anion (PRS)™-probes (orange) adsorbs all nutrients anions and through a 

chelating pre-treatment also micronutrients metals. The cation exchange probes (purple) 

adsorb nutrients cations. (PRS)™-probes (15 cm x 3 cm x 0.3 cm) consist of either cation- or 

anion-exchange resin membrane (approximately 17.5 cm2 including both sides of the 

membrane) encased in a plastic holding device.  

 Four permanent sup-plots (2 m x 2 m) were installed in each identified gap on a north 

to south axis in order  to sample four different environmental conditions (Gap-North (GN), 

Gap-South (GS) representing gap conditions, and Forest-North (FN), Forest-South (FS) 

representing close-canopy conditions). The geographically centre of gaps was located and 

Gap-North and Gap-South plots were then installed half way to the gap boundaries. The 

Forest-North and Forest-South plots were set up inside the forest 10 m from the respective 

gap boundary. In some case forest plots would be in another opening in the forest. The 

procedure was then to go across the gap and install the plot 10 m in the forest from this gap 

boundary. This sample design created 40 observations.  

 An additional 5 axes were installed in closed-canopy forest (20 observations) as pre-

treatment measurement plots for three variable retention treatments.  These plots also were 

sampled for four different locations on the axis Forest-South-VR (FS-VR), Gap-South-VR 

(GS-VR), Gap-North-VR (GN-VR), and Forest-North-VR (FN-VR).   At each sub-plot, four 

(PRS)™-probes for each cation and anion exchange capacity were inserted vertically into the 

FH layer using a soil knife (a long, tapered blade with the diameter size of the soil probes) 

causing minimal soil disturbance. Complete contact between the soil and the resin 

membrane was ensured. The (PRS)™-probes were randomly distributed over the 2 x 2 plots 

but at every spot one probe of each exchange capacity was put in the soil only  2 to 5 cm 

apart. Before installation, during transport to sites and after collecting the (PRS)™-probes 

were stored in plastic bags in a cool box to ensure that they stayed wet and cool. At the end 

of the burial period, the probes were removed from soil and residual soil was cleaned of the 

membrane surface using a coarse brush. In the lab they were thoroughly washed with 

deionised water ensuring the complete removal of any residual soil in cracks or plastic 

casting. The cleaned (PRS)™-probes were transferred to Ziploc® bags and shipped to the 

Western Ag Innovations Inc. laboratory in Saskatoon, Saskatchewan for chemical analysis. 

The (PRS)™-probes were analysed for the following cations and ions: NO3
+, NH4

-, Ca2+, 

Mg2+, K+, H2PO4
-, Fe3+, Mn2+, Cu2+, Zn2+, B3+, SO4

2-, Pb2+, Al3+. The four (PRS)™-probes of 

each exchange capacity of each sub-plot were analysed together making up one composite 

sample, for a total of 160 samples.  
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 The first set of (PRS)™-probes were inserted on August 7/8 2004 and collected on 

September 11/12 2004 (burial period = 35 days), and the 2nd set of (PRS)™-probes were 

installed on December 15/16 2004 and collected on January 27/28 2005 (burial period = 43 

days). In situ burial of ion exchange resins membrane express the nutrient supply rate into a 

ion sink as the amount of nutrient absorbed per surface area of IEM during the duration of 

burial. The nutrient availability in the soil was expressed as μg Ion⋅ 10 cm-2 burial period-1.       

 

Statistical Analysis 

Objective: Test for differences in availability of nutrients between natural gaps and forest 

using a controlled, replicated experiment. 

 All analyses were conducted using SAS for Windows software (version 8.02, SAS 

Institute Inc., Cary, N.C.). Before each analysis, data outliers appropriate to the design of the 

analysis were removed that were greater than 3 standard deviations from the mean prior the 

test for differences in availability of nutrients. The accepted level of significance was P < 

0.05, unless stated otherwise.  The GLM procedure as a split-plot design was used to 

analyse for difference in availability of nutrients between replication (summer/winter) and 

environmental condition (n = 2 x 10 plots).  Also in SAS the GLM procedure as a replicated 

randomized complete block design was used to analyse for difference in availability of 

nutrients between environmental conditions and bioclimatic zone for the summer burial 

period. Nutrient supply rates for each environmental condition of 10 plots are used of the 

summer sampling.  

 To compare the closed-canopy plots of the natural gap assessment and the pre-

treatment plots of the variable retention treatments only Forest-North and Forest-South plots 

are analysed in SAS as a split-plot design. Due to the fact that for the VR plots only five 

replication were sampled five replication of the data set for FN and FS were randomly 

removed for the test for differences.   

 For all analyses mean comparison were performed with use of the least significant 

difference (LSD) at a significant level of 0.05. The LSD option was used to carry out pairwise 

t tests of the different means between treatments. All data were tested for homogeneity of 

variance and normality. For data which had an insufficient homogeneity (ChiSq < 0.05) the 

data were standardized using a power transformation. In some case transformation could not 

be performed because no regression could be found between the standard deviation of the 

residuals and the mean.  
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Results and Discussion 

Environmental conditions  

 Light levels measured as canopy openness were in average 3.6 % higher in gaps 

than forest plots. However, this was only statistical significant if just gap and forest plots were 

evaluated. If forest-VR plots were included in the analysis the significant difference 

diminished and on the contrary a significantly greater canopy openness was evaluated 

between forest and forest-VR plots. Forest-VR plots had the highest light levels of the 

subcanopy light environment with average 14.8 % canopy openness, followed by gap plots 

with 12.4 %, and forest plots with 8.8% (Fig. 1).  
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Fig.  1: Percentage of canopy openness relative to visible sky beneath forest canopy and 
percentage of vegetation cover in the 2 x 2 m sup-plots of shrubs in gap, forest and forest-
VR plots 

  

No significant difference was observed between plots of pre-treatment Forest North-VR (FN-

VR), control Forest North (FN), Gap North (GN), pretreatment Forest South-VR (FS), control 

Forest South (FS), and Gap South with the LSD option; Bars refer to one ± standard 

deviation.  

 The vegetation cover of the understorey including mosses in the 2 x 2 m sub-plots did 

not differ between gap or forest canopy. Only added up vegetation cover of shrubs in gaps 

for both plots (average cover 55 %) was only significantly greater compared to added up 

forest plots (average cover 32%) if forest-VR plots were excluded in the statistical analyses 

(Fig. 2 and Table 1).   
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Table 1: Percentage of vegetation cover in the 2 x 2 m plots of gaps, forest, and forest-VR a 

Vegetation cover % 
Plot 

Trees Shrubs Ferns Herbs Mosses 

GN 3.8 ± 8.1 45.4 ± 24.1 1.9 ± 2.1 37.8 ± 17.4 70.9 ± 21.5 

GS 1.8 ± 2.5 57.6 ± 21.4 2.1 ± 2.7 38.1 ± 12.3 66.3 ± 16.6 

FN 2.7 ± 6.5 29.8 ± 8.8 2.1 ± 1.7 38.1 ± 16.8 63.1 ± 12.5 

FS 0.7 ± 1.5 33.7 ± 13.2 1.9 ± 2.3 34.0 ± 21.2 60.4 ± 15.7 

FN-VR 0.6 ± 1.3 52.5 ± 20.2 0.1 ± 0.2 26.0 ± 15.6 79.9 ± 17.6 

FS-VR 0.1 ± 0.1 47.0 ± 29.8 0.4 ± 0.9 32.1 ± 17.5 58.2 ± 25.1 

aMean ± standard deviation (n = 10 for GN, GS, FN and FS; n = 5 for FN-VR and FS-VR); No 
significant difference was observed between plots of pre-treatment Forest North-VR (FN-
VR), control Forest North (FN), Gap North (GN), pretreatment Forest South-VR (FS), control 
Forest South (FS), and Gap South with the LSD option; vegetation cover for trees with a 
diameter less than 10 cm. 

  

 Also for the rooting substrate significant difference occurred only if forest-VR plots 

were excluded from the analysis. Then the percentage cover of forest floor was consistently 

greater in open canopy plots with average cover of 57.5 % than in forest plots with 45.6 % 

(Fig 3 and Table 2).  

Table 2: Percentage of canopy openness relative to visible sky beneath forest canopy and 
percentage coverage of rooting substrate in gap, forest and forest-VR plots a 

Rooting substrate% 
Plot  Canopy openness 

(%) Decaying wood Forest floor 

GN 12.01 ± 2.66 41.1 ± 19.6 58.9 ± 19.6 

GS 11.96 ± 3.71 44.2 ± 24.6 55.8 ± 24.6 

FN 9.26 ± 2.91 63.0 ± 15.2 37.0 ± 15.2 

FS 8.30 ± 4.02 45.2 ± 24.2 54.2 ± 24.2 

FN-VR 12.84 ± 6.04 55.1 ± 14.0 44.9 ± 14.0 

FS-VR 16.72 ± 4.15 27.0 ± 18.2 73.0 ± 18.2 

aMean ± standard deviation (n = 10 for GN, GS, FN and FS; n = 5 for FN-VR and FS-VR); No 
significant difference was observed between plots of pre-treatment Forest North-VR (FN-
VR), control Forest North (FN), Gap North (GN), pretreatment Forest South-VR (FS), control 
Forest South (FS), and Gap South with the LSD option 
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 The difference in decaying wood as rooting substrate is the opposite of the forest floor 

due to the fact that the rooting substrate forest floor and decaying wood are summing up to a 

total coverage of 100 percent. Regeneration of trees evaluated as amount of seedlings and 

sapling in the 2 x 2 m plots is very rare with a total numbers of 11 seedlings/ 1sapling in 

forest plots, 15 seedlings/ 3 saplings in gaps, and one of each in forest-VR plots.  
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Fig.  2: Percentage coverage of surface rooting substrate (i.e. forest floor or decaying wood) 
in gap, forest and forest-VR in the 2 x 2 m plots.  No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation 

 

Nutrient Supply Rates   

Gap plots versus forest plots 

 Despite differences in nutrient supply rates within and between forest and gap 

locations for some nutrient supply rates; Total-N and NO3
+ in winter, for Fe2+ in summer and 

winter for SO4
2- in summer, and for Al3+ in winter; no significant effect of gap formation could 

be found for all analysed nutrients. Comparing added nutrient supply rates within gaps and 

forest only availability of NO3
+ was found to be slightly higher in gaps in winter (P < 0.1).  It 

was relinquished to compare and to graph the supply rates of Pb2+ because most 

observations were beneath the method detection limit.  A significant higher nutrient supply 

rates was found for Total-N, NO3
+, Fe2+, and a slightly greater availability for Al3+ (P < 0.1) for 

the burial period December/January. Supply rates of Total-N were on average by 30% 

greater for forest and by 68% for gap plots, of NO3
+ greater by 45% for forest and doubled for 

gaps, and of Fe2+ sextupled for forest and trebled for gaps plots. Availability of Al3+ increased 

by 36% for gap positions and by a quarter for Forest North plots whereas it decreased by 2% 
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for Forest South plots. In contrast, disposability of Ca2+, Mg2+ (P < 0.1), K+, H2PO4
-, Zn2+, and 

B(OH)3
0 was considerably greater for the burial period August/September. The supply rates 

for both canopy conditions were approximately 22% less for Ca2+, 7.5 % less for Mg2+, 27% 

less for K+, reduced by 56.7% for H2PO4
-, for Zn2+ by 51%, and 62% less for B(OH)3

0 in the 

winter burial period. No difference in availability of nutrients between seasons was 

recognized for NH4
-, Mn2+, SO4

2-, and Cu2+. 

Forest plots versus forest VR plots 

 Nutrient supply rates were found to be considerable greater for Ca2+, Zn2+, B(OH)3
0, 

and a slightly greater for H2PO4
- (P < 0.1), Mn2+ (P < 0.1), and SO4

2- (P < 0.1) for the burial 

period August/September. The different sampling seasons had no effect on the availability of 

Total-N, NH4
-, Mg2+, K+, Fe2+ and Al3+.  As expected, no differences in nutrient supply rates 

were found between forest plots and forest-VR plots for all nutrients except Ca2+. Supply 

rates of calcium were significantly greater in Forest North-VR plots than in Forest North plots 

in the summer burial period.   Comparison of nutrient supply rates was not sensible for NO3
+ 

for both burial periods and for Cu2+ and Pb2+ for the winter measurement due to the fact that 

too many probes were under the analytic method detection limit.  In spite the fact that no 

significant effect of gap formation can be observed on the availability of nutrients, some 

trends can be clarified. Supply rates of nitrogen tended to be always higher in north position 

with no clear tendency of a gap effect for the summer burial period. In contrast, availability for 

NO3
+ and NH4

- and thus Total-N was noticeable greater in gap plots than in forest plots for 

the winter burial time. This would be a gap effect if microscale variability was not so high 

within replications. However, it is conspicuous that availability of NO3
+ and Total-N in Forest 

South-VR plots is almost as high as in Gap North plots. Also disposability of Fe2+ shows a 

very weak effect of canopy openness on nutrient supply rate but is nevertheless not 

statistically significant. Although Al3+ has shown not to be influenced by gap formation in 

summer, highest availability is in pre-treatment Forest South-VR and control Forest South 

plots. Its nutrient supply rate is slightly increased by approximately 10.4% in gap positions for 

the winter burial period. For Sulphur a light interaction might be seen for the winter burial 

time. However an effect cannot be observed including the Forest-VR plots in the comparison. 

In contrast, nutrient supply rates for the summer burial time have shown the opposite 

availability of SO4
2- than expected. Supply rates were increasing from the Gap North to the 

Forest South positions with the highest availability in Forest South and Forest South -VR 

plots. Nevertheless this change as well is not significant.       
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Fig.  3: Nutrient supply rates of NO3
- and NH4

+ in summer (burial period = 35 days) and 
winter (burial period = 43 days) at the Bamfield site. No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pre-treatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation; a only one observation was 
made; b no observations, nutrient supply rates were below method detection limits 
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Fig.  4: Nutrient supply rate of Total-N in summer (burial period = 35 days) and winter (burial 
period = 43 days) at the Bamfield site. No significant difference was observed between plots 
of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap North (GN), 
pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South with the LSD 
option; Bars refer to one ± standard deviation; Total N is based on addition of NO3

- and NH4
+ 

prior to adjustment for method detection limits  
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Fig.  5: Nutrient supply rates of Ca2+ and Mg2+ in summer (burial period = 35 days) and 
winter (burial period = 43 days) at the Bamfield site. No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation 
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Fig.  6: Nutrient supply rates of K+ and SO4
2- and in summer (burial period = 35 days) and 

winter (burial period = 43 days) at the Bamfield site No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation 
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Fig.  7: Nutrient supply rates of Zn2+ and H2PO4
- in summer (burial period = 35 days) and 

winter (burial period = 43 days) at the Bamfield site. No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation 
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Fig.  8: Nutrient supply rates Fe2+- in summer (burial period = 35 days) and winter (burial 
period = 43 days) at the Bamfield site.  No significant difference was observed between plots 
of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap North (GN), 
pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South with the LSD 
option; Bars refer to one ± standard deviation 
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Fig.  9: Nutrient supply rates of Al3+ and Mn2+ in summer (burial period = 35 days) and winter 
(burial period = 43 days) at the Bamfield site. No significant difference was observed 
between plots of pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap 
North (GN), pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South 
with the LSD option; Bars refer to one ± standard deviation 
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Fig.  10: Nutrient supply rates of Cu2+ and B(OH)3
0 in summer (burial period = 35 days) and 

winter (burial period = 43 days) at the Bamfield site. No significant difference was observed 
between pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap North (GN), 
pretreatment Forest South-VR (FS), control Forest South (FS), and Gap South with the LSD 
option; Bars refer to one ± standard deviation; a only one observation was made 
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Table 3: Nutrient supply rates in gap, forest, and forest-VR plots for the summer sampling at the Bamfield site a 

Plot Total-N * NO3 NH4 Ca Mg K P  

GN 8.24 ± 4.58 ** 5.90 ± 3.85 3.69 ± 1.03 772.2 ± 236.0 462.1 ± 158.5 173.6 ± 73.5 2.67 ± 2.42  
GS 6.71 ± 3.15 3.76 ± 0.20 2.80 ± 0.91 833.5 ± 375.5 532.2 ± 158.9 167.9 ± 89.9 1.01 ± 0.66  
FN 8.68 ± 6.30 5.05 ± 3.62 3.33 ± 1.42 799.5 ± 305.6 498.1 ± 163.0 185.1 ± 117.5 0.96 ± 0.35  
FS 6.40 ± 1.93 3.80 ± 0.28 3.28 ± 1.55 710.3 ± 298.6 491.8 ± 205.9 165.1 ± 81.9 2.02 ± 1.93  
         
FN-VR 2.80 ± 0.47 . *** 2.48 ± 0.61 1029.5 ± 460.1 476.9 ± 133.8 157.3 ± 95.7 2.37 ± 3.19  
FS-VR 6.12 ± 5.91 14.40 ± . **** 2.96 ± 0.89 714.0 ± 289.9 548.2 ± 204.4 130.6 ± 135.6 0.45 ± 0.17  
         

 Fe Mn Zn Cu B S Pb Al 

GN 17.06 ± 39.36 13.48 ± 6.99 4.77 ± 1.17 0.70 ± 0.33 0.62 ± 0.20 52.32 ± 28.88 0.26 ± 0.04 24.81 ± 11.37 
GS 24.28 ± 51.90 15.33 ± 7.54 4.50 ± 0.67 0.65 ± 0.39 0.61 ± 0.15 59.99 ± 56.12 . 33.78 ± 29.00 
FN 7.10 ± 8.05 15.52 ± 9.45 4.78 ± 0.94 0.71 ± 0.37 0.69 ± 0.19 60.74 ± 41.02 0.32 ± . 29.53 ± 23.00 
FS 6.09 ± 5.28 15.38 ± 8.69 4.97 ± 0.97 0.65 ± 0.21 0.63 ± 0.15 72.88 ± 52.28 0.21 ± 0.01 34.39 ± 27.13 
         
FN-VR 3.72 ± 2.81 17.64 ± 9.97 4.43 ± 1.10 0.66 ± 0.27 0.56 ± 0.12 58.23 ± 29.49 0.15 ± . 21.41 ± 7.54 
FS-VR 7.99 ± 7.01 8.57 ± 4.14 5.35 ± 1.53 0.67 ± 0.30 0.71 ± 0.07 84.07 ± 28.54 . 53.64 ± 39.81 

No significant difference was observed for all investigated nutrient ions between pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap North (GN), pre-treatment Forest South-VR 
(FS), control Forest South (FS), and Gap South with the LSD option. 

aMean ± standard deviation (n = 10 for GN, GS, FN and FS; n = 5 for FN-VR and FS-VR) 

* Total N is based on addition of NO3- and NH4+ prior to adjustment for method detection limits 

** nutrient supply rates as μg Ion⋅ 10 cm-2 burial period-1; supply rates are rounded off to the last digit; burial time 35 days 

*** . indicates that supply rates were below method detection limits  

**** ± . indicates that only one observation was made, the other supply rates were below method detection limits  
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Table 4: Nutrient supply rates in gap, forest, and forest-VR plots for the winter sampling at the Bamfield site a 

Plot Total-N * NO3 NH4 Ca Mg K P  

GN 13.62 ± 7.98 ** 10.62 ± 6.87 3.00 ± 1.33 560.6 ± 215.5 440.1 ± 176.9 152.4 ± 84.2 0.75 ± 0.53  
GS 11.45 ± 6.06 8.23 ± 4.96 3.36 ± 1.76 662.8 ± 288.1 463.8 ± 149.1 101.3 ± 72.7 0.57 ± 0.36  
FN 10.29 ± 6.20 5.93 ± 3.69 2.33 ± 0.61 553.8 ± 150.7 449.0 ± 192.8 144.0 ± 65.5 0.54 ± 0.34  
FS 9.02 ± 3.47 6.56 ± 3.85 2.47 ± 0.94 643.4 ± 386.1 479.1 ± 270.2 107.9 ± 61.4 0.67 ± 0.45  
         
FN-VR 5.67 ± 3.07 4.40 ± 2.96 2.40 ± . *** 903.3 ± 458.3 577.1 ± 170.0 126.7 ± 141.7 0.96 ± 0.99  
FS-VR 12.90 ± 7.36 10.40 ± 7.78 2.50 ± 1.01 809.2 ± 271.3 470.4 ± 165.6 117.4 ± 34.4 0.26 ± 0.05  
         

 Fe Mn Zn Cu B S Pb Al 

GN 96.24 ± 104.99 10.79 ± 6.42 2.78 ± 1.18 0.16 ± . 0.21 ± 0.04 55.44 ± 32.91 0.18 ± 0.03 38.92 ± 23.07 
GS 31.62 ± 60.54 12.17 ± 14.48 2.08 ± 0.72 0.18 ± . 0.25 ± 0.11 65.51 ± 52.08 0.28 ± 0.01 38.82 ± 37.57 
FN 60.86 ± 96.29 7.97 ± 3.92 2.21 ± 1.05 0.20 ± . 0.22 ± 0.02 60.50 ± 39.03 . 36.82 ± 35.38 
FS 19.08 ± 39.82 18.99 ± 16.86 2.24 ± 0.67 0.16 ± 0.01 0.23 ± 0.08 42.84 ± 41.31 . 33.73 ± 32.07 
         
FN-VR 6.86 ± 4.97 7.65 ± 5.99 2.22 ± 1.66 0.17 ± . 0.20 ± 0.02 70.47 ± 62.56 . 26.26 ± 13.48 
FS-VR 3.48 ± 3.04 6.27 ± 3.72 1.79 ± 0.22 . *** 0.32 ± 0.14 49.71 ± 39.01 0.22 ± . 31.09 ± 28.13 

No significant difference was observed for all investigated nutrients ions between pre-treatment Forest North-VR (FN-VR), control Forest North (FN), Gap North (GN), pre-treatment Forest South-
VR (FS), control Forest South (FS), and Gap South with the LSD option.  

aMean ± standard deviation (n = 10 for GN, GS, FN and FS; n = 5 for FN-VR and FS-VR) 

* Total N is based on addition of NO3- and NH4+ prior to adjustment for method detection limits 

** nutrient supply rates as μg Ion⋅ 10 cm-2 burial period-1; supply rates are rounded off to the last digit; burial time 43 days 

***  indicates that supply rates were below method detection limits  

**** ±  indicates that only one observation was made, the other supply rates were below method detection limits 
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Introduction 
 There have been a few studies of microbial communities responses to forest 

harvest, but very few in forest gaps. Increases (Entry et al 1986), decreases (Pietikainen 

& Fritze 1995) or no change (Smolander 1998) in microbial biomass have been found 

following clearcutting. Clear-cutting appears to reduce fungal biomass (Pennanen et al 

1999, Siira- Pietikainen _ et al 2001) and change microbial community structure 

(Pennanen et al 1999). Microbial biomass was higher closer to the green trees in 

Washington State (Barg and Edmonds 1999), and microbial biomass in gaps in German 

beech forests was greater than in adjacent forest one year and less the next year 

(Bauhus and Barthel 1995). The paucity of information regarding microbial community 

structure and function is because the techniques to study this have only recently been 

developed, but are now enabling us to open up the ‘black box’ of belowground 

organisms (Kirk et al., 2004). Such methods include measuring substrate induced 

respiration (SIR) and determining the activities of enzymes involved in nutrient cycling 

processes and that are produced by microorganisms.  

 SIR measures the amounts of CO2 before and after addition of a substrate, such 

as glucose (Anderson and Domsch, 1978). This provides information about the size of 

the microbial biomass and how different soils might respond to stress, such as the 

removal of organic matter by forest harvesting. The individual species that comprise a 

soil microbial community have different abilities to respire different substrates, so that by 

adding different substrates it is possible to obtain a catabolic fingerprint of the 

community (Degens and Harris, 1997) or a community-level physiological profile (CLPP) 

(Grayston et al., 2004). Measuring the respiration of a large number of carbon sources 

can be laborious and time-consuming as most methods require between 5 and 150 g of 

soil in 100-ml or 2.5-liter glass jars. Consequently, the methods used for measurement 

can be difficult to automate when large numbers of samples are processed. However, 

recently a rapid microrespirometry method has been developed that can be performed in 
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a 96-well microtiter plate, which has the advantage of being compact and holding many 

samples and/or replicates (Campbell et al., 2003). 

 The microbial degradation of plant litter is mediated by extracellular enzymes. 

Their specificity makes enzyme assays useful for comparing microbial communities, 

monitoring community succession, evaluating the effects of disturbance or ecosystem 

variables on microbial processes and for studying microbial processes at the molecular 

level. Thus far, the application of enzymic techniques to ecological studies has been 

limited. Extracellular enzymes are the primary means by which soil microbes degrade 

complex organic compounds into small molecules that can be assimilated. In addition to 

allowing microbes to access energy and nutrients present in complex substrates, 

extracellular enzymes catalyze the initial, rate-limiting step of decomposition and nutrient 

mineralization (Asmar et al., 1994; Sinsabaugh, 1994). This dual role of enzymes in soils 

means that changes in enzyme production can affect ecosystem processes directly. 

Measurements of particular enzyme activities provide a more precise insight to microbial 

activities than general determinations of biomass or bulk respiration. Because enzyme 

production is nitrogen (N) and energy intensive, microbes should only produce enzymes 

at the expense of growth and metabolism if available nutrients are scarce (Koch, 1985). 

Fertilization with phosphorus (P) consistently suppresses phosphatase activity 

(Clarholm, 1993), and concentrations of available nutrients often negatively correlate 

with the activities of nutrient-releasing enzymes (Pelletier and Sygush, 1990; Chro´ st, 

1991; Sinsabaugh and Moorhead, 1994). Conversely, when available nutrients are 

scarce, microbes can produce enzymes to mobilize resources from complex sources 

(Harder and Dijkhuizen, 1983). For example, additions of organic P and cellobiose (an 

intermediate in cellulose degradation) stimulated phosphatase and B-glucosidase 

production, respectively, in lake water samples (Chro´st, 1991). Similarly, cellulose 

additions stimulated cellulose activities in wetland soils (Shackle et al., 2000). These 

findings demonstrate that enzyme production can be an inducible response to the 

presence of complex substrates. Many enzymes are also produced constitutively by 

microbes, which may allow them to detect complex resources in the environment 

(Chro´st, 1991; Koroljova-Skorobogatko et al., 1998; Klonowska et al., 2002). These 

constitutive enzymes generate low concentrations of microbially-available products that 

induce additional enzyme synthesis when complex substrates are abundant. Once 

concentrations of products increase enough, enzyme synthesis becomes suppressed 

and production returns to constitutive levels (Chro´st, 1991). In soils, both constitutive 
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and inducible enzymes may associate with mineral and organic compounds, thereby 

establishing a slow-turnover pool of abiotic enzymes that could aid microbes in the 

detection and degradation of complex substrates (Burns, 1982). 

 
Methods 
Microbial analysis 
 Microbial activity and catabolic diversity have been assessed using substrate 

induced respiration and soil enzyme profiling.  

 
Respiration 
 Basal and substrate induced respiration were measured using a variety of C 

sources (Grayston et al., 2004) and a novel deep-well microplate approach (Campbell et 

al., 2003).   

 Humus and forest floor samples were taken from the sites in summer (August 

2004) and winter (January 2005). Four cores (5cm diameter down to 30cm) were taken, 

forest floor and humus layers separated and each layer composited from each location 

(forest north and south and gap north and south) at each of five replicates per site. The 

soils were kept cool, transported back to the lab and sieved to <6mm and stored at 4 ºC 

overnight prior to completing the respiration assays. Soil (0.01g dry weight equivalent) 

was placed into the deep-well plate with a capacity of 1.2 ml (Fisher Scientific Limited). 

Five carbon sources were selected based on carbon sources that are ecologically 

relevant to soil; specifically as plant root exudates (glucose, malonic acid, serine) or as 

constituents of plant (cellulose) or microbial (chitin) litter). The plant root exudates 

included a carbohydrate, amino acid and organic acid. Each carbon source was 

dispensed into four replicate samples of each soil sample after the soil was added to the 

well and then mixed thoroughly to ensure that the soil contacted the C source in the 

wells. In addition, for each soil sample controls were set up to which no C source was 

added to measure basal soil respiration. The plates were sealed with a microplate sub-

seal lid and incubated at 20oC for 4 hours to allow catabolism of the substrates. After 4 

hours a 1ml sample of headspace gas was removed from each well using a syringe and 

needle and the CO2 concentrations measured using an infra-red gas analyzer (IRGA). 
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Enzyme analysis 
 A rapid microplate enzyme assay system (Sinsabaugh et al., 2003) has been 

used to compare the key enzymes involved in carbon (B glucosidase) and nitrogen (N 

acetyl glucosaminidase) cycling in soil. The same humus and forest floor samples taken 

in summer and winter were stored at -20 ºC and kept at 4 ºC overnight prior to 

completing enzyme assays.  To date only the samples taken in winter have been 

analyzed. 0.02 g of thawed soil samples were added to 100 ml of 50 mM, pH 5.0, 

acetate buffer and homogenized for 1 minute at maximum speed using a Kinematic 

Polytron.  200 µl aliquots were dispensed into a black, 96-well microplate; 16 replicate 

wells per sample.  50 µl of 200 µM substrate solution (4-MUB-β-D-glucoside or 4-MUB-

N-acetyl-β-glucosaminide) was added to each sample well.  Soil background 

fluorescence was measured using 50 µl of acetate buffer with 200 µl of soil sample.  

Negative control wells included 200 µl of acetate buffer with 50 µl of substrate solution.  

Quench standard wells contained 200 µl sample suspension plus 50 µl of standard (10 

µM 4-methylumbelliferone).  Positive control wells received 200 µl acetate buffer with 50 

µl of standard.  A standard curve was generated with each soil type to assess quench.  

Plates were incubated at 20 ºC for 3 hours and activity was measured using a microplate 

fluorimeter with 360 nm excitation and 460 nm emission filters.  After correcting for 

controls, quenching and substrate background activities were expressed in units of nmol 

h-1 g-1. 

 

Results  
Respiration 

There was no significant difference in the SIR responses of forest floor and 

humus samples taken from forest and gap areas in control and treatment sites from the 

summer sampling (Figure 1). Samples taken from the treatment area tended to have 

lower basal respiration and respiration of malonic acid, but higher respiration of glucose 

and cellulose, than samples taken from the equivalent forest floor layer and location in 

the control site (Figure 1). The simple C substrates (glucose, serine, malonic acid) 

produced consistently higher SIR responses across all samples than the more 

recalcitrant substrates (chitin, cellulose) (Figure 1).  
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Figure 1. Basal (no C) and substrate induced respiration responses of forest floor and 
humus samples taken from forest and gap areas in control and treatment sites to 5 C 
substrates (error bar represents 1 S.D.). Samples taken in summer (August 2004). 
 

Similarly, there was no significant difference in the SIR responses of forest floor and 

humus samples taken from forest and gap areas in control and treatment sites from the 

winter sampling (Figure 2). Samples taken from the treatment area tended to have 

higher basal respiration and respiration of all C sources, except malonic acid, than 

samples taken from the equivalent forest floor layer and location in the control site 

(Figure 2). Basal and substrate induced respiration was higher in all samples taken in 

winter than in the summer (Figures 1 & 2). 

 There was no significant difference in the SIR responses of forest floor and 

humus samples taken from forested areas in the control, treatment and VR gap sites 

from the summer sampling (Figure 3). Again, the simple C substrates (glucose, serine, 

malonic acid) produced consistently higher SIR responses across all samples than the 

more recalcitrant substrates (chitin, cellulose) (Figure 3). 
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Figure 2. Basal (no C) and substrate induced respiration responses of forest floor and 
humus samples taken from forest and gap areas in control and treatment sites to 5 C 
substrates (error bar represents 1 S.D.). Samples taken in winter (January 2005). 
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Figure 3. Basal (no C) and substrate induced respiration responses of forest floor and 
humus samples taken from forested areas only in control, treatment and VR gap sites to 
5 C substrates (error bar represents 1 S.D.). Samples taken in summer (August 2004). 
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Similarly, there was no significant difference in the SIR responses of forest floor and 

humus samples taken from forested areas in the control, treatment and VR gap sites 

from the winter sampling (Figure 4). Basal and substrate induced respiration was again 

higher in all samples taken in winter than in the summer (Figures 3 & 4). 
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Figure 4. Basal (no C) and substrate induced respiration responses of forest floor and 
humus samples taken from forested areas only in control, treatment and VR gap sites to 
5 C substrates (error bar represents 1 S.D.). Samples taken in winter (January 2005). 
 

Enzyme activity 
There was no significant difference in the N-acetyl glucosamidase and B 

glucosidase activities in forest floor and humus samples taken from forest and gap areas 

in control and treatment sites in winter (Figure 5). All samples had consistently higher B 

glucosidase activity than N acetyl glucosaminidase activity (Figure 5). 

 There was no significant difference in the N-acetyl glucosamidase and B 

glucosidase activities in forest floor and humus samples taken from forested areas in the 

control, treatment and VR gap sites in winter (Figure 6). Again, all samples had 

consistently higher B glucosidase activity than N acetyl glucosaminidase activity (Figure 

6). 
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Figure 5. N-acetyl glucosamidase and B glucosidase activities in forest floor and humus 
samples taken from forest and gap areas in control and treatment sites in winter 
(January 2005) (error bar represents 1 S.D.).  
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Figure 6. N-acetyl glucosamidase and B glucosidase activities in forest floor and humus 
samples taken from forested areas only in control, treatment and VR gap sites in winter 
(January 2005) (error bar represents 1 S.D.).  
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Discussion 
The SIR and enzyme analyses enable information about the size, catabolic 

diversity and activity of the soil microbial community to be measured without the need for 

extraction or culturing of the microorganisms. Both the SIR and enzyme analyses 

indicate that there are no significant differences in the microbial communities found in 

the forest floor and humus in natural gaps and forest in Bamfield. This is not unexpected 

as the natural gap areas were formed a number of years ago and, as discussed 

previously in this report, vegetation cover of the understorey including mosses in the 2 x 

2 m sub-plots used for soil sampling did not differ between gap or forest locations. Plant 

species have a major selective influence on the soil microbial community through the 

carbon they release as root exudates and litter (Grayston et al., 1998) and if similar plant 

communities are present in the different sites and locations it may predicted the 

microbial communities will be similar. However, one may predict that the harvesting of 

small gaps this coming summer will have a significant impact on the soil microbial 

community as the source of carbon for growth of these organisms will be removed. The 

fact that the SIR of the microbial communities was higher in the samples taken in winter 

rather than summer was probably due to the higher moisture in the soils in the winter. In 

addition, one may have predicted the greater utilization of simple C substrates (glucose, 

serine, malonic acid) compared to than the more recalcitrant substrates (chitin, cellulose) 

across all samples, as more of the microbial community are able to use simple sugars, 

amino acids and organic acids as C sources than sugar polymers. Similarly, for the 

enzyme analyses we would hypothesize B glucosidase activity would be greater than N 

acetyl glucosaminidase activity in soils as B glucosidase catalyses the breakdown of 

cellobiose (an intermediate in the breakdown of cellulose) and N acetyl glucosaminidase 

catalyzes the breakdown of chitin. Chitnolytic microorganisms are much less common 

than cellulolytic organisms in soil (Gray & Baxby, 1968). 

 
 
  



42 

Part 4. Dendroecology of Canopy Gaps 
 

L.D Daniels1,2 and A.B. Stan1 
1Department of Geography, University of British Columbia, Vancouver 

2 Corresponding author: daniels@geog.ubc.ca 
 
 

Introduction 

Canopy gaps may be characterized according to type, magnitude, and size 

(White and Pickett 1985).  These attributes have been shown to vary locally and 

regionally (Lertzman et al. 1996), but little information exists for the hypermaritime 

forests of the Coastal Western Hemlock zone.  Temporal aspects of gap dynamics are 

less well understood because it is difficult to obtain empirical time series of disturbance 

events (Lertzman et al. 1996).  Baseline spatio-temporal data are needed to guide and 

assess VR silviculture in the hypermaritime forests.  In this study, we conducted tree-ring 

analyses of natural canopy gaps to determine when gaps formed and reconstruct tree 

growth responses to gaps over periods of decades to centuries.  We assessed the 

effects of gaps on tree growth rates and recruitment, the dominant processes that 

determine the composition of the forest future canopy. 

 

Methods 

To quantify the temporal attributes of gap formation and closure, increment cores 

were extracted from all sound gap makers to estimate year of death.  These cores were 

taken from sections of gap makers that were least decayed and, when possible, included 

the bark and sapwood.  We extracted cores from the based (core height ≤30 cm) of all 

boundary and filler trees to estimate age and quantify growth history.  For trees with 

sound heartwood, multiple cores were taken from each tree to ensure the core 

intercepted or was close to the pith.   

 Increment cores were prepared following standard dendroecological protocols 

(Stokes and Smiley 1968). The ring widths of all cores were measured to the nearest 

0.01 mm using a Velmex bench interfaced with a computer and statistically crossdated 

using the program COFECHA (Grissino-Mayer 2001). For the dominant tree species, 

western hemlock, western redcedar, and Pacific silver fir, properly dated and highly 

correlated ring-width series were combined in master ring-width chronologies (Fritts 



Part 4: Dendroecology of Canopy Gaps 

 43

1976).  These species-specific chronologies were used to statistically crossdate the ring-

width series of cores from snags and logs to estimate the calendar year of the outer-

most ring, which represented the year of death of the gap makers.  

 We used the radial-growth averaging method (Lorimer and Frelich 1989, 

Nowacki and Abrams 1997) to assess the growth history and identify releases in trees 

(Rubino and McCarthy 2004).  Changes in radial growth rates were calculated as follows 

(Nowacki and Abrams 1997): 

%GC 100/)( 112 ×−= MMM        [1] 

where %GC is percent-growth change for a single year t, M1 is the mean radial growth 

preceding t, and M2 is the mean radial growth following t.  In this study, we calculated 

%GC for 10 successive years in individual tree-ring series and peak values ≥25% were 

considered a release and values ≥100% were considered a major release.  For 

individual trees we identified all years in which a release or major release occurred.  At 

the gap level, we calculated the absolute and relative frequency of released trees per 

year.  The relative frequency was calculated as follows: 

RF of releases t = AF of releases t / Sample depth t    [2] 

Where, RF was the relative frequency of releases in year t, AF was the absolute 

frequency of releases in year t, and Sample depth was the number of trees alive in year t 

for which a release could be recorded.  Sample depth decreases from the present to the 

past due to short lifespans of some trees and/or decayed heartwood in some trees which 

truncated the growth record to recent decades or centuries. 

In a second set of analyses, we compare species-specific rates of release.  For 

each tree, we identified periods of release in which the %GC was ≥25% and persisted 

for five or more years. The onset of the release was the first year in which %GC was 

≥25%. Releases in which the maximum %GC was 25 to 99% were classified as minor 

releases and releases in which the maximum %GC was ≥100% were classified as major 

releases.  We determined the absolute number of releases and major releases over the 

full ring-width series from each tree. Because the length of the ring-width series from 

individual trees varied due to differences in age, size and degree of heartwood decay, 

we needed to standardize the release rates to allow inter-tree comparisons.  Therefore, 

we calculated the rate of release per century for each tree as follows: 

Rate of release = Absolute releases / Length of ring-width series x 100 [3] 
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Where, the length of the ring-width series was the date of the outer-most ring minus the 

date of the inner-most ring, plus 1 (e.g. 2004 – 1900 + 1 = 105 years).  Rates of release 

were calculated for minor and major releases and all releases. 

We compared the rates of release among species and between boundary trees and filler 

trees using analysis of variance (ANOVA). 

 

Results 

Gap Composition 
In the 10 study gaps, we documented 95 boundary trees, 53 filler trees and 96 

gap makers, including 50 snags and 46 logs.  Boundary trees included 41 western 

hemlock, 40 western redcedar and 14 Pacific silver fir.  Filler trees included 42 western 

hemlock, 10 western recedar and only one Pacific silver fir.  There were six to 16 gap 

makers per gap (9.6 ± 1.0, mean ± standard error).  We were able to identify the species 

of 68 gap makers, most of which were western redcedar (n = 31) or western hemlock (n 

= 34).  The species of 28 gap makers could not be determined due to advanced stages 

of decay.  We estimated the year of death of 34 gap makers, including three culturally 

modified western redcedar (Table 1). 

 

Chronologies 
We developed three new species-specific ring-width chronologies (Table 2). The 

western recedar chronology was longest and most robust.  It spanned 685 years from 

1320 to 2004 and included seven series after 1650. The chronology for Pacific silver fir 

spanned 344 years from 1661 to 2004, and included multiple series after 1825.  The 

western hemlock chronology was shortest, representing tree growth from 1850 to 2004.  

Older western hemlocks that established prior to 1850 were present in the study area, 

but the inter-correlations or ring-width series from the largest and oldest trees were low 

so they were not included in the chronology.   

Mean sensitivity values provide a measure of the year-to-year variability in the 

ring-width chronologies (Fritts 1976, Table 2). Series inter-correlations coefficients 

indicate the common variation among series as a result of regional influences of 

environmental variability on tree growth. The mean sensitivity values were similar among 

the three species. Series inter-correlations were greater for western redcedar than 

western hemlock and Pacific silver fir. The percentage of missing rings was least for  
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western redcedar. This documented occurrence of missing rings indicates that visual 

and statistical crossdating are essential for determining the exact calendar years of 

individual rings and release dates.  

 
 
 
 
Table 1.  Summary of gap maker composition and type in 10 canopy gaps in the 
Bamfield Huu-ay-aht Community Forest, British Columbia. 
 

Number of gap makers 
Western Western Pacific Species Culturally Logs Snags Year of death Gap 

no. 
redcedar hemlock silver fir unknown modified   estimated 

1 3 1 0 4 0 2 6 4 
2 2 1 0 3 0 4 2 1 
3 7 3 0 3 0 8 5 5 
4 0 5 0 1 0 2 4 2 
5 4 4 0 3 0 4 7 2 
6 4 5 1 2 1 7 5 4 
7 3 1 1 2 1 2 5 1 
8 1 3 0 5 1 2 7 5 
9 4 2 1 1 0 7 1 7 

10 3 9 0 4 0 8 8 3 
Total 31 34 3 28 3 46 50 34 

 
 
 
 
Table 2. Summary characteristics for tree-ring chronologies in the Bamfield Huu-ay-aht 
Community Forest, British Columbia. Mean length is the average number of years in 
each core in the chronology. Descriptive statistics include mean sensitivity (mean sens.), 
series inter-correlations (series corr), and the percentage of missing rings.  
 

Species 
  

No. 
trees 

First 
year 

Last 
year 

No. 
years 

Mean 
length 

Mean 
sens. 

Series 
corr. 

Missing 
 (%) 

 Western hemlock 21 1850 2004 155 99 0.25 0.34 0.10 

Western redcedar 44 1320 2004 685 213 0.18 0.41 0.03 

Pacific silver fir 11 1661 2004 344 153 0.27 0.30 0.30 
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Year of Death of Gap Makers 
We estimated the year of death for 34 of 96 gap makers.  Within individual gaps, 

the dated snags and logs represented 14% (1 of 7) to 88% (7 of 8) gap makers present 

in the gap. Of the dated gap makers, 20 were western redcedar that died between 1707 

and 1993, three of which were culturally modified trees (CMTs). Twelve were western 

hemlock that died between 1913 and 2003.  Two Pacific silver fir died in 1972 and 2003.  

The remaining gap makers were in advanced stages of decomposition, with decayed or 

missing sapwood and bark.  

 Within individual gaps, years of death varied among gap makers from four to 264 

years (Table 1).  The large range in year of death of gap makers indicates that gap 

formation is a slow and incremental process.  Gaps are continuously forming and 

expanding as trees within the gap limits or along the boundary of the gap die.  At the 

same time, gaps are filling as boundary trees release, growing taller and/or expanding 

their crowns laterally to fill the gap.  Evidently, filling of gaps is a slow process as many 

of the gaps included gap makers that died decades or centuries ago, but the opening in 

the canopy persists as a recognizable gap. 

 

Gap-level Releases 
Within all 10 gaps, trees released continuously between 1750 and 2000 (Figure 

3).  By visually comparing the year of death of gap makers to the frequency of releases 

of boundary and filler trees, we identified three common patterns.  (1) As expected, 

many trees released immediately following the death of gap makers. Following the death 

of a canopy tree, the availability of above- and below-ground resources such as light, 

soil moisture, nutrients and growing space increases. Neighbouring trees growing along 

the boundary or within the newly formed gap may acquire these resources and increase 

their growth rate, expressed as an increase in ring-width or radial growth release.  (2)  In 

some cases, tree releases preceded the year of death of the gap maker.  This 

phenomenon may be explained by decline and dieback of the canopy of the gap maker 

prior to its death.  Alternately, the released trees may be responding to a change in the 

environment that occurred independently of the death of the gap maker.  (3) It is 

possible that few or no trees release following the death of a gap maker.  This scenario 

would result when the gap maker was not an effective competitor, so that its death had 

little impact on neighbouring trees. 
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Figure 3. Tree growth histories and gap dynamics of gaps 1 to 5. Bars are the 
percentage of trees releasing per year.  All releases (%GC ≥25) are in the left column 
and major releases (%GC ≥100) are in the right column.  Solid vertical grey lines in each 
panel mark the year of death of a gap maker.  The dashed vertical line indicates a 
windstorm c. 1930. 
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Figure 3 (cont). Tree growth histories and gap dynamics of gaps 6 to 10. Bars are the 
percentage of trees releasing per year.  All releases (%GC ≥25) are in the left column 
and major releases (%GC ≥100) are in the right column.  Solid vertical grey lines in each 
panel mark the year of death of a gap maker.  The dashed vertical line indicates a 
windstorm c. 1930. 



Part 4: Dendroecology of Canopy Gaps 

 49

We identified many releases in individual trees and at the scale of gaps that did 

not correspond to a documented year of death of a gap maker. There are several 

possible explanations for these releases.  (1) Some releases may have been in 

response to the death of gap makers for which year of death could not be determined.  

We estimated the year of death of c. 50% of the gap makers in the 10 canopy gaps. 

Only logs and snags with sound sapwood and heartwood could be sampled and aged 

using the dendrochronological methods applied in this study.  (2) Canopy gaps are only 

one of several types of stand-level or gap-level change that may facilitate radial growth 

release of trees.  For example, defoliation by insects such as western hemlock looper 

cause concurrent suppression and release of western hemlock and western redcedar in 

coastal forests of BC (McCloskey 2007).  Wind storms can cause damage to tree crowns 

without necessarily causing death by windthrow, which may facilitate releases in 

neighbouring trees.  Specifically, many trees released in the 1930’s following a well-

documented wind storm that affected the Bamfield area (pers. comm. A. Pearson). 

 

Tree-level Releases 
Individual trees released 0 to 15 times, with 90% of trees releasing up to 8 times 

(Figure 4).  The rate of release varied between filler trees and boundary trees and 

among species (Figure 5).  Filler trees released more frequently than boundary trees (p 

< 0.001).  This pattern was consistent for all three species, and was significant for 

western redcedar (p = 0.01) but not for western hemlock (p = 0.09).  The filler tree of 

Pacific silver fir released 3.6 times per century compared to 2.28±0.23 releases per 

century for boundary trees.  The generally higher rate of release for filler trees relative to 

boundary trees suggests three possible patterns of recruitment from the subcanopy to 

the canopy strata. (1) Trees that undergo repeated suppression and release are less 

likely to recruit to the canopy. (2) Trees that successfully recruit to the canopy represent 

a unique subset of trees that have relative fast initial growth rates and do not undergo 

repeated or prolonged periods of suppression and release in subcanopy. (3) Subcanopy 

trees that have released many times may recruit successfully to the canopy, even after 

many periods of suppression and release.  After recruiting to the canopy, the rate of 

release decreases. The overall effect is that the average rate of release over the lifespan 

of a canopy tree is lower than rate of release that occurred when the same tree was 

growing in the subcanopy.  
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Figure 4.  Number of releases over the full ring-width series of boundary (n = 95) and 
gap filler (n = 53) trees in the Bamfield Huu-ay-aht Community Forest.  

 
 
 



Part 4: Dendroecology of Canopy Gaps 

 51

 
 
 

Figure 5.  Comparison of release rates among boundary trees (left column) and filler 
trees (right column) of different species. Minor releases were %GC ≥25 and major 
releases were %GC ≥100.  Bars represent means and standard errors. 
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Introduction 
 

Dendrochronology is a very useful tool for inferring and assessing the growth-rates of 

trees over long periods of time with a high level of temporal accuracy.  Growth responses as a 

result of changes in the light environment due to canopy gaps are often reflected in the annual 

growth increment of shade-tolerant trees.  Dendrochronological analyses of changes in tree-ring 

patterns in individual trees can therefore be applied to compare species-specific responses to 

canopy gaps and other types of disturbance (Daniels & Kinka, 1996). Early growth history of 

trees can be obtained from saplings growing in the understory, including individuals that may 

have had the opportunity to respond to fine-scale canopy gaps.  To test for differences in 

sapling growth response to canopy gaps, we used dendrochronological methods to compare 

the early growth rates of western redcedar and western hemlock saplings growing in the 

understory of the old-growth forest in the Bamfield Huu-ay-aht Community Forest on the west 

coast of Vancouver Island. It addresses three questions: 

 
1.  How old are saplings of western redcedar and western hemlock in the understory of 
old-growth stands? 

2.  What are average growth rates of saplings of each species? 

3.  Have saplings undergone periods of suppression and release? 

 

Study Area 

The study site is located in the South Bamfield section of the Bamfield Huu-ay-aht 

Community Forest (BHCF). It is located at 10-30 metres above sea level and topography is flat 

to rolling, and includes occasional wet depressions (Morgan, 2002). The study area is an old-

growth forest dominated by western redcedar and western hemlock, with salal and Vaccinium 

communities dominating the understory.   
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Methods 

 
Field Sampling 

Saplings (height > 130cm and dbh <10cm) were sampled using the point-

centered-quarter method at 20 random points along a 310m transect in the South 

Bamfield study area (Cottam and Curtis 1956).  At each point, four saplings were 

measured for species, dbh, rooting substrate, and distance from the point.  Twenty 

saplings of each species were selected at random cut at as close to ground level as 

possible.  

Sapling density and density of individual species using the following formula: 

Total density per hectare = 10,000/(d mean )2    [1] 

Where, d mean is the mean distance of all saplings measured in the study area. 

Species density per ha = (QS/QT) x Total density per hectare [2] 

Where, QS is the number of quadrants in which the species was present and QT is the 

total number of quadrants sampled. 

 

Lab Analyses 

The basal disks were dried and sanded with 80, 120, 240, 320 and 400 grit sandpaper. 

Rings counts of the disks were made using a 40x microscope using reflected light. The rings of 

two radii per disk counted and compared to identify locally missing rings, rings that did not form 

a complete ring around the circumference of the sapling. Once dates were assigned to 

individual rings, the ring-width series of both radii were measured using a Velmex™ bench 

interfaced with a computer. A value of zero was recorded for locally missing rings. For each 

radius, we calculated length as the sum of ring widths from the pith to the inside of the bark.  

We calculated the average radius and the difference between the two a measure of growth 

asymmetry.  For each radius, we determined the number of locally missing rings and the 

number of missing rings per decade by dividing the total number of missing rings by age and 

multiplying by 10. The two ring-width series from each disk were averaged to represent the 

radial growth history of each sapling.  

 Annual radial growth rates were converted to annual basal area increments (BAI, 

LeBlanc 1990). We calculated average ring width and BAI for the lifespan of each sapling, the 

first 20 years of growth, and the period common to all saplings, 1983 to 2002. The first 20 years 

was used to examine growth differences in early life stages. The common period was the period 
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during which the individual trees would have experienced identical climate conditions and was 

determined by the age of the youngest sapling in the sample set.  We compared rates of radial 

growth and BAI between western redcedar and western hemlock using two-tailed t-tests for the  

three time periods (full lifespan, first 20 years, and last 20 years). The statistical tests were 

considered significant at the 0.05 level. 

We assessed each ring-width series to identify releases, periods of abrupt and sustained 

growth after a period of prolonged relative slow growth indicates. Releases were detected using 

a 10-year moving average to calculate the percentage growth change each year (Nowacki & 

Abrams, 1997): 

%GC = [(M2 – M1)/M1] X 100     [3] 

Where, %GC is the percentage growth change between M1, the mean growth rate of the 

preceding 10 years, and M2, the mean growth rate of the subsequent 10 years.  

A major release was a growth change exceeding 100%. A temporary release was a sustained 

10 to 14 years and a sustained release persisted at least 15 years. An abrupt release is a major 

release lasted six to 10 years, but must have an obvious point of rapid acceleration (Lorimer & 

Frelich, 1989).   

 
 

Results 

Sapling density was 301 trees per hectare. Western hemlock dominated the 

sapling stratum with 57 of 80 saplings and a density of 215 individuals per hectare.  

Twenty-one saplings were western red cedar, with a density of 79 individuals per 

hectare. The two remaining saplings were Pacific silver fir with a density of 8 individuals 

per hectare.  

Western hemlock saplings were 29 to 200 years old and averaged 114.6 years. 

The radii of basal disks ranged from 9 to 60.4mm, with a mean of 30.37mm (Table 1). 

Western redcedar were 12 to 112 years old and averaged 51.3 years. Basal radii ranged 

from 4.9 to 52.9mm, with a mean of 19.44mm (Table 2). The age structures of the two 

species were distinct (Figure 1). The age distribution of western redcedar was skewed 

with most samples <60 years old. Hemlock ages were normal distributed with a larger 

range. The age structure and density indicate a larger and more persistent seedling 

bank for western hemlocks relative to western redcedar.  



Part 5: Age and Recruitment Dynamics of Saplings 

 55

Table 1: Summary statistics and average growth rates for western hemlock saplings. 
 

Average Asymmetry No. Missing Rings Average Ring Width (mm) Average BAI (mm2)  
Sample 

ID 

 
Age 

(years) 
radius 
(mm) 

(difference 
between radii) Absolute 10 years-1 

Life- 
span 

First 
20 Yrs 

1983-
2002 

Life- 
span 

First 20 
Yrs 

1983-
2002 

hw_58Av 70 18.88 6.66 5 0.71 0.27 0.09 0.35 16.22 0.56 33.90 
hw_65Av 29 9.44 5.28 0 0.00 0.34 0.27 0.39 10.00 4.57 13.61 
hw_57Av 129 54.29 3.10 1 0.08 0.42 0.15 0.94 72.35 1.49 266.20 
hw_55Av 42 12.24 10.45 2 0.48 0.30 0.21 0.39 11.47 2.66 20.43 
hw_51Av 129 56.30 76.70 82 6.36 0.29 0.13 0.49 51.06 1.13 158.38 
hw_22Av 80 18.44 0.78 14 1.75 0.23 0.16 0.25 13.53 1.63 25.30 
hw_60Av 186 60.44 42.08 14 0.75 0.33 0.10 1.02 62.04 0.65 320.91 
hw_5Av 85 17.03 1.03 7 0.82 0.21 0.19 0.32 10.98 2.18 27.61 

hw_31Av 88 25.50 1.50 6 0.68 0.29 0.49 0.18 23.49 15.07 26.99 
hw_17Av 200 47.95 13.34 55 2.75 0.24 0.46 0.31 36.30 13.58 87.24 
hw_63Av 93 39.42 15.07 12 1.29 0.43 0.06 1.12 53.07 0.25 198.83 
hw_49Av 90 12.92 4.08 14 1.56 0.15 0.04 0.35 5.89 0.09 20.54 
hw_72Av 195 43.03 6.17 38 1.95 0.22 0.13 0.39 29.99 1.14 95.78 
hw_53Av 45 13.06 1.96 7 1.56 0.30 0.11 0.48 12.18 0.80 24.86 
hw_16Av 145 37.98 19.66 10 0.69 0.26 0.07 0.85 31.47 0.34 157.75 
hw_75Av 71 18.19 6.08 2 0.28 0.26 0.27 0.34 14.85 4.54 31.41 
hw_14Av 80 18.16 0.26 19 2.38 0.23 0.16 0.24 13.11 1.70 23.51 
hw_23Av 198 44.04 8.81 35 1.77 0.19 0.13 0.39 30.94 1.09 97.72 
hw_20Av 160 30.20 11.69 30 1.88 0.17 0.11 0.15 18.02 0.70 27.41 
hw_19Av 177 29.93 4.87 33 1.86 0.32 0.05 0.15 15.99 0.18 27.26 
Average 114.6 30.4 12.0 19.3 1.48 0.27 0.17 0.45 26.65 2.72 84.28 
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Table 2: Summary statistics and average growth rates for western redcedar saplings. 
 

Average Asymmetry No. Missing Rings Average Ring Width (mm) Average BAI (mm2)  
Sample 

ID 

 
Age 

(years) radius 
(mm) 

(difference 
between radii) Absolute 10 years-1 

Life- 
span 

First 20 
Yrs 

1983-
2002 

Life- 
span 

First 
20 Yrs 

1983-
2002 

cw_54Av 12 6.2 3.8 0 0 0.280 0.280 0.280 5.40 5.08 5.93 
cw_70Av 23 13.3 4 0 0 0.555 0.536 0.568 23.20 18.05 27.31 
cw_72Av 23 7.5 0.1 0 0 0.339 0.338 0.339 7.96 7.16 8.73 
cw_71Av 23 8.9 0.7 0 0 0.403 0.368 0.403 11.24 8.50 12.33 
cw_83Av 25 7.1 1.76 1 0.4 0.222 0.262 0.180 4.93 4.31 6.09 
cw_69Av 29 12.0 0.2 0 0 0.428 0.279 0.546 16.08 4.87 22.33 
cw_82Av 30 40.4 0.1 0 0 0.825 0.457 1.199 104.83 13.14 214.24 
cw_67Av 30 15.2 3.8 1 0.33 0.523 0.397 0.600 24.96 9.89 35.10 
cw_77Av 34 4.9 0.2 2 0.59 0.148 0.164 0.135 2.42 1.65 3.15 
cw_10Av 49 19.8 18.1 2 0.41 0.422 0.091 0.761 26.23 0.52 59.49 
cw_19Av 51 33.9 20.6 1 0.2 0.679 0.553 0.861 72.31 19.19 137.96 
cw_2Av 58 17.5 0.9 8 1.38 0.307 0.345 0.314 16.91 7.48 29.54 
cw_48Av 60 12.8 12.3 17 2.83 0.217 0.116 0.420 8.74 0.84 23.73 
cw_15Av 61 21.5 5.9 0 0 0.352 0.090 0.756 23.76 0.51 67.10 
cw_6Av 62 7.8 2.2 9 1.45 0.127 0.127 0.101 3.11 1.02 4.31 
cw_12Av 72 11.4 0.9 0 0 0.160 0.179 0.197 5.74 2.02 11.94 
cw_9Av 82 24.0 4.1 4 0.49 0.296 0.134 0.614 22.36 1.46 69.99 
cw_8Av 92 29.3 6.1 10 1.09 0.322 0.206 0.358 29.59 2.66 55.95 
cw_01Av 98 42.5 20.6 2 0.2 0.439 0.113 0.728 58.62 0.80 165.02 
cw_79Av 112 52.9 54.2 18 1.61 0.476 0.366 1.051 79.05 8.42 297.79 
Average 51.3 19.4 8.0 3.75 0.55 0.38 0.27 0.52 27.25 5.88 62.9 
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Figure 1. Age distribution of western redcedar (hatched) and western hemlock (solid) saplings. 

 
 
 

While saplings of both species were slow growing, the western hemlocks were more 

asymmetrical and had more locally missing rings (Tables 1 and 2, Figure 2). On average, the 

two radii measured on the basal disks differed by 12.0 mm for western hemlocks and 8.0 mm 

for western redcedars (Tables 1 & 2). Western hemlock saplings averaged 1.48 locally missing 

rings per decade, while western redcedars averaged 0.56 locally missing rings per decade 

(Figure 2).  Nine western hemlock saplings were more than 120 years old and survived periods 

of very low growth.  Up to 50 locally missing rings were missing from individual radii of western 

hemlock, whereas all western redcedar had fewer than 20 locally missing rings. Only one 

western hemlock sapling had no locally missing rings, while six western redcedar saplings had 

no locally missing rings on either radius.  
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Figure 2. Comparison of the number of missing rings in western hemlock and redcedar saplings 
of a range of ages. Graph points are for radii so each sapling has two corresponding points 
 

 

Ring-width averages were greater for the western redcedar than western hemlock, 

suggesting higher growth rates for redcedar over the lifespan (p=0.023), the first 20 years 

(p=0.023) and the common period (p= 0.48) (Figure 3). These differences were statistically 

significant for lifespan and the first 20 years; however growth during the common period was not 

significantly different between the two species.  

Basal area increments (BAI) were more similar between the two species than ring 

widths, reflecting the larger size of the western hemlock saplings. BAI did not differ significantly 

between the two species over the lifespan of saplings (p = 0.91), during the common period (p = 

0.43) of the first 20 years of growth (p = 0.052).  

Eighteen of 20 western hemlocks released at least once (Table 3).  The two western 

hemlocks that had not released were 29 and 88 years old and but were only c. 2 and 5cm in 

diameter, respectively. Based on ring-width series, western hemlock exhibited a large number 

of abrupt releases, while western redcedar exhibited more sustained releases (Table 3). 

Several western hemlocks exhibited multiple major, abrupt releases and returned low growth  
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Table 3. Major releases for saplings that were ≥29 yrs old and could be assessed using 
the percent growth change method.  Four western redcedar were <29 years old but had 
not released. 

 
 Species (n) Average 

Age (Yrs) 
No 

releases 
Abrupt 

releases 
Temporary 
releases 

Sustained  
releases 

Western hemlock (20) 114.6 2 33 7 0 
Western redcedar (16) 58.9 6 6 3 3 

 
 
 
rates after each release. In contrast to ring widths, the BAI did not detect strong releases until 

the western hemlock saplings grew to relatively large sizes, which occurred in the middle of the 

20th century. 

In contrast to hemlock, fewer western redcedar released and half did not release at any 

point during their lifespan. Four western redcedars were younger than 29 years old and were 

suppressed.  The oldest suppressed cedar was 72 years old.  The time between establishment 

and release ranged from 10 to 40 years.  

 
Discussion & Conclusions 
 

Western redcedar appears to be able to sustain growth under conditions in which 

western hemlock is suppressed. Based ring widths, western redcedar saplings grew at a faster 

rate than western hemlocks during the first twenty years of the saplings life and over their 

lifespans. The significant difference in growth during the first twenty years may indicate that the 

two species experience different growth patterns during seedling establishment.  Over the full 

lifespan, many western hemlocks released, but they were also suppressed for long periods.  

Slow growth rates were also evident in the high frequency of locally missing rings and the 

greater level of asymmetry in the western hemlock saplings compared to western redcedar. 

These observations are consistent with the classifications that indicate western redcedar has 

greater degree of shade tolerance than western hemlock (Wright et al 2000, Carter & Kinka 

1992).   

 The most dramatic difference between the two species was the age structure of the two 

samples. The skewed western redcedar population indicates an absence of older saplings in 

the subcanopy. This could mean that western redcedar seedlings are recruiting successfully 

from the sapling stratum to the sub-canopy stratum or that mortality of saplings is high. The 

former interpretation is consistent with the “gap independent hypothesis,” which describes 

species that are able to sustain growth and recruit to the upper canopy in absence of canopy 
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gaps (Canham 1988).  The release pattern of western redecedar saplings also was consistent 

with the gap independent hypothesis. Western redcedar released less frequently than western 

hemlock and fewer western redcedar released multiple times.  However, a larger proportion of 

western redcedar releases were sustained at least 15 years, which may facilitate rapid 

recruitment to the canopy.  To better understand the recruitment dynamics of trees in old-growth 

forests will require long-term data on the rates of sapling mortality and recruitment to the 

canopy. 
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Introduction 

This study provides baseline data for a replicated, controlled experimental trial of 

variable retention silviculture that aims to emulate historic canopy gaps in coastal old-

growth forests of the Bamfield Huu-ay-aht Community Forest (BHCF).  We have 

compared canopy openness, rooting substrate, cover of vascular and non-vasular 

plants, and nutrient supply dynamics in canopy gaps, beneath the closed-canopy forest 

adjacent to gaps, and in the forest patches to be harvested using VR methods.  We 

address three questions: 

1. Do the light environment, rooting substrates and flora of canopy gaps differ 
from the closed-canopy forest and the pre-harvest VR forest? 

2. Do nutrient supply rates vary among canopy gaps, closed-canopy forest and 
the pre-harvest VR forest? 

3.  Do nutrient supply rates vary among seasons? 

The results presented in this study will be compared with post-harvesting data 

that will quantify the impacts of VR harvesting on forest structure, composition and 

selected ecological processes.  Over the next decade, we will directly measure and 

monitor canopy openness, rooting substrates and above- and below-ground biodiversity 

to compare VR gaps with natural gaps and conditions beneath a closed canopy forest.  

 
Methods 
 
Study Sites 

Fifteen study sites represent the old-growth forest of the Bamfield Huu-ay-aht 

Community Forest. They are located 10 to 30 metres above sea level in the Very Wet 

Hypermaritime Coastal Western Hemlock (CWHvh) biogeoclimatic subzone. Five sites 

were in West Bamfield and 10 sites were in South Bamfield. Variable retention (VR) 
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harvesting has been planned for the area south of Bamfield ("treatment area"), while the 

forest in west Bamfield will not be harvested and serves as a "control" area. 

 

Biotic and Abiotic Attributes 

At ten study sites, five in each of the control and treatment areas, we established 

four plots, as follows. Two plots were in a canopy gap created when a dominant tree fell. 

Two plots were located beneath the forest canopy, c.10 m north and c. 10m south of the 

boundary of the each gap beneath a closed canopy.  At sites the remaining five sites, 

four plots were established along a transect oriented north-to-south though five forest 

patches that will be harvested using VR methods. Therefore, each of the VR plots was 

forested at the time of sampling, but will become a gap after harvesting. 

Each plot measured 2m x 2m and was permanently marked with stake flags. In 

each plot we identified all species of lichens, mosses, liverworts, ferns, herbs, shrubs 

and tree seedlings or saplings.  We estimated the percent cover of each species in the 

plot.  We estimated the percent cover of four different rooting substrates as follows, 

exposed mineral soil, exposed and moss-covered decaying wood, and organic leaf litter 

on the forest floor, and the area in the plot on which plants could not grow (e.g., rock 

outcrops, tree trunks and roots). Hemispheric canopy photographs taken at plot centre 

were used to quantify canopy openness and total transmitted light (Frazer et al. 1999, 

2000).   

We used ANOVA and Tukey multiple pairwise comparisons to test for differences 

in abiotic and biotic factors among sites in the control (West Bamfield) and treatment 

(South Bamfield) areas and the VR forest plots (South Bamfield).  The percentage cover 

of tree regeneration and ferns were not normally distributed; therefore, we conducted an 

analysis of variance on ranks followed by Dunn's multiple pairwise comparisons.  These 

tests were conducted using SPSS Sigma Stat v. 2.0. 

 
Nutrient Availability 
 

Nutrient availability was measured using ion exchange resins (Plant Root 

Simulator (PRS)™-probes; Western Ag Innovations Inc., Saskatoon, Saskatchewan) 

incubated in the soil for a burial period of 4 to 8 weeks. In each plot, four cation and four 

anion PRS™-probes were inserted vertically into the FH layer, ensuring complete 
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contact between the soil and the resin membrane. At the end of the burial period, the 

probes were removed from soil and washed with deionised water. The four PRS™-

probes of each exchange capacity of each plot were analysed together as a composite 

sample. They were analysed for the following cations and anions: NO3
+, NH4

-, Ca2+, 

Mg2+, K+, H2PO4
-, Fe3+, Mn2+, Cu2+, Zn2+, B3+, SO4

2-, Pb2+, Al3+.  

 Nutrient availability was measured over three periods.  The first set of PRS™-

probes were inserted on December 15-16, 2004 and collected on January 27-28, 2005 

(burial period = 43 days).  The second set were inserted on May 15, 2005 and collected 

on July 10, 2005 (burial period = 56 days).  The third set were inserted on October 15, 

2005 and collected on December 2, 2005 (burial period = 48 days). In situ burial of ion 

exchange resins membrane express the nutrient supply rate into a ion sink as the 

amount of nutrient absorbed per surface area of IEM during the duration of burial. The 

nutrient availability in the soil was reported as μg ion 10 cm-2 burial period-1 of six weeks.  

 
We tested all cations and anions for spatial and temporal variation in supply; 

however, we report the analyses and results only for ions for which we found significant 

variation.  All ions, except magnesium (Mg), were transformed to meet the assumptions 

of normality and homogeneity of variances.  Total nitrogen (N), nitrate (NO3
+), 

ammonium (NH4
-) and calcium (Ca) were logarithmically transformed, phosphorous (P) 

was transformed using the Box-Cox method and potassium (K) was cubed. We 

conducted a two-way analysis of variance (ANOVA) to test for the spatial variation 

among plot locations in gaps versus closed-canopy forest versus VR sites to be 

harvested and between the control versus treatment study areas. We tested for an 

interaction between plot location and study area.  We conducted a Tukey post-hoc 

comparison for significant main effects only.   

 In a second set of tests, we tested for variation in nutrient availability among 

three seasons, winter (December 2004–January 2005), summer (May-July 2005) and 

fall (October-December 2005).  We conducted a repeated measures ANOVA to 

simultaneously test for temporal variation among seasons, spatial variation between 

study areas (control versus treatment), and the interaction between season and location.  

Tukey post-hoc comparisons were made for significant main effects and interactions.  

Nutrient analyses were conducted using SAS v. 9.1.  All statistical tests were considered 

significant at the 0.05 level. 
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Results and Discussion 

Canopy openness and the percentage cover of shrubs and ferns varied 

significantly among the control and treatment areas and VR plots (Figure 1).  Both 

canopy openness and the cover of shrubs differed significantly between the VR plots 

and forest plots (p < 0.001 and p = 0.002, respectively).  Canopy openness and shrub 

cover were greatest in the VR forest plots, but did not differ significantly between the 

treatment and control study areas. The cover of ferns differed significantly between the 

natural gaps in the control area and the VR sites in the treatment area.  Fern cover was 

intermediate in natural gaps in the control area. In contrast, cover of rooting substrates 

and regeneration, herbs and mosses did not differ significantly among the plots prior to 

harvesting.   

 We identified significant spatio-temporal variation in nitrogen, calcium, 

magnesium and phosphorous (Figure 2). For all other ions differences were not 

significant (Table 1).  In fall, total nitrogen was greater in the control area than the 

treatment area and lower in the VR plots than the forest and gap plots. Total nitrogen did 

not vary significantly during winter or summer. Among seasons, nitrate was significantly 

greater in winter and fall than summer in the control area. In summer and fall, nitrate was 

greater in the treatment area than the control area.  In summer, nitrate was most 

abundant in the VR plots, but this switched in the fall and was not significantly different in 

winter.  Among seasons, ammonium was most abundant in summer and not different in 

winter and fall. Summer trends in ammonium supply were opposite to those of nitrate.  In 

summer, ammonium was greater in the control area than the treatment area and least in 

the VR plots.  In fall, ammonium remained low in VR plots relative to gaps and the forest 

but did not vary significantly between the control and treatment areas. In winter, 

ammonium did not vary significantly among plots. Calcium and magnesium were more 

abundant in summer and fall than winter. Calcium was significantly greater in the VR 

plots than forest and gap plots in summer only.  Magnesium was significantly greater in 

the treatment area relative to the control area during all seasons. Phosphorous was 

significantly greater in the control area than the treatment area during winter only. 

The spatial and temporal variation in the Bamfield forests documented in this 

study will need to be taken into account during assessment and monitoring of post-

harvest impacts and abiotic and biotic responses to VR silviculture. 
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   PRSTM-Probes supply rate (μg / 10cm2 / 6weeks) 
Area Plot (n)  N NO3+ NH4- Ca2+ Mg2+ K+ H2PO4- Fe3+ Mn2+ Cu2+ Zn2+ B3+ SO42- Pb2+ Al3+ 
   Winter: December 2004 to January 2005 
Control Forest mean 9.6 4.6 5.1 613.4 368.3 159.4 0.78 24.1 13.4 0.00 2.00 0.15 39.2 0.00 26.5 
 (8) (se) (2.0) (0.5) (2.2) (131.3) (68.1) (16.4) (0.16) (13.9) (5.2) (0.00) (0.20) (0.03) (10.8) (0.00) (9.9) 
 Gap mean 17.5 14.1 3.5 603.3 363.5 142.8 0.76 273.9 15.9 0.00 2.54 0.17 37.0 0.08 42.2 
 (8) (se) (4.5) (4.2) (0.6) (99.1) (26.6) (30.1) (0.14) (147.5) (8.8) (0.00) (0.28) (0.04) (6.3) (0.04) (13.0) 
Treatment VR mean 14.0 10.5 3.2 856.8 532.8 123.1 0.52 192.6 15.3 0.02 2.03 0.23 51.7 0.03 31.1 
 ( 18) (se) (2.9) (2.6) (1.2) (84.7) (37.3) (20.3) (0.14) (85.9) (4.3) (0.02) (0.20) (0.04) (8.9) (0.02) (7.6) 
 Forest mean 9.7 7.6 2.1 586.8 540.7 99.2 0.46 92.7 13.4 0.05 2.41 0.20 61.7 0.00 53.7 
 (10) (se) (1.4) (1.4) (0.2) (70.1) (74.1) (20.8) (0.09) (46.7) (4.0) (0.03) (0.32) (0.04) (14.3) (0.00) (15.3) 
 Gap mean 12.0 9.0 3.0 618.4 522.6 114.0 0.58 123.6 14.4 0.03 2.34 0.17 79.3 0.03 48.8 
 (10) (se) (2.4) (2.1) (0.5) (76.9) (55.6) (25.0) (0.16) (62.8) (4.0) (0.02) (0.38) (0.04) (15.1) (0.03) (14.7) 
   Summer: May to July 2005 
Control Forest mean 14.8 2.6 12.2 1173.2 611.1 136.3 0.80 16.6 21.4 0.35 3.23 0.42 102.4 1.34 32.0 
 (10) (se) (0.8) (0.2) (0.7) (99.1) (30.3) (25.1) (0.21) (9.0) (2.8) (0.03) (0.34) (0.04) (21.0) (0.37) (13.3) 
 Gap mean 16.3 3.2 13.1 1187.9 597.8 107.8 0.93 29.5 26.0 0.28 3.19 0.45 86.5 1.11 41.1 
 (10) (se) (0.9) (0.4) (0.8) (102.7) (40.6) (20.1) (0.32) (13.2) (4.3) (0.03) (0.30) (0.04) (10.7) (0.24) (12.3) 
Treatment VR mean 16.6 7.6 8.9 1465.1 703.2 86.8 0.58 25.8 21.6 0.22 3.46 0.70 106.1 0.80 42.0 
 (19) (se) (1.6) (1.5) (0.6) (123.8) (34.0) (17.8) (0.07) (10.8) (4.1) (0.02) (0.31) (0.05) (20.1) (0.17) (8.2) 
 Forest mean 14.6 4.7 9.9 1133.9 779.5 90.6 0.66 84.4 22.7 0.23 3.19 0.59 110.7 0.51 65.8 
 (10) (se) (0.9) (0.6) (0.6) (89.2) (54.6) (27.5) (0.15) (38.3) (4.2) (0.04) (0.22) (0.08) (18.4) (0.12) (14.6) 
 Gap mean 14.9 4.0 10.9 1031.0 752.9 111.5 0.74 18.9 20.5 0.25 3.05 0.64 100.0 0.43 41.2 
 (10) (se) (0.7) (0.3) (0.8) (77.2) (75.4) (18.3) (0.25) (9.1) (4.3) (0.06) (0.38) (0.10) (21.4) (0.16) (13.1) 
   Fall: October to December 2005 
Control Forest mean 9.9 5.9 3.9 837.1 424.7 139.3 0.45 40.0 16.1 0.49 3.74 1.23 38.5 2.81 27.9 
 (10) (se) (1.3) (1.4) (0.6) (130.9) (66.3) (26.6) (0.09) (38.8) (7.7) (0.16) (0.82) (0.16) (11.4) (1.74) (11.1) 
 Gap mean 18.8 14.9 3.9 873.5 516.4 76.8 0.34 385.6 11.6 0.49 3.39 1.01 52.8 2.71 62.9 
 (10) (se) (5.1) (4.8) (0.6) (116.3) (49.5) (16.9) (0.08) (187.1) (2.0) (0.14) (0.69) (0.12) (11.3) (1.69) (15.3) 
Treatment VR mean 5.7 3.5 2.3 1023.3 539.1 88.4 0.68 144.8 12.9 0.03 5.42 0.90 73.3 0.99 43.6 
 (19) (se) (1.6) (1.1) (0.8) (88.5) (35.2) (20.2) (0.22) (65.3) (2.2) (0.02) (1.08) (0.06) (22.5) (0.41) (8.2) 
 Forest mean 11.2 7.6 3.6 881.2 638.9 128.9 0.38 31.7 11.9 0.00 2.38 0.82 63.6 0.07 40.6 
 (10) (se) (1.1) (1.0) (0.3) (111.8) (54.6) (28.0) (0.11) (21.5) (1.8) (0.00) (0.20) (0.07) (18.5) (0.04) (10.8) 
 Gap mean 16.9 11.2 5.6 781.2 636.6 79.3 2.07 183.8 14.9 0.00 2.54 0.87 79.5 0.05 52.0 
 (10) (se) (5.3) (3.5) (2.1) (41.9) (47.4) (17.7) (1.36) (115.3) (2.6) (0.00) (0.17) (0.09) (21.9) (0.03) (14.2) 
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Figure 1.  Comparison of canopy openness and vegetation cover in the forest and gap 
plots in the treatment and control study areas.  Median values are represented by the 
horizontal bar within the boxes. The upper and lower limits of the boxes represent the 
75th and 25th percentiles and the bars above and below the boxes represent the 10th 
and 90th percentiles. 
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Figure 2.  Spatio-temporal variation in nutrient supply rates.  Rows are different nutrients 
and columns are different seasons.  The treatment area was South Bamfield and the 
control area was West Bamfield, in which plots were in forests to be harvested using 
variable retention methods (VR), closed-canopy forests adjacent to canopy gaps (F) and 
in the openings created by canopy gaps (G).  Statistical comparisons were made among 
seasons (winter = w, summer = s, fall = f), between study areas (treatment = T, control = 
C), and plots (variable retention = VR, forest = F and gap = G).  
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Introduction 

In this study, we compare and contrast the composition of understory plants growing in 

old-growth forests in the Bamfield Huu-ay-aht Community Forest (BHCF) and three 

watersheds in the Lower Mainland (LM).  We address the following questions about the 

composition of the flora and spatial variation at two scales: 

1. Is the flora of old-growth forests in the BHCF different from flora of the 
Capilano, Seymour and Coquitlam River watersheds in the LM?  

2. Is the flora of canopy gap openings different from the flora growing beneath 
the closed-canopy forest? 

3. Do floristic attributes (richness, cover, diversity indices) and abiotic attributes 
(light and substrates) vary significantly between the BHCF and LM study areas?  

4. Do floristic and abiotic attributes vary significantly within the two study areas, 
between West versus South Bamfield or among the Capilano, Seymour and 
Coquitlam River watersheds? 

5. Are the floristic and biotic attributes of gaps different significantly from the 
closed-canopy forest? 

 

Methods 

Field Sampling - Bamfield Huu-ay-aht Community Forest 

Fifteen study sites  represent the old-growth forest of the Bamfield Huu-ay-aht 

Community Forest. They are located 10 to 30 metres above sea level in the Very Wet 

Hypermaritime Coastal Western Hemlock (CWHvh) biogeoclimatic subzone. Five sites 

were in West Bamfield and 10 sites were in South Bamfield. At ten of the sites, we 

established four plots, as follows. Two plots were in a canopy gap created when a 

dominant tree fell. Two plots were located beneath the forest canopy, c.10 m north and 

c. 10m south of the boundary of the each gap beneath a closed canopy.  At sites the 

remaining five sites, four plots were established along a transect oriented north-to-south 
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though five forest patches that will be harvested using variable retention (VR) methods. 

Therefore, each of the VR plots was forested at the time of sampling, but will become a 

gap after harvesting. 

Each plot measured 2m x 2m and was permanently marked with stake flags. In 

each plot we identified all species of lichens, mosses, liverworts, ferns, herbs, shrubs 

and tree seedlings or saplings.  We estimated the percent cover of each species in the 

plot.  We estimated the percent cover of four different rooting substrates as follows, 

exposed mineral soil, exposed and moss-covered decaying wood, and organic leaf litter 

on the forest floor, and the area in the plot on which plants could not grow (e.g., rock 

outcrops, tree trunks and roots). Hemispheric canopy photographs taken at plot centre 

were used to quantify canopy openness and total transmitted light (Frazer et al. 1999, 

2000).   

Field Sampling – Lower Mainland 

Twenty study sites represent canopy gaps in the old-growth forest of the Lower 

mainland, located in the Capilano, Seymour and Coquitlam River watershed.  These 

three protected areas provide the drinking water for the Greater Vancouver Regional 

District (GVRD). The sites are 400 to 700 metres above sea level in the Very Wet 

Maritime Coastal Western Hemlock (CWHvm) biogeoclimatic subzone.  Eight study sites 

were in the Seymour River watershed, five sites were in the Coquitlam River watershed, 

and seven sites were in Capilano River watershed. 

At each study site, we established eight plots.  Similar to the sampling design at 

the BHCF, four plots were in the canopy gap created when a dominant tree fell and four 

plots were in the adjacent, closed-canopy forest.  The plots were located along the 

north-south and east-west axes of the gap. One site in the Seymour River watershed 

had only three forest plots as other canopy gaps had formed adjacent to the study gap 

so that a comparable plot beneath the closed canopy was not available for sampling.     

Each plot measured 2m x 2m in which we identified and estimated the percent 

cover of all species of lichens, mosses, liverworts, ferns, herbs, shrubs and tree 

seedlings or saplings. We also estimated the percent cover of exposed mineral soil, 

exposed and moss-covered decaying wood, and organic leaf litter and non-rooting 

substrates (e.g., rock outcrops, tree trunks and roots).  Hemispheric canopy photographs 

were taken at plot centre. 
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Data Analyses 

We compiled species composition lists for each study site and area.  Cover data 

for individual species and rooting substrates were scaled to account for non-rooting 

substrates.  At the plot scale, we calculated total plant cover (%), cover by growth form 

(%), species richness (count of species), and Shannon-Wiener indices (H’) using relative 

cover of each species and growth form. The Shannon-Wiener index represents the 

information in a community and ranges from 0 in communities with one species to 7 in 

rich communities.  It is calculated as (Barbour et al. 1999): 

HI = - ∑ (pi)(ln pi) 

Where, HI is the index number measuring information and pi = proportion of all 

individuals that belong to species i or growth form i. 

Using scatter plots, we compared the flora of the Bamfield and Lower Mainland 

study areas and species cover in gaps versus the forest. We used two-way analysis of 

variance (ANOVA) to test for variation in biotic (total cover and biodiversity indices at the 

plot scale) and abiotic factors (light and substrates) at two spatial scales.  At the regional 

scale, we compared plot locations among study areas: West Bamfield versus South 

Bamfield versus the three watersheds in the Lower Mainland.  At the local scale, we 

compared plot position: gap versus forest.  When the effects of plot location, position or 

the location-position interaction were significant, we use Tukey-Kramer post-hoc 

analyses to differentiate among plot means. We used three-way ANOVA of Shannon-

Wiener indices and Tukey-Kramer post-hoc analyses to test for variation among study 

areas, plot position and growth forms, including an interaction between study area 

location and growth forms.  All statistical tests were conducted in SAS v. 9.1 and were 

considered significant at the 0.05 level. 
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Results and Discussion 

In 218 plots, we documented 123 vascular and non-vascular plant species (Table 

1). We described but were unable to identify four mosses, three liverworts and one 

lichen.  Without inflorescences, seeds or spores, we were only able to determine the 

genus of another 21 mosses, liverworts or lichens.  

Forty five species were observed in both study areas, 18 species were only in the 

Bamfield Huu-ay-aht Community Forest (BHCF), 60 species were only in the three 

watersheds in the Lower Mainland (LM) (Figure 1, Table 2).  Some of these observations 

were likely due differences in the number of sample plots, the timing of sampling, while 

some differences reflect the physical environmental differences between the study 

areas. In the BHCF, we sampled plant composition of 59 plots during July 2004 and 

September 10 to 12, 2004, while 159 plots in the LM were sampled from June through 

August 2004.  The large number of plots in the LM increased the chance of observing 

more species. Differences in the timing of sampling may have affected the observed 

composition and abundance of herbs, shrubs, and some liverworts that grow and flower 

over short periods during the growing season and the deciduous species. In contrast, 

the trees, mosses, lichens and most ferns and shrubs are evergreen or retain their 

leaves though September. Differences in composition, abundance of species and plant 

cover for these growth forms generally reflect site difference between study areas.  

For the 45 species common to both study areas, average cover was <5% in both 

areas (Figure 1). Cover of three species, Blechnum spicant (deer fern), Gaultheria shallon 

(salal), and Kindbergia praelonga (common feather moss) averaged 29 to 32% in the BHCF, but 

mean cover was <7% for the same species in the LM plots.  In contrast, the mean cover of Abies 

amabilis (Pacific silver fir), Tsuga heterophylla (western hemlock) and Plagiothecium undulatum 

(flat moss) average 6 to 15% in the LM plots, but was <1% in the BHCF.   

At the local scale, there was little differentiation in composition and plant cover between 

gap and forest plots.  Mean cover of individual species in gaps were similar to cover in forest 

plots (Figure 2). Twenty species occurred in plots in canopy gaps only, with an average cover of 

0.10 ± 0.05% (mean ± standard error).  Ten species occurred in forest plots only, with an average 

cover of 0.008 ± 0.004%. For 105 species, mean cover differed by ± 0.5% in gaps versus forests. 

Only one species had greater cover in the forest plots than in gaps.  For 18 species, mean cover 

was 0.6 to 2.5% greater in gaps than forest plots. 
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All three indices of plant diversity, total cover, species richness and the Shannon-

Wiener index, differed significantly among study areas and between gap and forest plots 

(Figure 3). Total plant cover was greater in gaps than beneath the closed-canopy forest 

(p < 0.001) and in the BHCF than the LM (p < 0.001) (Figure 3). Within the BHCF, 

differences between West and South Bamfield were not significant and differences 

among the Capilano, Seymour and Coquitlam River watersheds were not significant. 

Species richness was greater in gaps (n = 20.7) than forest plots (n = 19.0) (p = 0.01).  

Similarly, Shannon-Wiener indices were greater in gaps (H = 1.92) than the forest (H = 

1.56) (p < 0.001). These diversity indices varied significantly among study areas (p< 

0.001 for both), with generally richer and more diverse flora in the BHCF than the LM 

plots; however, there was significant overlap between study areas (Figure 3). 

The Shannon-Wiener indices of growth form diversity were significantly greater 

for gaps than the forest (p =0.008) and varied among locations and growth forms, with a 

significant interaction between the latter two factors (p < 0.001) (Figure 4).  Lichens, 

mosses and liverworts (combined) were more diverse in South Bamfield than the Lower 

Mainland locations; West Bamfield was not significantly different from all other locations.  

For herbs, diversity varied among gap plots only.  Herbs in the Capilano River watershed 

were significantly more diverse than other locations, except Seymour River watershed 

which was not different from all other locations.  Diversity of ferns and allies varied 

among forest plots, with no clear pattern differentiating the BHCF from the LM study 

areas. Diversity of shrubs was significantly greater in the BHCF than the LM, with 

significant variation among LM study areas for gaps but not forest plots.  Trees did not 

differ significantly among locations. 

The interaction between plot location and position had a significant effect on 

canopy openness and total transmitted light (p < 0.001).  Canopy openness was 

generally greater in gaps than forest plots (p < 0.04). It was greatest in South Bamfield, 

followed by West Bamfield, then the three locations in the Lower Mainland, with no 

significant difference between West Bamfield and the Seymour River watershed (p < 

0.001). Canopy openness of some forest plots was greater than the gap plots (Figure 5).  

In particular, the forests of South and West Bamfield were more open than the gap plots 

in the Capilano and Coquitlam River watersheds and all forest plots in the Lower 

Mainland.  Similarly, transmitted light was greatest in the gap plots at the Bamfield study 

areas (p < 0.001), although the light in gaps in West Bamfield was not significantly 
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different from all other gap and forest plots (p = 0.005 for location-position interaction).  

The relatively small differences in canopy openness between gaps and closed forests 

among the study areas reflects the small size of canopy gaps in coastal forests, the 

variation in height and density of boundary trees in the different study areas, and time 

since gap formation and the degree to which gaps have subsequently filled.   

The most common rooting substrates in all study areas were undisturbed, 

organic forest floor, moss-covered decaying wood and exposed decaying wood (Figure 

6). All three of which varied significantly with plot location (p < 0.001 for forest floor and 

covered wood, p = 0.009 for exposed wood) but not between gaps versus forest plots (p 

= 0.86, 0.34 and 0.54 for forest floor, covered and exposed wood, respectively). Cover of 

undisturbed forest floor was significantly greater in the LM study areas than the BHCF, 

while covered decay wood was opposite (Figure 6).  Cover of exposed decaying wood 

was significantly greater in Coquitlam River watershed than South and West Bamfield, 

but differences were not significant among the three watersheds or between South and 

West Bamfield. Exposed mineral soil and non-rooting substrates accounted for <5% of 

ground cover in 90% of plots (Figure 6) and did not differ significantly among plot 

locations (p = 0.45 and 0.37, respectively) or positions relative to gap centre (p = 0.61 

and 0.57, respectively).  
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Table 1.  Species composition in the Bamfield-Huu-ay-aht Community Forest (BHCF) 
and three watersheds in the Lower Mainland (LM).  
 

Growth Form  
Frequency 
(% plots) 

Species - Latin name Common name BHCF LM 
    
Trees    
Abies amabilis amabilis fir 1.7 66.9 
Chamaecyparis nootkatensis yellow cedar  2.3 
Pseudotsuga menziesii Douglas-fir  0.8 
Taxus brevifolia  Pacific yew or western yew 5.1 6.8 
Thuja plicata western redcedar 8.5 18.0 
Tsuga heterophylla  western hemlock 20.3 78.9 
    
Shrubs    
Gaultheria shallon salal 100.0 9.0 
Malus fusca Oregon crabapple 3.4  
Menziesia ferruginea false azalea 22.0 12.0 
Prunus emarginata bitter cherry 5.1  
Rhamnus purshiana cascara sagrada 15.3  
Rosa gymnocarpa baldhip rose  0.8 
Rubus parviflorus thimble berry  2.3 
Rubus spectabilis salmon berry 37.3 11.3 
Sambucus racemosa ssp. pubens elderberry  0.8 
Vaccinium alaskaense Alaskan blueberry 28.8 59.4 
Vaccinium ovalifolium oval-leafed blueberry 15.3 17.3 
Vaccinium parvifolium red huckleberry 54.2 100.0 
    
Ferns and allies    
Athyrium filix-femina lady fern  20.3 
Blechnum spicant deer fern 100.0 97.0 
Blepharostoma trichophyllum hariy threadwort 88.1 18.8 
Dryopteris expansa spiny wood fern  37.6 
Gymnocarpium dryopteris oak fern  18.8 
Lycopodium clavatum running clubmoss  3.8 
Lycopodium selago fir clubmoss  11.3 
Polypodium glycyrrhiza licorice fern 5.1 0.8 
Polystichum munitum sword fern  18.8 
Thelypteris phegopteris narrow beach fern  1.5 
    
Herbs    
Boykinia elata coast boykinia  2.3 
Chimaphila menziesii Menzies' pipsissewa  1.5 
Clintonia uniflora queen's cup  42.9 
Coptis asplenifolia fern-leaved goldenthread  21.1 
Cornus canadensis bunchberry  70.7 
Disporum hookeri Hooker's fairybells  2.3 
Goodyera oblongifolia rattlesnake plantain  15.0 
Linnaea borealis twin flower 1.7 21.8 
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Table 1.  continued 
    

Growth Form  
Frequency 
(% plots) 

Species - Latin name Common name BHCF LM 
    
Herbs (continued)    
Listera caurina northwestern twayblade  6.8 
Listera cordata heart-leaved twayblade 1.7 4.5 
Lysichiton americanum skunk cabbage 1.7 2.3 
Maianthemum dilatatum false lily of the vally 45.8 30.1 
Oplopanax horridus devil's club  3.8 
Orthilia secunda one-sided wintergreen  6.0 
Prenanthes alata western rattlesnake root  0.8 
Pyrola asarifolia pink wintergreen  0.8 
Rubua pedatus five-leaved bramble  48.1 

Smilacina spp. 
star-flowered false Soloman's 
seal   21.1 

Streptopus amplexifolius clasping twisted stalk  21.8 
Streptopus lanceolatus var. curvipes rosy twisted stalk 5.1  
Streptopus roseus rosey twisted stalk  26.3 
Tiarella trifoliata three-leaved foam flower 10.2 57.1 
Tiarella trifoliata var. unifoliata undivided foam flower  43.6 
Viola canadensis Canada violet  3.8 
Viola glabella stream violet  6.0 
Viola sempervirens trailing yellow violet  18.0 
    
Mosses    
Barbula sp. bird`s-claw beard-moss   6.8 
Buxbaumia piperi green bug moss 1.7  
Dicranum fucescens curly heron`s-bill moss  74.6 68.4 
Dicranum scoparium brook moss 5.1  
Hookeria lucens hookeria moss 79.7 15.8 
Hylocomium splendens stair-step moss 66.1 40.6 
Hypnum circinale  coiled leaf claw moss 22.0 69.9 
Isothecium stoloniferum variable moss 79.7 69.9 
Kindbergia oregana Oregon beeked moss 52.5 27.1 
Kindbergia praelonga common feather moss 96.6 2.3 
Mnium spinulosum largetooth calcareous moss   1.5 
Plagiomnium insigne coastal leafy moss  12.0 
Plagiothecium undulatum flat-moss 96.6 97.0 
Pleurozium schreberi red-stemmed feathermoss  0.8 
Pogonatum alpinum var. alpinum unknown  0.8 
Pogonatum contortum contorted pogonatum moss  6.8 
Polytrichum commune common haircap moss   4.5 
Polytrichum spp. unknown  1.5 
Pseudotaxiphyllum elegans small flat-moss  56.4 
Racomitrium heterostichum var. 
occidentale unknown  0.8 

Racomitrium sp. unknown  1.5 
Rhizomnium glabrescens large leafy moss 94.9 78.9 
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Table 1.   continued    

Growth Form  
Frequency 
(% plots) 

Species - Latin name Common name BHCF LM 
    
Mosses (continued)    
Rhizomnium nudum unknown  1.5 
Rhytidiadelphus loreus lanky moss 45.8 81.2 
Rhytidiopsis robusta unknown  33.1 
Sphagnum mendocinum Mendocino peatmoss 1.7  
Sphagnum palustre blunt-leaved peat-moss 3.4  
Sphagnum rubiginosum sphagnum moss 6.8 6.8 
Sphagnum squarrosum shaggy peat   2.3 
Unidentified unknown  13.5 
Unidentified unknown  2.3 
Unidentified unknown  1.5 
Unidentified unknown  10.5 
    
Liverworts    
Bazzania tricrenata lesser whipwort 69.5 58.6 
Calypogeia sp. unknown 98.3 30.1 
Cephalozia sp. unknown 81.4 31.6 
Diplophyllum albicans white ear wort 54.2 27.1 
Douinia ovata unknown 1.7  
Frullania sp. frulllania 88.1 1.5 
Geocalyx graveolens turpswort 10.2  
Herbertus aduncus common scissor-leaf liverwort  6.8  
Jamesoniella autumnalis Jameson`s liverwort   1.5 
Jungermannia sp. unknown  5.3 
Kurzia sp.  fingerwort 10.2  
Lepidozia reptans little-hands liverwort 32.2 39.1 
Lophocolea sp. unknown 1.7 23.3 
Lophozia sp. unknown 13.6 23.3 
Marsupella sp. unknown  0.8 
Metzgeria conjugata unknown  0.8 
Mylia taylorii Taylor's flapwort 16.9  
Pellia neesiana ring pellia 5.1 1.5 
Plagiochila porelloides cedar-shake liverwort 67.8 47.4 
Porella sp. unknown 1.7  
Radula sp. unkown species 1.7  
Riccardia multifida comb liverwort 84.7 4.5 
Riccardia sp. 2 unknown 57.6  
Scapania bolanderi     yellow-ladle liverwort   38.3 
Scapania sp. 1  unknown 98.3 0.8 
Scapania sp. 2  unknown 44.1 54.9 
Scapania sp. 3 unknown 6.8 5.3 
Unidentified unknown  4.5 
Unidentified unknown  3.0 
Unidentified unknown  0.8 
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Table 1.  continued 
    

Growth Form  
Frequency 
(% plots) 

Species - Latin name Common name BHCF LM 
    
Lichens    
Cephaloziella sp. unknown 93.2 21.8 
Cladonia sp. 1 cup lichen 8.5 6.8 
Cladonia sp. 2 unknown  3.0 
Icmadophila ericetorum candy lichen 1.7  
Peltigera sp.      foliose lichen 3.4  
Unidentified unknown  0.8 

 
 
 
 
 
Table 2. Distribution of species by life form between the Bamfield Huu-ay-aht 
Community Forest (BHCF) and the three watersheds in the Lower Mainland (LM). 
 

Study area Growth Form BHCF LM Both Total 

     
Trees 0 2 4 6 
Shrubs 3 3 6 12 
Ferns and allies 0 7 3 10 
Herbs 1 20 5 26 
Mosses 4 18 11 33 
Liverworts 8 8 14 30 
Lichens 2 2 2 6 
Total 18 60 45 123 
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Figure 1. Comparison of mean cover per plot of individual species between the two 
study locations (n = 159 for Lower Mainland, n = 59 for Bamfield). The inset diagram 
represents species with cover <2% at one or both of the study locations. 
 
 

 
 

Figure 2. Comparison of mean cover of individual species in gaps (n = 101) versus 
forest (n = 117) plots. The diagonal line indicates species that are equally abundant in 
gaps and beneath the closed canopy.  Points above/below the line are species that are 
more abundant in gaps/forest. 
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Figure 3. Comparison of plant diversity using three indices (y-axes) among study areas 
(x-axis) and between forest (left column, black bars) and gap (right column, grey bars) 
plots. Bars represent means with standard errors. In each horizontal panel, means with 
the same superscript are not significantly different at the 0.05 level.  
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Figure 4. Comparison of plant diversity of different growth forms (y-axes) among study 
areas (x-axis) and between forest (left column, black bars) and gap (right column, grey 
bars) plots. Bars represent means with standard errors. In each horizontal panel, means 
with the same superscript are not significantly different at the 0.05 level. 
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Figure 5. Comparison of canopy openness (top) and transmitted light (bottom) among 
study areas (x-axis) and between forest (left column, black bars) and gap (right column, 
grey bars) plots. Bars represent means with standard errors. In each horizontal panel, 
means with the same superscript are not significantly different at the 0.05 level.  
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Figure 6.  Comparison of substrates (rows) among study areas (x-axis) and between 
forest (left column, black bars) and gap (right column, grey bars) plots. Bars represent 
means with standard errors. In each horizontal panel, means with the same superscript 
are not significantly different at the 0.05 level. 
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Management Implications 

 The results from this study have several implications for ecosystem management 

based on historic range of variability.  Specifically, the ecological data presented in this 

study provide information on the variation of gap size, number of gap makers, and 

natural regeneration that may be incorporated into VR silviculture and harvesting plans.  

This study also provides baseline data that will facilitate long-term monitoring of the 

impacts of VR harvesting on both abiotic and biotic factors in the Bamfield Huu-ay-aht 

Community Forest. 

1.  Canopy gaps in the Bamfield Huu-ay-aht Community Forest averaged 191.2 ± 
21.6m2 and the maximum gap area was 616m2.  Variable retention harvesting 
that guided by the historic range of variation in BHCF should include openings 
that are small and vary in size, ranging up to 600 m² and resulting from the 
removal of 3 to 10 trees in an otherwise continuous forest.  Managers should be 
aware that larger openings, such as 0.25ha patch cuts, are not within the historic 
range of variation documented in this study. 

2. Gap area was correlated with the number of gap makers, but varied with the type, 
species and size of gap makers.  Within individual gaps, gap makers ranged in 
stage of decay and age.  Evidently, gap creation is a continuous, ongoing 
process, rather than discrete episodic events.  VR harvesting removes multiple 
trees at one time, which represents a departure from the historic disturbance 
regime.  The ecological implications of this difference are not yet clear. 

 
3.  Significant differences exist between the control and treatment study areas that are 

independent of the proposed VR harvesting.  Specifically, canopy openness and 
percent cover of expanded gaps were greater in the treatment area than in the 
control area.  Conversely, the percentage of closed canopy was relatively low in 
the treatment area.  These differences in light availability in the understory may 
explain the abundance of shrubs in the treatment area relative to the control 
area.  Future monitoring and analysis of harvesting effects must account for 
these pre-existing differences. 

 
4.  Composition of the forests varied between study areas.  Specifically, there were 

fewer gap makers and boundary trees of western redcedar in the treatment study 
area than in the control area.  The abundance of culturally modified trees 
provided evidence of historic use of western redcedar in the treatment area.  It is 
possible that the relatively low density of western redcedar is a legacy of the use 
and management of this culturally important species by the Huu-ay-aht First 
Nation. Improved understanding of the timing and impacts of historical, traditional 
use is an important component of forest dynamics that may contribute to future 
ecosystem management.  
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5. Based on the ratio of understory and overstory trees, we have hypthesized that shifts 
in canopy composition may result in decreased abundance of western redcedar 
and increased abundance of western hemlock and Pacific silver fir in some parts 
of the BHCF.  However, these hypotheses assume that the regeneration 
dynamics of these three species are essentially equivalent, which is unlikely to 
be true.  Species-specific differences in seedling establishment, growth, 
recruitment and mortality must be taken into account to test for the validity of 
compositional changes in the BHCF. Ongoing research will quantify these 
processes. 

 
6.  The densities of western redcedar and western hemlock seedling and sapling in the 

BHCF were relatively low.  Both species regenerated frequently on decaying 
wood, which may be a mechanism for reducing or avoiding competition from 
competing shrubs such as salal.  Regeneration within VR gaps may be limited by 
lack of available woody substrates and/or competition from shrubs.  Active 
management may be necessary to successfully regenerate trees after 
harvesting.  

 
 

 



 86

Acknowledgements 
 
 Funding was provided by the British Columbia Forest Science Program and the 

Natural Sciences and Engineering Research Council of Canada (NSERC). Kari Werner, 

Dennis Morgan, Kate Del Bel and Tom McGonigal provided assistance in the field and 

laboratory. Thanks to the Bamfield Huu-ay-aht Community Forest Society for permission 

to conduct this research.  

 
 



 87

Literature Cited 
 
Asmar, F., Eiland, F., Nielson, N.E., 1994. Effect of extracellular-enzyme activities on 

solubilization rate of soil organic nitrogen. Biology and Fertility of Soils 17, 32–38. 

Anderson, J. P. E., and K. H. Domsch. 1978. A physiological method for the quantitative 
measurement of microbial biomass in soils. Soil Biol. Biochem. 10:215–221. 

Barg AK, Edmonds RL 1999. Influence of partial cutting on site microclimate, soil 
nitrogen dynamics, and microbial biomass in Douglas-fir stands in western 
Washington Can. J. For. Res. 29, 705-713 

Bauhus J and Barthel R 1995 Mechanisms for carbon and nutrient release and retention 
in beech forest gaps .2. the role of soil microbial biomass Plant and Soil 169: 
585-592  

BCMOF (British Columbia Ministry of Forests). 2003. STEMS: Silviculutral Treatmetns 
for Ecosystem Mangement in the Sayward. Campbell River, BC. 

Beaty, C. 2003 Mind the Gap. Directed Research, The School for Field Studies, Centre 
for Coastal Rainforest and Fisheries Studies, Bamfield, BC. Summer 2003. 

Beese, W.J. 1995a Clearcut alternatives in Coastal montane forests. Can. For. Indust. 
(Sept.); p. 28-31. 

Beese, W.J. 1995b Montane Alternative Silviculture Systems (MASS): Introduction and 
objectives. In Proc. Montane Alternative Silviculture Systems (MASS) workshop. 
Edited by J.T. Arnott, W.J. Beese, A.K. Mitchell and J. Peterson. June 7-8, 1995, 
Courtenay, B.C., Can. For Serv. and B.C. Min. For., Victoria, B.C. FRDA Rep. 
238:3-8. 

Bogaert, J., R. Rousseau, P. Van Hecke, and I. Impens. 2000. Alternative perimeter-
area ratios for measurement of 2-D shape compactness of habitats. Applied 
Mathematics and Computation 111:71-85. 

Burns, R.G., 1982. Enzyme activity in soil: location and a possible role in microbial 
ecology. Soil Biology & Biochemistry 14, 423–427. 

Campbell CD, Chapman SJ, Clare M. Cameron CM, Davidson MS and Potts JM 2003 A 
Rapid Microtiter Plate Method To Measure Carbon Dioxide Evolved from Carbon 
Substrate Amendments so as To Determine the Physiological Profiles of Soil 
Microbial Communities by Using Whole Soil. . Applied Environ. Microbiol. 69, 
3593-3599.  

Canham, C.D. 1988. Growth and canopy architecture of shade-tollerant trees: Response 
to canopy gaps'  Ecology 69: 786 – 795. 

Carter, R.E. & Kinka, K. 1992. Variation in shade tolerance of Douglas Fir, Western 
Hemlock and Western Redcedar in coastal British Columbia. Forest Ecology and 
Management 55: 87 – 105. 

Christensen, N.L., Bartuska, A.M., Brown, J.H., Carpenter, S., D’Antonio, C., Francis, R., 
Franklin, J.F., MacMahon, J.A., Noss, R.F., Parsons, D.J., Charles, P.H., Turner, 
M.G., Woodmansee, R.G. 1996. The report of the Ecological Society of America 
Committee on the scientific basis for ecosystem management. Ecological 
Applications. 6(3): 665-691 



 88

Chro´ st, R.J., 1991. Environmental control of the synthesis and activity of aquatic 
microbial ectoenzymes, in: Chro´ st, R.J. (Ed.), Microbial Enzymes in Aquatic 
Environments. Springer-Verlag, New York, pp. 29–59. 

Clarholm, M., 1993. Microbial biomass P, labile P, and acid phosphatase activity in the 
humus layer of a spruce forest, after repeated additions of fertilizers. Biology and 
Fertility of Soils16, 287–292. 

Cottam, G and J.T. Curtis. 1956. The use of distance measures in phytosociological 
sampling. Ecology 37: 451-460. 

Dahlgren, R.A. and Driscoll, C.T. 1994. The effects of whole-tree clear-cutting on soil 
processes at the Hubbard Brook Experimental Forest, New Hampshire, USA. 
Plant and Soil 158:239-262. 

Daniels, L.D. 2003. Western redcedar population dynamics in old-growth forests: 
contrasting ecological paradigms using tree rings. The Forestry Chronicle 79(3): 
517-530. 

Daniels, L.D. and R.W. Gray. 2006. Disturbance regimes in coastal British Columbia.  
Journal of Ecosystems and Management 7:44-56.  

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

Daniels, L.D., Dobrý, J., Feller, M.C., & Klinka, K. 1997. Determining year of death of 
logs and snags of Thuja plicata in southwestern coastal British Columbia. 
Canadian Journal of Forest Research 27: 1132-1141. 

Degens, B. P., and J. A. Harris. 1997. Development of a physiological approach to 
measuring the catabolic diversity of soil microbial communities. Soil Biol. 
Biochem. 29:1309–1320. 

Denslow, J.S., Ellison, A.M. and Sanford, R.E. 1998. Treefall gap size effects on above- 
and below-ground processes in a tropical wet forest. Journal of Ecology 86: 597-
609. 

Entry JA, Stark NM and Loewenstein H 1986 Effect of timber harvesting on microbial 
biomass fluxes in a northern rocky-mountain forest soil Can. J. For. Res. 16, 
1076-1081 

Feller, M.C., Lehmann, R., and Olanski, P. 2000. Influence of forest harvesting intensity 
on nutrient leaching through soil in southwestern British Columbia. Journal of 
Sustainable Forestry 10:241-247. 

Frazer, D.W., McColl, J.G. and Powers, R.F. 1990. Soil nitrogen mineralization in a 
clearcutting chronosequence in a northern California conifer forest. Soil Science 
Society of America Journal 54:1145-1152. 

Frazer, G.W., Canham, C.D. and Lertzman, K.P. 1999. Gap light analyzer (GLA), 
version 2.0: imaging software to extract canopy structure and gap light indicies 
from true-colour fisheye photographs.  Simon Fraser University, Burnaby, BC. 

Frazer, G.W., J.A. Trofymow, and K.P. Lertzman.  2000.  Canopy openness and leaf 
area in chronosequences of coastal temperate rainforests.  Canadian Journal of 
Forest Research  30: 239-256. 

Gavin, D.G. 2003. Holocene fire history of a coastal terperate rain forest based on soil 



 89

charcoal radiocarbon dates. Ecology 84:186-201. 

Gray TRG, Baxby P (1968) Chitin decomposition in soil. II. The ecology of chitinoclastic 
micro-organisms in forest soil. Trans Br Mycol Soc 51 :293–309 

Grayston SJ, Wang S, Campbell CD and Edwards AC (1998).  Selective influence of 
plant species on microbial diversity in the rhizosphere. Soil Biology & 
Biochemistry 30, 369-378. 

Grayston SJ, Griffith GS, Mawdsley JL Campbell CD and Bardgett RD  2001 Accounting 
for variability in soil microbial communities of temperate upland grassland 
ecosystems. Soil Biol. Biochem.33, 533-551.  

Grayston SJ McCaig, AE, Prosser JI and Glover LA 2001b Utilisation of novel 
biochemical and molecular methods to identify the key organic phosphorus 
mineralisers in soil. Asp. Appl. Biol.63,1-4. 

Grayston SJ, Campbell CD, Bardgett RD, Mawdsley JL, Clegg CD, Ritz K, Griffiths BS, 
Rodwell JS, Edwards SJ, Davies WJ, Elston DJ and Millard P (2004).   
Assessing shifts in microbial community structure across a range of grasslands 
differing in management intensity using CLPP, PLFA and community DNA 
techniques. Applied Soil Ecology 25, 63-84. 

Green, R.N., B.A. Blackwell, K. Klinka and J. Dobry. 1999. Partial reconstruction of fire 
history in the Capilano Watershed. In Chapter 12. Greater Vancouver Regional 
District watershed ecological inventory program: Annex: Analysis reports 
watershed management plan #5. 

Hallett, D. J., D.S. Lepofsky, R.W. Mathewes, and K.P. Lertzman. 2003. 11,000 years of 
fire history and climate in the mountain hemlock rainforest of southwestern British 
Columbia based on sedimentary charcoal. Canadian Journal of Forest Research 
33:292-312.  

Harder, W., Dijkhuizen, L., 1983. Physiological responses to nutrient limitation. Annual 
Review of Microbiology 37, 1–23. 

Hicks, C.R. 1982. Fundamental Concepts in the Design of Experiments 3rd Ed. Saunders 
College Publishing, Orlando, FL. 

Hope, G.D., C.E. Prescott and L.L. Blevins. 2003. Responses of soil nitrogen 
concentrations and litter decomposition to openings of different sizes in dry 
interior Douglas-fir forests in British Columbia. For Ecol Manage 186:33-46. 

Klonowska, A., Gaudin, C., Fournel, A., Asso, M., le Petit, J., Giorgi, M., Tron, T., 2002. 
Characterization of a low redox potential laccase from the basidiomycete C30. 
European Journal of Biochemistry 269, 6119–6125. 

Koch, A.L., 1985. The macroeconomics of bacterial growth, in: Fletcher, M., Floodgate, 
G.D. (Eds.), Bacteria in their Natural Environments. Academic Press, London, 
pp. 1–42. 

Koroljova-Skorobogatko, O.V., Stepanova, E.V., Gavrilova, V.P., Morozova, O.V., 
Lubimova, N.V., Dzchafarova, A.N., Jaropolov, A.I., Makower, A., 1998. 
Purification and characterization of the constitutive form of laccase from the 
basidiomycete Coriolus hirsutus and effect of inducers on laccase synthesis. 
Biotechnology and Applied Biochemistry 28, 47–54. 



 90

Landers, P.B., P. Morgan and F.J. Swanson. 1999. Overview of the use of natural 
variability concepts in managing ecological systems. Ecological Applications 9: 
1179-1188. 

Lertzman, K.P., G.D. Sutherland, A. Inselberg & S.C. Saunders. 1996. Canopy gaps and 
the landscape mosaic in a temperate rainforest. Ecology 77: 1254-1270 

Maser, C., Anderson, R. G., Cromack Jr., K., Williams, J. T., and Martin, R. E. 1979. 
Dead and Down Woody Material. In Wildlife habitats in managed forests  the 
Blue Mountains of Oregon and Washington. Edited by J.W. Thomas. USDA For. 
Serv. Agric. Handb. 553. Washington, DC. pp. 78 95. 

McGarigal, K., and B. J. Marks. 1995. FRAGSTATS: spatial pattern analysis program for 
quantifying landscape structure. USDA For. Serv. Gen. Tech. Rep. PNW-351. 

Meigs, G. 2003. Piloting Pattern and Process. Directed Research, The School for Field 
Studies, Centre for Coastal Rainforest and Fisheries Studies, Bamfield, BC. 
Spring 2003. 

Morgan, D. 2002. Bamfield Huu-ay-aht Community Forest Pilot Project K1-E: 
Management Plan #1. Bamfield, B.C. 

Parsons, W.F.J., Knight, D.H. and Miller, S.L. 1994. Root gap dynamics in lodgepole 
pine forest:  nitrogen transformations in gaps of different size. Ecological 
Applications 4:354-362. 

Pearson, A., L.D. Daniels, and G. Butt. 2003. Regeneration dynamics in clearcuts, 
variable retention and natural disturance gaps in the forests of Clayoquot Sound, 
Vancouver Island, Final Report to Forest Innovation and Investment. May 2003. 

Pennanen T Liski J Bååth E, Kitunin V, Uotila J, Westman CJ and Fritze H 1999 Structure 
of microbial communities in coniferous forest soils in relation to site fertility and 
stand development. Microbial Ecol. 38, 168-179 

Pietikainen J & Fritze H 1995 Clear-cutting and prescribed burning in coniferous forest: 
comparison of effects on soil fungal and total microbial biomass, respiration and 
nitrification. Soil Biol. Biochem. 27: 101–109. 

Pojar, J., C. Rowan, A. MacKinnon, D. Coates, & P. LePage. 1999. Silvicultural options 
in the central coast. Land Use Coordination Office, Victoria, B.C. 

Prescott, C.E. 1997. Effects of clearcutting and alternative silvicultural systems on rates 
of decomposition and nitrogen mineralization in a coastal montane coniferous 
forest. Forest Ecology and Management 95:253-260. 

Prescott, C.E., G. Hope, and L.L. Blevins. 2003. Effects of gap size on soil nitrate and 
decomposition in a high-elevation spruce-fir forest. Can J For Res 33:2210-2220. 

Runkle, J.R. 1992. Guidelines and sample protocols for sampling forest gaps. USDA 
Forest Service General Technical Report. PNW-GRTR-283. Portland Oregon. 
44p. 

Scientific Panel for Sustainable Forest Practices in Clayoquot Sound. 1995. Report 5: 
Sustainable ecosystem management in Clayoquot Sound: planning and 
practices. Victoria, B.C. 

Shackle, V.J., Freeman, C., Reynolds, B., 2000. Carbon supply and the regulation of 
enzyme activity in constructed wetlands. Soil Biology & Biochemistry 32, 1935–
1940 



 91

Siira- Pietikainen A, Pietikäinen J, Fritze H, and Haimi J 2001 Short-term responses of 
soil decomposer communities to forest management: clear felling versus 
alternative forest harvesting methods Can. J. For. Res. 31, 88-99. 

Sinsabaugh, R.L., 1994. Enzymic analysis of microbial pattern and process. Biology and 
Fertility of Soils 17, 69–74. 

Sinsabaugh, R.L., Moorhead, D.L., 1994. Resource allocation to extracellular enzyme 
production: a model for nitrogen and phosphorus control of litter decomposition. 
Soil Biology & Biochemistry 26, 1305–1311. 

Sinsabaugh, R. L., Saiya-Cork, K., Long, T., Osgood, M. P., Neher, D. A., Zak, D. R., 
Norby, R. J. 2003.  Soil microbial activity in a Liquidambar plantation 
unresponsive to CO2-driven increases in primary production.  Applied Soil 
Ecology 24: 263-271. 

Smethurst, P.J. and Nambiar, E.K.S. 1990. Distribution of carbon and nutrients and 
fluxes of mineral nitrogen after clearfelling in a Pinus radiata plantation. Canadian 
Journal of Forest Research 20:1490-1497. 

Smolander, A., Priha, O., Paavolainen, L., Steer, J., and Mälkönen, E. 1998. Nitrogen 
and carbon transformations before and after clear-cutting in repeatedly N-
fertilized and limed forest soil. Soil Biol. Biochem. 30: 477–490 

Wells, R.W., K.P. Lertzman, & S.C. Saunders. 1998. Old-growth definitions for the 
forests of British Columbia, Canada. Natural Areas Journal 18: 279-292. 

White, P. S., and S. T. A. Pickett. 1985. Natural disturbance and patch dynamics: an 
introduction. Pages 3-13 in S. T. A. Pickett and P. S. White, eds. The Ecology of 
Natural Disturbance and Patch Dynamics. Academic Press, Inc., Orlando. 

Wright, E.F., Canham, C.D. & Coates, K.D. 2000.  Effects of suppression and release on 
sapling growth for 11 tree species of northern, interior British Columbia. 
Canadian Journal of Forest Research 30: 1571 – 1580. 

 




