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2.1 Introduction 14 

Currently, the knowledge regarding recovery of old-growth attributes in the province of 15 

British Columbia (BC) is limited. There is a lack of quantified data to support decisions 16 

regarding the old-growth stage of the forest (Nergrave et al. 2008). Same authors also note that 17 

decision regarding timing of recovery of old-growth characteristics in BC is based solely on 18 

expert opinion and still needs to be supported by field research. In coastal BC forest stand is 19 

classified as old-growth, once it reaches an age of 250 years (Ministry of Forests, British 20 

Columbia 2004). The use of such classification allows rapid inventory assessment without a need 21 

to organize extensive field data collection which may be expensive and even logistically 22 

impossible considering the size of the province. However, there are several problems considering 23 

classification of old-growth by age. Firstly, 250 years is an abrupt point in time in which it is 24 

assumed that forest changes from one stage to another. That does not take into account the 25 

gradual change in forest structure and function without abrupt changes (Hunter and White 1997). 26 

Secondly, the age classification may be problematic if the forest follows a disturbance that leaves 27 

significant amount of live residual trees. Such disturbance can be a variable retention (VR) 28 

logging that is currently applied on coastal area of BC. After removal of for example 70% of the 29 

trees with VR logging it is difficult to call the remained trees a stand. On the other hand, it is not 30 

obvious that exactly 250 years should pass till old-growth stage of the forest is reached again. 31 

After VR logging shade of residual trees can suppress new trees growth (Aubry et al. 2009 in 32 

press). On the other hand the same article shows that the residual trees can facilitate new trees 33 

establishment due to reseeding and protection from environmental condition changes. Moreover, 34 

stand age is not always proper indicator for old-growthness of the stand. This is due to the fact 35 
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that development of old-growth characteristics even within the same geographical area is also 1 

depended on many other factors such as site productivity, stems density and low-intensity 2 

disturbance regime (Oliver and Larson 1996) (Low-intensity disturbance in current context is 3 

disturbance that influences only small amount of trees in the stand, comparing to stand replacing 4 

disturbance that influence almost all trees in the stand) Low productivity sites may attend old-5 

growth state later, because the trees grow slower and hence all the stand development processes 6 

are delayed. For example, in coastal BC the site index (SI) for Tsuga heterophylla (Western 7 

Hemlock) can be as low as 8 and as high as 34 (Forest Science Program, Ministry of Forests and 8 

Range 2008). For period as long as 250 years even a small difference in SI between two stands 9 

can mean that one stand will not have trees big enough or adequate deadwood biomass to satisfy 10 

some old-growth characteristic comparing to another stand. High stem density can also delay 11 

stand development because of suppressed ability of trees to grow due to high competition 12 

(Worthington 1961). Low-intensity disturbance regime influences the timing of old-growth 13 

recovery as well. It plays an influential role in creating structural diversity by influencing live 14 

trees, creating deadwood and establishing canopy gaps (Franklin et al. 2002). 15 

Based on the above arguments the classification of forest to be old-growth by age can be 16 

problematic. Such classification can serve as a useful coarse filter for a large forested area on a 17 

landscape level, but on a stand level additional, fine filter classification may help answer more 18 

complex questions. Additionally, age based decisions are difficult for application in forest 19 

growth models, because age alone does not provide sufficient information to evaluate model 20 

performance. Therefore, proper model based forecast for old-growth recovery can not be 21 

constructed. 22 

A different approach to classify forest uses old-growth thresholds to characterize old-growth 23 

stage and to separate between different stand development stages of the forest. Old-growth 24 

thresholds for structural attributes are found to be practical for distinguishing old-growth forest 25 

from younger sites (Franklin and Spies 1991). Franklin et al. (1991) showed that each of the 26 

attributes they used can differentiate forest stage by itself. However, because there is no sharp 27 

change in curves of the attributes, younger sites can not always be excluded by such analysis. 28 

That is why confidence interval is used. Combination of several attributes together does not 29 

necessarily improve the differentiation, but it helps support the decision. Spies and Franklin 30 

(1991) showed that use of stepwise discriminant analysis allows to select structural attributes that 31 

are better suited to characterize old-growth. Current thesis chapter uses those results to test if 32 

those attributes are applicable for coastal forests of BC. Similar study with different forest 33 
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attributes was conducted in a different part of the province with statistically significant results 1 

(DeLong et al. 2004). Additional examples of related studies are chronosequence analysis of 2 

stand structure and dynamics. Two chronosequence studies that included stand structure 3 

measurements were already conducted in current project study area by Wells (1996) and 4 

Trofymow et al. (2007). Data analysis done by Wells (1996) is especially comparable with 5 

current study and therefore matched up with field data in results section of the chapter. 6 

Nonetheless, Wells (1996) study is less driven to characterize recovery of old-growth and is 7 

more concentrated in the overall stand dynamics. Contrary to that, current study is more 8 

concentrated on applying the knowledge regarding stand dynamics to understand the recovery of 9 

old-growth characteristics. Moreover, deadwood analysis was not included in Wells (1996) 10 

thesis. 11 

The fundamental goal of current work was to quantify and evaluate the temporal pattern of 12 

development of old-growth features in second growth stands of maritime CWH forests using a 13 

chronosequence study design. The following specific objectives were determined: 14 

1. Identify structural attributes for potential use in the chronosequence analysis. Successful 15 

attributes should show time depended patterns of change and be indicative of the old-16 

growth condition in the vm1 and vh1 variants of the CWH zone. 17 

2. Calculate the threshold and confidence interval of selected attributes for old-growth 18 

stands.  19 

3. Quantify and evaluate patterns of change in selected attributes as stand matures and 20 

develops towards the old-growth condition as defined in section #2. 21 

First objective implies that for each attribute time depended curves should be produced based 22 

on field data. Each curve should follow theoretical assumptions for time dependency of the 23 

attribute. To test the significance of time dependency null hypothesis of no correlation between 24 

stand age and stand attribute was used. Hence, to disprove the hypothesis there was a need to 25 

show statistically significant correlation.  26 

As present research uses chronosequence approach to support its arguments for time 27 

correlation, the implied chronosequence assumption is that the only difference between sampled 28 

sites is time since stand replacing disturbance. This assumption however is not entirely true. 29 

Even if the sites are chosen carefully to have the same biogeoclimatic classification (based on  30 

Green and Klinka (1994)), they still have a difference in disturbance history. Methods section of 31 

the chapter explains how site selection helped to deal with those differences. Additional implied 32 

assumption from chronosequence approach is that stand structure is a result of linear stand 33 
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development without influence of stand replacing disturbance in the middle. Otherwise, the stand 1 

would be younger, as its age measured by the age of its trees. However, as discussed further in 2 

Results section, the age of old-growth sites was difficult to estimate. The trees on those sites 3 

could be residual from previous disturbance, but since the disturbance history of old-growth 4 

forest was blurred, it could not be determined which tree is residual. Therefore, the assumption 5 

that old-growth stand structure is an outcome of linear successional pattern without stand 6 

replacing disturbance events in the middle of stand development process can be problematic. To 7 

overcome that problem additional statement was used in current project. It was assumed that 8 

comparing to younger sites, the time since disturbance in old-growth sites was longer and hence 9 

the attributes discussed in current chapter had enough time to recover to old-growth threshold. 10 

The statement can be supported by negative logic. If the time since disturbance was not long 11 

enough, it would be possible to distinguish between younger cohort of trees and residual cohort. 12 

Hence, the site would be classified as young stand with older residuals and not as old-growth 13 

site. 14 

For chronosequence analysis some attributes were preferred on behalf of others. First of all 15 

they should have been practical to measure and preferably been used in common site assessments 16 

in the province. Secondly, ideal attribute should have had low field data noise, low confidence 17 

interval for old-growth threshold and high change rate between age classes to show high 18 

resolution on the graphs. Also, the ability to measure the attribute should have spanned over long 19 

scale of ages. 20 

It is important to note that current study focuses only on recovery of structural features of the 21 

forest on stand level. Other important old-growth characteristics are not covered. Hence, 22 

biodiversity, soil attributes, epiphyte distribution, mycorrhizal associations and other forest 23 

attributes can recover in different time and pace than the structural properties. Structural 24 

properties, however, can be indicators of other characteristics of the forest (Kremsater et al. 25 

2003).  26 

2.2 Methods 27 

2.2.1 Study area  28 

The research was conducted in the Coastal Western Hemlock (CWH) biogeoclimatic zone on 29 

Vancouver Island, British Columbia (BC), Canada. Specifically, we focused on the widespread 30 

and economically important maritime and hyper-maritime variants vm1 and vh1 (Green and 31 

Klinka 1994). The CWHvh1 variant is located close to ocean shore with elevation of 0-200 32 
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meters above the sea level. The climate is cool with very little snowfall; fog is common. Mean 1 

precipitation is 3120 mm/year; mean May to September precipitation is 617mm/year; total mean 2 

annual snowfall is 450mm; mean annual temperature is 9.1ºC; frost free period is 229days/year. 3 

The CWHvm1 variant is one of the most extensive units on the coastal region of British 4 

Columbia. Its location relative to ocean shore is several kilometers inland and, by definition, 5 

forest development is under less influence from the coastal climate than the vh1 variant. The 6 

elevation range for the vm1 variant is 200-650 meters above the sea level. It has a wet, humid 7 

climate with mean precipitation of 2682mm/year; mean May to September precipitation of 8 

611mm/year; total mean annual snowfall of 1950mm; mean annual temperature of 8.3ºC with 9 

cool summers and mild winters; frost free period of 199days/year. Soils on both variants are 10 

predominantly Humo-Ferric or Ferro-Humic Podzols derived from colluvial parent material (Soil 11 

Classification Working Group 1998). Western Hemlock (Tsuga heterophylla) is the most 12 

abundant tree species in the stands followed by Western Red Cedar (Thuja plicata) and Amabilis 13 

Fir (Abies amabilis). Douglas-fir (Pseudotsuga menziesii) is common on drier sites or sites that 14 

followed fire disturbance. Sitka Spruce (Picea sitchensis) and Lodgepole Pine (Pinus contorta) 15 

can be found as well. Also, Red Alder (Alnus rubra) can sometimes be found in younger stands. 16 

Yellow Cedar (Chamaecyparis nootkatensis) is rare. Common understory species of zonal or 17 

near zonal sites consists of small Hemlock and Amabilis trees, shrubs of Vaccinium parvifolium, 18 

Vaccinium alaskaense  and Gaultheria shallon, and ferns of Blechnum spicant and Polystichnum 19 

munitum. Other minor species of vegetation are listed in Field Guide for Vancouver Forest 20 

Region (Green and Klinka 1994). Since major disturbances come in low frequency, once in 21 

every 1400-20,000 years, most of the unlogged forest is in the old-growth phase (Price and Daust 22 

2003).  23 

2.2.2  Selection of chronosequence sites 24 

33 sites were located to represent chronosequence of second growth and old-growth stands. 25 

Preliminary visual analysis of the stands was done to select range of different age classes, to 26 

estimate the disturbance regime, species composition and biogeoclimatic site series. Precise 27 

measurements on the sites were collected on the second entry to the stand and presented in the 28 

“Results” section of the chapter. Sites locations were selected to be accessible from logging 29 

roads within less than half an hour walk distance.  7 sites in CWHvh1 and 26 sites in CWHvm1 30 

variant. The sites were chosen to be zonal or close to zonal site series; with as homogeneous site 31 

series as possible. That choice was made to avoid the influence of site productivity on stand 32 
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dynamic processes. The direction of slope aspect could potentially add additional variability to 1 

the field data due to influence on the amount of received light and on windthrow regime, but 2 

slope aspect was not taken into account while selecting the sites. Another important criterion was 3 

to avoid stands with many residual trees that survived previous stand replacing disturbance. This 4 

was done to sustain the chronosequence assumption that there is no difference in post 5 

disturbance legacy between forested sites. However, some sampled sites still had several veteran 6 

trees. Geographical locations are spread along Vancouver Island to cover broad spatial extent of 7 

biogeoclimatic variants. The distance between the southern sites near Port Renfrew to the sites 8 

on the northern tip of the island is 360km. Field sampling was conducted during one field season 9 

in the summer. 10 

 11 
 12 

 13 

 14 

 15 

Fig 2.1 Location of the sites on Vancouver Island. 
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2.2.3 Field sampling protocol. 1 

Field sampling protocols were selected to provide a description of site disturbance history, 2 

detailed summary of stand structure (live and dead), and vegetation communities.  It was 3 

necessary to balance the need for detailed measurements (sampling intensity) with the goal of 4 

maximizing the number of sites to increase the representation of stands across a wide range of 5 

age classes and from a broad geographical area. Time and resources were constraining factors. 6 

Sampling approach was oriented to capture the structural attributes of the stands, its legacy 7 

from previous stand and history of events in current stand. Data sampling was based on 8 

procedures commonly used in BC by surveyors and closely followed Ministry of Forests 9 

guidebook (Ministry of Forests and Ministry of Environment 1998). Following the ministry 10 

procedures ensures that the research can be compared to similar studies, that its results can be 11 

readily applied in the industry and that additional sites can be added to the chronosequence from 12 

other field surveys. Additional papers related to data collection are cited further near relevant 13 

characteristics. 14 

The sampling regime for each site was designed to provide a description of: site age, 15 

disturbance history, basic soil characteristics, minor vegetation cover, natural regeneration, 16 

coarse woody debris, and standard mensurational variables of stand structure. First, the site was 17 

visually inspected for evidence related to its stand replacing and low-intensity disturbances. 18 

Examples for such clues may be: logging disturbance leaves evident tree stumps; fire disturbance 19 

leaves burned stems/logs and also charcoal in the soil; wind disturbance leaves abundant coarse 20 

woody debris. Secondly, quantified data collection on each site included: 1 soil pit, 1 vegetation 21 

plot, 2 regeneration plots, 2 CWD transects, 2 mensuration plots. In addition, 2 trees per species, 22 

per plot were cored and aged to provide estimates of stand age. Tree age was first determined at 23 

DBH height and then corrected to age at germination height based on expert opinion. Only 24 

dominant or co-dominant trees were selected. Residual trees (those that survived the last stand 25 

replacing disturbance) were excluded. 26 

A soil pit included assessment of mineral and organic horizons. The assessment was used to 27 

assist in classification of site moisture and nutrient regime and followed biogeoclimatic 28 

ecosystem classification commonly used in BC (Green and Klinka 1994). Vegetation plot was 29 

20x20 meters. Trees and understory plants in the plot were classified by species and canopy 30 

layers; percentage of canopy cover was visually estimated for each species and layer. Each 31 

regeneration plot had fixed radius of 5.64m. Seedlings inside the plot that were older than 1 year 32 

were counted by species. Information collection regarding CWD followed the methods used by 33 
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Marshall et al. (2000) (Marshall et al. 2000) CWD transects were perpendicular to each other and 1 

24 meters long. Each log intercepted by a transect was documented by: species, decay class, 2 

diameter in point of intersection, length and angle relative to the ground. Dead wood volume per 3 

hectare was calculated for each CWD transect using equation 2.2 (Marshall et al. 2000). 4 

Equation 2.2    for a single transect: CWD volume/ha = 
 k

kd

L 



cos8

22

 5 

L – transect length;  6 

dk – diameter of logk measured at the intersect of the transect line and the log;  7 

λ – acute angle of the log from the horizontal. 8 

As during the field work, two transects per site were used, average of those two volumes was 9 

calculated to represent volume of CWD per hectare.  10 

The biomass of CWD was calculated based on the approach outlined by Holub et al. (2001). The 11 

authors calculate log density as a function of decay class and tree species. Using the derived 12 

wood densities in the article biomass of CWD per hectare was calculated using equation 2.3 13 

Equation 2.3      for a single transect: CWD biomass/ha = 


 k

kkd

L 



cos8

22

 14 

ρk – is the density of the logk based on its species and decay class. 15 

The average of two transects was used to estimate the biomass per hectare for each site. 16 

Mensuration plots were prism plots. Procedures related to plots data collection followed BC 17 

provincial guidebook (Revenue Branch, Ministry of Forests 2008). The centers of the plots were 18 

separated by 15 meters from each other. The prism BAF number was chosen so the plot would 19 

include at least 14 living trees per site. Once the BAF number was chosen, trees with 20 

DBH>7.5cm dead or alive were included in the plot. However, certain problem aroused with 21 

minimal DBH diameter and it is discussed in “Results - General Note” section of the chapter. 22 

The height and DBH were measured for each tree. The following parameters were also recorded: 23 

tree species, tree class, canopy class and stem defects. Each tree in prism plot represents number 24 

of trees per hectare. Equation 2.1 was used to calculate this number (Revenue Branch, Ministry 25 

of Forests 2008). 26 

Equation 2.1 Trees/ha for tree k
2)(

000,40

kDBH

BAF







 27 

Net volume was calculated for each tree in the plot by using published empirical volume 28 

equations derived for coastal area and for each tree species based on tree DBH and height (BC 29 

Forest Service 1976). These equations do not account for tree defects. Tree volume was also 30 
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converted to per hectare values by multiplication of individual tree volume by its trees per 1 

hectare representation which was already calculated using equation 2.1. The equation for stems 2 

per hectare is good equally for live and dead trees. However from the data that was collected it is 3 

impossible to calculate snag volume. 4 

Stand age for each site was determined based on ages of dominant trees. Then, the sites were 5 

classified based on biogeoclimatic classification by using soil and physiographic properties and 6 

vegetation analysis (Green and Klinka 1994). The classification is necessary to support the 7 

chronosequence assumption that the main difference between the sites is age related and hence it 8 

was necessary to check whether the sites have similar classification site series as defined by 9 

Green et al. (1994). 10 

2.2.4. Data analysis 11 

The forest stand as an entity was separated to stand structure attributes: volume/ha, stems/ha, 12 

snags/ha, CWD biomass and volume, percentage of plant cover, standard deviation of DBH of 13 

living trees. For each attribute the field data was plotted as a function of stand age. Field points 14 

of different sites could be compared on a single graph due to chronosequence assumption of the 15 

study. Errors of field data were calculated as half of the difference between two plots on the site. 16 

Some graphs do not show errors, because only one plot was used to collect information for 17 

particular attribute. Theoretical trend lines supported by other studies were fitted to field data to 18 

show time dependency across all ages. If the fit was statistically significant, it rejected the null 19 

hypothesis of no correlation between the attribute and stand age. The old-growth threshold for 20 

each stand attribute was determined based on average of the attribute for the nine old-growth 21 

sites from the field work. The threshold had confidence interval calculated using those sites as 22 

well. 23 

 24 

 25 

26 
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2.3 Results 1 

2.3.1 Stand age estimation 2 

Since the objective of the study is to find correlation of stand attributes with stand age, it is 3 

important to estimate the stand age properly. Although tree ages were measured, several issues 4 

should be discussed: 5 

1. In old-growth stand the trees from the main canopy may grow inside gaps and 6 

thus their suppression is not always obvious, although their age is much younger than 7 

the age of the stand. Furthermore, tree cores were not long enough to estimate ages of 8 

trees that are larger than 160cm in diameter. In any case many old trees are rotten 9 

from inside and coring them did not help to estimate their precise age. The sites that 10 

had those problems had also absolutely distinct features of old-growth stand structure 11 

and thus it was no doubt regarding their stand phase. Moreover, the trees that were 12 

cored on those sites were generally older than 300 years and hence the age of the sites 13 

was at least that old. For representation purposes it was decided to represent those 14 

sites as “old-growth” sites on the graphs without notification of their age. 15 

2. Since the leading species on the sites were shade tolerant, they could establish in 16 

different timing and not necessarily as unified age cohort. Large differences between 17 

tree ages were detected between oldest tree and youngest tree from the main canopy 18 

on the same site. (Graph 2.1)  19 
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As written in Field Sampling Protocol section, two trees per species per plot were 1 

cored. Each site had two plots. One of the trees was the biggest one and the other 2 

significantly smaller. Graph-2.2 shows the comparison of tree ages to the age of the 3 

oldest tree. 4 
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 5 
The linear trendline shows slope of 1.09 with intercept=16years. Hence, the difference of age 6 

estimation based on oldest tree is between 20-30% higher than the estimation based on average 7 

age. However, estimation based on older tree is more inclusive and that was why it was decided 8 

to estimate the age of the stand by its oldest tree. 9 

The error for the age estimate can be seen from graph-2.1. In the graph the difference between 10 

the ages of oldest trees and youngest trees increases with the age of the site. Therefore, the 11 

younger trees were necessarily suppressed in older stands. And for that reason stand age is better 12 

represented by older trees. 13 

Hence, the error of age estimation is based on the stands younger than 100 years where trees 14 

grow more uniformly. For those stands the average of the difference equals 21 years. Therefore, 15 

the average error for the age is 21 years for non-old-growth stands. For old-growth stands, for 16 

reasons mentioned above, it is impossible to estimate the age and hence the error as well. 17 

18 

Graph 2.2 
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2.3.2 General site information 1 

Table 2.1 presents general site information. Species are abbreviated as follows: Ba - Abies 2 

amabilis, Fd - Pseudotsuga menziesii, Dr - Alnus rubra, Hw - Tsuga heterophylla, Cw - Thuja 3 

plicata, Ss - Picea sitchensis. Variants are determined by geographical location of the site based 4 

on BEC maps (Ministry of Forests, Research branch). Site series were determined by using the 5 

Field Guidebook (Green and Klinka 1994). Percentage of residual trees is presented by stems/ha 6 

and also by volume/ha. Stems/ha may be misleading, because there were only few residual trees 7 

on some sites. However, their sizes were big and they had influence on the site. That is why 8 

volume/ha of residual trees is also presented.   9 

As can be seen from the table, the leading species on most of the sites was Hemlock (Tsuga 10 

heterophylla) with Amabilis (Abies amabilis) being the second most abundant. Both of them 11 

have similar growth rates, decomposition of dead wood rates and shade tolerance. Average site 12 

index at height 50m in vm1 variant in 01 site series is 27.7 for Hemlock and 29.3 for Amabilis 13 

(Forest Science Program, Ministry of Forests and Range 2008). Average site index in vh1 variant 14 

in 01 site series is 16 for Hemlock and 12 for Amabilis. Decomposition of dead logs of firs and 15 

Hemlock is faster than Douglas-fir (Pseudotsuga menziesii) or Cedar (Thuja plicata) (Huggard 16 

and Kremsater 2007). The shade tolerance of both Hemlock and Amabilis is considered very 17 

shade tolerant (Burns and Honkala 1990). Therefore, the influence on forest dynamics of both of 18 

those species is similar. 19 

 20 

21 
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 1 

Table 2.1 Summary of site information. Brackets indicate that the site is under influence of 

the site series or variant in the brackets. Species are abbreviated as follows: Ba - Abies 

amabilis, Fd - Pseudotsuga menziesii, Dr - Alnus rubra, Hw - Tsuga heterophylla, Cw - 

Thuja plicata, Ss - Picea sitchensis. Variants and site series follow the biogeoclimatic 

classification system (Green and Klinka 1994) 
 

Site 
Number Variant 

Site 
Series 

Stand 
replacing 
disturbance 

Stand 
Age 
based 
on 
leading 
trees 
average 

Age of 
oldest tree 
from 
germination 

% of residual 
trees from 
total 
Stems/ha & 
Volume/ha 

Species 
composition 
in % 
Stems/ha 
by species 

11 vh1 1 Logging 55 69 
0 

Ba:Fd:Hw 
15:46:39 

23 vm1 1 Wind 58 72 
0 

Ba:Hw 
3:97 

2 vh1 11(1) Logging 80 81 
0 

Cw:Hw 
64:36 

12 vh1 1 Wind 80 85 
0 

Hw 
100 

34 vm1 1 Logging 70 88 
0 

Ba:Hw:Ss 
6:93:1 

25 vm1 1 Logging 85 90 
0 

Ba:Dr:Hw 
13:2:85 

6 vm1 1 Logging 65 94 
0 

Cw:Hw 
4:96 

29 vh1 6 Wind 85 95 
0 

Ba:Hw 
2:98 

4 vm1 1 Insects 85 96 

1.5% of 
stems/ha 
11% of vol/ha 

Cw:Hw 
0.5:99.5 

21 vm1 1 Fire 85 98 

0.5% of 
stems/ha 
5% of vol/ha 

Cw:Hw 
19:81 

17 vm1 01(5) Fire 100 118 

2% of 
stems/ha 
17% of vol/ha 

Cw:Fd:Hw 
24:5:71 

35 vm1(vh1) 1 Logging 80 120 
0 

Hw 
100 

9 vm1 1 Logging 100 125 
0 

Ba:Hw 
14:86 

16 vm1 1 Wind 110 129 
0 

Hw 
100 

26 vm1 05,07 Wind 110 133 
0 

Hw:Ss 
95:5 

45 vm1 01(3) Wind 115 136 
0 

Ba:Hw 
99:1 

36 vm1 01(5) Wind 80 140 

2% of 
stems/ha 
15% of vol/ha 

Ba:Cw:Hw 
25:2:73 

33 vm1 1 Wind 110 160 
0 

Ba:Hw 
56:44 

        

Continues on next page 
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 1 

Table 2.1 continues from previous page 

Site 
Number Variant 

Site 
Series 

Stand 
replacing 
disturbance 

Stand 
Age 
based on 
leading 
trees 
average 

Age of 
oldest tree 
from 
germination 

% of 
residual 
trees from 
total 
Stems/ha 
& 
Volume/ha 

Species 
composition 
in % 
Stems/ha; 
Vol/ha 

15 vm1 5 Wind 130 173 

6% of 
stems/ha 
31% of 
vol/ha 

Ba:Hw 
1:99 

32 vm1 5 Wind 155 174 

5% of 
stems/ha 
36% of 
vol/ha 

Ba:Hw 
27:73 

5 vm1 1 
May be 
Wind 100 179 

0 
Hw 
100 

20 vm1 1 Fire 150 180 
0 

Fd:Hw 
3:97 

22 vm1 1 Wind 165 194 
0 

Fd:Hw 
4:96 

31 vh1 6 Wind 190 212 
0 

Ba 
100 

24 vh1 11,01 Unknown 
Old-

growth Unknown 
0 

Ba:Cw:HW 
10:10:80 

27 vm1 1 Unknown 
Old-

growth Unknown 
0 

Hw:Cw:Hw 
3:3:94 

30 vh1 1 Unknown 
Old-

growth Unknown 
0 

Ba:Hw 
1:99 

44 vm1 1 Unknown 
Old-

growth Unknown 
0 

Ba:Hw 
84:16 

46 vm1 01(3) Unknown 
Old-

growth Unknown 
0 

Ba:Cw:Hw 
1:2:97 

48 vm1 1 Unknown 
Old-

growth Unknown 
0 

Ba:Cw:Hw 
76.5:0.5:23 

7 vm1 1 Unknown 
Old-

growth Unknown 
0 

Ba:Cw:Fd:Hw 
9:8:2:81 

19 vm1 05(1) Unknown 
Old-

growth Unknown 
0 

Ba:Hw 
25:75 

18 vm1 03(1) Unknown 
Old-

growth Unknown 
0 

Ba:Cw:Fd:Hw 
9:11:2:78 

 2 

3 



 16 

Once stand ages were established it was possible to plot forest attributes as a function of stand 1 

age. Forest attributes in table-2.2 can be correlated with forest stand age. Further discussion will 2 

concentrate on each one of them specifically. 3 

Table-2.2  Forest attributes correlated with stand age 

1. Volume per hectare of trees with DBH>50cm 

2. Stems per hectare of trees with DBH>50cm 

3. Snags per hectare with DBH>50cm 

4. CWD volume per hectare 

5. CWD biomass per hectare 

6. Plant percentage cover 

7. Standard Deviation of living tree DBH 

 4 

5 
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2.3.3 General notes 1 

From table-2.1 it can be noted that 7 out of 33 sites are from vh1 variant. Also, 8 out of 33 2 

sites are not from site series 01. Nonetheless, it was not possible to signify any difference on the 3 

graphs that could be explained by difference in site classification. Moreover, analysis of site 4 

index for the sites did not show much difference between vh1 and vm1 variants. To determine SI 5 

for each site Tsuga heterophylla as representative of leading species was used. SI for Tsuga was 6 

calculated using the TIPSY site index calculator. (Research Branch, Ministry of Forests and 7 

RamSoft Systems LTD 2007). To estimate the index eight CWHvm1 sites that are younger than 8 

100 years were used. This is due to the fact that trees accumulate damage with age and hence the 9 

site may diverge from the SI fitting curve. Also, SI fitting equations in British Columbia are 10 

more reliable for sites between ages 20-120 years.(Marshall and LeMay 2005) The average site 11 

index from field data is 30.1±1.5. This is comparable to reports from Ministry of Forests 12 

SI=27.7±0.1 for Hemlock in CWHvm1 on zonal site in Vancouver region (Forest Science 13 

Program, Ministry of Forests and Range 2008). Unexpectedly, the four young CWHvh1 sites 14 

have SI=29.5±2.4. This number is much higher than SI=16(error is not reported) that is presented 15 

in the ministry report for vh1 variant. The measurement of high SI for vh1 variant supports the 16 

decision to clump together the data for vh1 and vm1 variants. Consequently, current report 17 

withdraws from showing difference of site classification on the graphs to avoid complicated data 18 

presentation. Nonetheless, the difference may be statistically detectable if more sites will be 19 

measured for each age class. 20 

During data analysis it was identified that prism plots can not be properly used to sample 21 

small diameter trees (7.5cm<DBH<12.5cm). This is due to the fact that although numerous, they 22 

may grow in clumps and thus their numbers will be misrepresented in prism plots. Moreover, 23 

their diameters are sometimes too small to be detected through the prism and thus they may grow 24 

in large numbers, but none of them would be included in the plot. For those reasons it was 25 

decided to include in the analysis only trees that have DBH>12.5cm. This is because practically 26 

prism plots were already used for those sizes in British Columbia. (Revenue Branch, Ministry of 27 

Forests 2008). 28 

2.3.4 Volume per hectare. 29 

Wells (1996) (Wells 1996) reports that he found significant changes in biomass between 30 

different forest age classes for different tree size classes on Vancouver Island. Hence, in current 31 

project it was assumed that volume would have correlation with biomass. Based on Wells (1996) 32 
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master thesis the assumption for current study was that tree volume graph should increase with 1 

time, but the growth of the graph should decrease gradually until it reaches some steady state. 2 

Total volume of trees per hectare is presented on graph-2.3. The error of volume measurement 3 

for each site is calculated by (V1-V2)/2 where V1 is the volume in plot-1 and V2 is the volume 4 

in plot-2. The error of age measurement is constant and is equal 21 years as noted earlier. 5 

The correlation between volume and age is not statistically significant. Probably because there 6 

is large variance in the data and only 33 sites were used in current study comparing to 190 sites 7 

that were used in Wells’s thesis. That is why it was decided to check the volume of only large 8 

trees. 9 
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The next graph presents data for trees with DBH>50cm. Theoretical shape of the graph 12 

(graph-2.4) is complicated and hence should be discussed in details. It is clear that big trees can 13 

not appear immediately on disturbed site and therefore the graph starts from zero at certain age 14 

of a stand. Then it should rise as trees become bigger. The shape of the graph curve in this point 15 

may be concave upwards or downwards and depend on tree mortality and the vigor of tree 16 

growth (Oliver and Larson 1990). With time the rise decreases gradually, because the main 17 

canopy trees loose their growth vigor and because of tree mortality. Eventually, the volume 18 

assumed to approach a steady state where tree mortality will be compensated by new tree growth 19 

(Spies and Franklin 1988). It may potentially be that the volume graph will have a hump before 20 

Graph 2.3 Total live tree volume m
3
/ha 
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the old-growth state, because the stem density of big trees is higher in mature state than in old-1 

growth (Wells 1996).  2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

Graph-2.5 shows the field data. 18 
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Graph 2.5 has statistically significant correlation with age (p-value<0.001). We can see that 21 

the change of the volume is gradual with some variance. Although one site enters the threshold at 22 

year 130, we can see that other sites have not entered even the confidence interval at age 170. 23 

The outlier site ERP-20with volume of 2100m
3
/ha has dense population of extensively big trees. 24 

It is a more productive site that follows fire disturbance.  25 

Clearly, if the cutoff of DBH is raised to be higher than 100cm, the timing for the stand to 26 

enter old-growth threshold increases. For example, Thuja plicata (Western Cedar) with diameter 27 

of several meters needs several centuries to grow. 28 
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When the sites are divided by age classes of 50 years and the limit of DBH is set to be greater 1 

than 100cm, the old-growth sites are significantly different by volume from younger age classes. 2 

(p-value<0.001) Hence, tree volume with proper DBH limit can be an old-growth indicator. 3 

Before considering the next attribute, it is possible to compare old-growth biomass reported 4 

by (Wells 1996) to the biomass measured in current project. Leading species in CWH zone is 5 

Tsuga heterophylla (Western Hemlock). Its specific gravity reported to be 0.48unitless (Forest 6 

Products Laboratory (U.S.) 1965). Total volume average in current project for old-growth equals 7 

1300±200m
3
/ha. Therefore, the average biomass would be 620Mg/ha which is in the range of the 8 

data presented by Wells on page 27 of his thesis. 9 

2.3.5 Live stems per hectare 10 

Graph 2.6 presents total stems per hectare. (For trees with DBH>12.5cm) 11 

 12 
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The value for each point is calculated by averaging two plots per site; the error is half of the 14 

differences between two plots. Large error bars on some sites are due to the fact that there is a 15 

major difference between the numbers of trees in two plots of the same site.  16 

In prism plot the amount of trees per hectare is calculated from tailed trees by the equation 2.1 17 

as mentioned earlier: 18 

Trees/ha for tree k
2)(

000,40

kDBH

BAF
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Graph 2.6 
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DBH>=12.5cm 
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Hence, small diameter trees represent much more trees per hectare. Following that logic the 1 

graph-2.6 also shows that small diameter trees have higher numbers between years 60 till 140. 2 

Then their number decrease and increase only in old-growth phase. This is logical and explained 3 

as follows: stands aged 60-80 have homogenous stem sizes and their canopy is closed (Wells 4 

1996). This is the stem exclusion phase of the stand. Therefore, small trees can not regenerate 5 

and do not reach sizes greater than 12cm in stand ages 140 to roughly 250. However, once the 6 

stand reaches its understory reinitiation phase, the trees regenerate successfully and they are big 7 

enough to be detected in old-growth phase. That is why in old-growth we have higher numbers 8 

of stems. 9 

As can be seen from the graph, old-growth levels of stems per hectare are not reached sooner 10 

than age 220. Unfortunately, we did not measure any sites in ages 220-300 and thus it is difficult 11 

to say whether the amount of stems per hectare reaches its old-growth threshold before age 300. 12 

On page 23 of (Wells 1996) thesis same trends are shown. In Wells’ thesis while stands of age 13 

class 175 have only sixty trees with DBH=15cm, stand of age class 300 have almost three 14 

hundred trees from the same size. 15 

To explore the trend of big trees graph-2.7 was created. It presents stems/ha of trees with 16 

DBH>=50cm. Theoretically, the curve on this graph should raise at certain age when more and 17 

more trees become bigger than 50cm DBH. At first the graph suppose to go sharply up, because 18 

during the stem exclusion phase main canopy trees have similar sizes and thus will become 19 

greater than 50cm DBH in similar time. (The trees have similar sizes as competition for light 20 

eliminates small sized trees) Further, there would be no more understory trees to grow into large 21 

diameters; again due to low diversity of tree sizes. Hence, the graph growth should slow down 22 

and eventually it will start to decrease, because mortality will decrease the number of the big 23 

stems. The number of big stems ought to stabilize in old-growth due to recruiting from new 24 

understory trees ((Spies et al. 1988).  25 

 26 
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 1 
Graph-2.7 keeps its theoretical shape. The sharp rise part of the graph seems to take 70 years 2 

which seems long (stand ages 70-140). However, we should remember that the stand in those 3 

ages already passed its stem exclusion phase and therefore the trees do not compete extensively 4 

and hence do not need to expend their DBH as fast as possible to become bigger than 50cm. 5 

The graph illustrates that the forest reaches its old-growth threshold as early as 130 years. 6 

However, the number of the big trees becomes higher than in old-growth and hence we need to 7 

wait until year 210 for the stem density to come back to its old-growth threshold.  8 

This effect has a surprising outcome for management. In a first glance it seems that in order to 9 

reach old-growth phase faster we just need to thin out the big trees once their number is higher 10 

than the old-growth threshold. That will allow light to reach the understory to regenerate. 11 

However, by thinning the big trees the forester will decrease the number of future big snags and 12 

logs on the site. Even if we leave the killed trees on the site, we still do not allow them to grow to 13 

bigger diameters and hence prevent the appearance of much bigger snags and logs. 14 

If DBH limit is raised to be greater than 100cm and the sites are divided by age classes of 50 15 

years, the old-growth sites show statistical significance from younger age classes (p-16 

value<0.001). Therefore, stems per hectare with proper limit can be used as old-growth indicator. 17 

Before moving to the next graph we can compare the average of stems/ha from old-growth for 18 

trees with DBH>=50cm to the values reported by (Wells 1996). The average from my field work 19 

is 120±20stems/ha. Wells on page 25 of his thesis reports numbers around 100 stems/ha for trees 20 

with the same DBH limit. 21 

22 
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2.3.6 Coarse Woody Debris (CWD) 1 

The main problem with CWD in chronosequence is to determine which logs are residual from 2 

previous stand and which are new. First graphs for all the CWD regardless its origin are 3 

presented. Graphs 2.8 and 2.9 show biomass/ha and volume/ha of all CWD sampled on the site. 4 

Both biomass and volume are shown, because volume is important from habitat perspective 5 

whereas biomass is important for modeling applications. 6 
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The biomass and volume are calculated using average of two transects and the error is half of 1 

the difference between transects. One of the younger sites has especially big error, because one 2 

of the transects has bigger logs on it that are also in lower decay class and hence contribute more 3 

to biomass. Site aged 180 has unusually high concentration of woody debris, because some of 4 

the logs are huge Thuja plicata (Western Red Cedar). They died probably due to fire disturbance 5 

that destroyed the previous stand. Notice that CWD biomass and volume measured for old-6 

growth sites is inside the range of numbers reported for other old-growth forests in CWHvm1 7 

and vh1 variants in British Columbia (Feller 2003). 8 

There is no statistically significant correlation between the stand age and the biomass on those 9 

graphs. This is due to the fact that the data includes residual logs that come from live trees from 10 

previous stand. Big logs can persist on the site several decades or even centuries (Feller 1997). 11 

To exclude at least some residual logs two methods were used. The first is to exclude logs that 12 

have diameters that are greater than the DBH of the living trees on the site. The second method is 13 

to exclude logs that have decay class 5, because Feller et al. (1997) indicates that this decay class 14 

persist especially long time on the site.  15 

 16 

Graphs 2.10 and 2.11 present CWD data after exclusion of some residual logs. 17 

y = 0.4962x - 1.959

R
2
 = 0.266

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350

Stand Age [yrs]

C
W

D
 b

io
m

a
s
s
[M

g
/h

a
] 

E
x
c

lu
d

e
d

 b
y
 m

a
x
 D

B
H

 

a
n

d
 b

y
 d

e
c
a
y
 c

la
s

s
 5

mature stands

old-growth

old-growth average

95% confidence

Linear (mature stands)

 18 
 19 

 20 

Graph 2.10 
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 1 
It is important to notice that only some of the residuals logs were excluded from the graphs, 2 

since it is impossible to exclude all of them based on the data that was collected. 3 

Site with age 125 has very low amount of CWD. This is probably due to low mortality rates 4 

on the site. Some of the evidence for low mortality is that the site does not have any non-residual 5 

snags, no evidence for windthrow and the trees are generally healthy comparing to other sites. 6 

Linear trend lines are added only for non old-growth stands, because old-growth age is not 7 

determined. Trendline for CWD biomass is statistically significant with p-value=0.01, but with 8 

low R
2
 of 0.27. Linear trend line for CWD volume is statistically significant with p-value=0.015, 9 

but with low R
2 
of 0.24. The linear trend lines are added only to emphasize that there is raising 10 

trend on the graphs. However, the theoretical dependence between non-residual biomass or 11 

volume and age is not necessarily linear. In theory, if we measure only non-residual logs, the 12 

biomass and volume should increase with time, because the trees become bigger on the site and 13 

because it takes long time for CWD to decay. Moreover, old-growth coastal forests do not 14 

necessarily reach steady state condition regarding woody debris (Spies et al. 1988). Even if they 15 

do not reach steady state for CWD, we can still establish some minimal threshold that will be 16 

sufficient. 17 

CWD graphs provide insight for management. From graphs for total CWD we can see that 18 

stands younger than 100 years can have sufficient amount of woody debris, if it is left on the site 19 

from previous disturbance. However, if we remove the logs during our logging operations, 20 
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according to graphs 2.10 and 2.11 it will take more than 190 years to reach the old-growth 1 

threshold for CWD. 2 

3 
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2.3.7 Snags 1 

As with logs, snags can also be residual from previous stand. The tree can be dead before the 2 

disturbance hit the stand or it can survive the disturbance and die later on in the new stand. As 3 

coastal conifers can live several centuries, the residual snags can appear in a new stand in 4 

advance age. In young forest new snags should have small DBH, since the new trees are small. 5 

As the stand goes through stem exclusion phase, the mortality increases and those small snags 6 

increase in numbers. No new trees regenerate under main canopy in stem exclusion phase. Hence 7 

as the stand matures and the small snags are falling down, there are no new small trees to die and 8 

replace the disappearing small snags. This leads to decrease in number of small snags in mature 9 

stand. After stem exclusion phase the trees die less from competition, but more from small level 10 

disturbances. The number of death per area is lower and hence there are fewer new snags. Those 11 

snags though are larger than the snags from stem exclusion phase. As the stand reaches old-12 

growth phase, young trees appear again and hence we should expect to find small diameter snags 13 

in old-growth. The old trees become bigger and their cohort provides bigger snags, albeit not as 14 

many. Due to the fact that old-growth stand has high diversity of tree sizes, the diversity of snag 15 

sizes should increase as well.  16 

For data presentation the snags are shown with DBH cutoffs. Chart 2.1 presents large snags 17 

that have DBH>50cm. Residual snags are marked if they have greater diameter than the biggest 18 

non-residual living tree on the site. As we can see from the chart the data collected is highly 19 

diverse. Especially problematic are the older sites that no large snags were detected on them. 20 

That may be due to the fact that large snags are rare in the forest. From the chart we can see that 21 

maximum number is only 70 per hectare. Hence our data collection method may not be properly 22 

suited to find the snags. Another reason for diversity is that the sites have different disturbance 23 

history. For example, if frequent wind events uproot trees on the site, it will not have many 24 

snags.  25 

Since the data collection method can be inappropriate for the snags, the threshold for old-26 

growth on chart 2.2 is not that reliable. If we have not sampled enough snags, the average 27 

underestimates the amount of snags in the area. Moreover, the accuracy of both charts is in 28 

question. However, the charts show the way to propose the threshold with proper remeasured 29 

snags. As the data collection followed standard procedures used in British Columbia, the data 30 

suggests revising those procedures for snags. 31 

Data for snags with smaller DBH did not present any significant trends with time. The cutoff 32 

of DBH=50cm is based on USDA report (Fred L. Bunnell, Elke Wind, Mark Boyland, and 33 



 28 

Isabelle Houde 2002) It reviews research regarding bird and mammal use of snags. The report 1 

indicates that birds in coastal BC nest only on snags greater than 50cm DBH and taller than 5m. 2 

It is worse notice that almost half of the snags measured in my field work are less than 5m tall. 3 

Although those short snags can not be used for nesting, they can be used for foraging. 4 

From chart 2.1 we can see that snags larger than 100cm DBH exist only on old-growth sites. 5 

Consequently, 100cm threshold can be a good old-growth indicator. Chart 2.2 shows the 6 

averages of snags/ha with DBH>50cm by stand age class. Only young stands are statistically 7 

significant from others (p-value<0.019)  8 

 9 

 10 
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2.3.8 Plant percentage cover 1 

Plant cover theoretically should increase with stand age after stem exclusion phase. This is 2 

due to increase of canopy gaps and hence light availability to the understory. As the stand gets 3 

closer to its old-growth phase, more and more understory trees become larger and start to fill 4 

those gaps thus lowering the amount of light reaching the understory. This gap filling process is 5 

spatially variable. Some gaps can be still relatively open for light to reach the shrub layer 6 

whereas other gaps can be full of understory trees. As the vegetation plot used in the field work 7 

was only 20 by 20 meters, it was not able to fit inside all the variability of the old-growth forest 8 

canopy per hectare. However, even if several plots were established, it does not change the fact 9 

that the light reaching the shrub layer in old-growth forest can be less intense than the light 10 

reaching the shrub layer during the understory reinitiation phase.  11 

Wells in his thesis shows an increase in plant percentage cover with age (Wells 1996). That 12 

supports my assumption. We should take into account though that the variation of the data that 13 

Wells presents is huge. Old-growth sites can have as low as almost 0% of cover and up to 100%. 14 

This fact also supports my assumption that on some old-growth sites regenerated trees that 15 

expand their crowns to get more light in the shade can suppress the understory. 16 

Another study that can support my theoretical assumptions was done on understory biomass 17 

in northern part of CWH zone in Alaska. It shows increase in understory biomass from mature to 18 

old-growth phase (Alaback 1982).  19 

For plant percentage cover it was decided to plot the shrub layer and the herb layer together. 20 

This is due to the fact that ferns in the herb layer compete with shrubs for the same area. Shrub 21 

layer includes also short understory trees which are not separated from the same reason. Graph 22 

2.12 presents the data for sum of shrub and herb layers. Plant cover is estimated as percentage of 23 

cover. It was estimated separately for each plant species. The percentage may go above 100%, 24 

because different species canopies overlap. For most of the species percentage cover and 25 

biomass correlate. That is why we can add the percentages to have a sum above 100%. 26 

Eventually the percentage cover should enter a stable state, because the stand can support only 27 

certain amount of understory biomass. There may be a decrease in percentage cover while the 28 

stand enters the old-growth phase, but the field data is too variable to be sensitive to that. The 29 

trendline is added only for the non old-growth stands to exclude the effect of low light levels in 30 

old-growth stands and because old-growth stand age is not determined precisely. The trendline 31 

equation is Y=
time

b
a   and it is statistically significant with p-value=0.003, but with low R

2
 32 



 31 

which is only 0.34. No error bars added to the graph, because only one vegetation plot was used 1 

per site. 2 
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 5 
Graph-2.12 shows that old-growth stands plant cover varies greatly. This is due to low light 6 

availability on some of the vegetation plots where understory trees grow vigorously. We can also 7 

see from the graph that stands as young as 100 years enter the threshold of old-growth.  8 

Generally, plant percentage cover has limitation to correlate with light availability, because it 9 

does not always correlate with plant biomass. For example, some dominant shrubs on the field 10 

sites were plants from Vaccinium genus. For Vaccinium parvifolium (Red Huckleberry) it was 11 

found that there is only poor linear correlation between its percentage cover and biomass 12 

(Nyberg 1985). Poor linear correlation means that while light levels increase and the plant 13 

increases its biomass, the canopy cover may stay the same. It also may partially explain why we 14 

do not have better correlation between the stand age and percentage cover. Despite those 15 

limitations, percentage cover was used, because it is the typical information that is collected by 16 

other surveys in British Columbia. Another reason is that biomass measuring is much more time 17 

consuming.  18 

Additional important aspect that may seriously influence current understory measurements is 19 

that Odocoileus hemionus (Mule Deer) is common in the area of the field project. It feeds on 20 

several shrub species that constituted large part of the percentage cover on our sites. It also 21 

consumes twigs of the conifers from the shrub layer.  22 

Graph 2.12 
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2.3.9 Tree size diversity 1 

Theoretically as the stand matures the diversity of tree sizes should increase. During the stem 2 

exclusion period the trees are expected to have less diverse sizes, because they need to grow 3 

higher to compete for light. Trees with smaller stem sizes die. Once the stem exclusion phase is 4 

over, the trees do not have to invest as much in expending their size and hence each one of them 5 

will grow in its own pace. The pace depends on microsite and genetics of the tree. Also, during 6 

stem exclusion phase less competitive trees invested in stem growth on behalf of other 7 

development. Once the competition becomes more loose, those trees can invest more biomass in 8 

roots. Hence more competitive trees can still be investing in their stem growth whereas less 9 

competitive will invest in other tree parts. Highest diversity value should be in old-growth phase, 10 

because during that phase small trees regenerate and add additional size diversity. 11 

Those theoretical assumptions are supported by comparison of DBH distribution in different 12 

stand ages (Wells 1996). 13 

To measure tree size diversity, two indices for DBH diversity can be used: Standard Deviation 14 

(SD) and Coefficient of Variation (CV). CV can be problematic index, because it is defined as 15 

mean

SD
. As the stand matures, the mean of DBH increases and hence the change in CV may be 16 

not significant (Varga et al. 2005) or it may show U-shape graph (Wells 1996). The U-shape of 17 

the graph could theoretically be more apparent, if younger sites were measured as well. Since the 18 

sites measured in the field work are older than 70 years old, it may be that we hit the minimum 19 

of the U-shape curve and hence the decrease trend in the CV in young stages will be overlapped 20 

with the increase trend in older stages and the outcome will be non-significant change in CV. 21 

 The theoretical curve shape for SD dependence on time is difficult to estimate. Generally, it 22 

is supposed to increase with time (Fierst et al. 1993). Appearance of additional young trees 23 

during Stand Reinitiation phase should add sharp increase. That is why old-growth sites are 24 

expected to be much higher than the mature sites. 25 

CV of DBH for each site was plotted against stand age. No significant correlation to time was 26 

detected among sites younger than 220 years (No graph is presented). This is probably due to the 27 

effect discussed above. However, significant change was detected by ANOVA comparison 28 

between old-growth sites to all the others (p-value<0.001). 29 

SD showed better results (graph-2.13). It continuously increased with stand age up to higher 30 

value in old-growth phase. Linear trend was fit for sites younger than 220 years with R
2
=0.28  31 

(p-value=0.007). It is impossible to fit linear trend including old-growth sites, because their ages 32 
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are not determined. Instead, ANOVA analysis was used to compare old-growth and younger 1 

sites. The analysis showed statistical significance (p-value=0.001). 2 
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2.3.10 Old-growth thresholds and timing 1 

Previous chapter sections dealt meanly with attributes which were present in all age classes. 2 

Their change is gradual and hence they show significant correlation with age. However, they do 3 

not exclusively separate old-growth from other age classes. Table-2.2 includes attributes that 4 

show significant difference between the old-growth and younger sites. 5 

 6 

Table-2.2   Attributes that indicate significant difference between the old-growth and younger 

sites 

Attribute 

Average for 

old-growth error 

p-value for ANOVA 

comparison between old-

growth and younger sites 

Time to reach 

the attribute 

stems/ha 

DBH>=100cm 19 stems/ha ±5 stems/ha <0.001 

Probably more 

than 250 years 

Vol/ha  

DBH>=100cm 470 m
3
/ha ±130 m

3
/ha <0.001 

Probably more 

than 250 years 

snags/ha 

DBH>=100cm 14.5 snags/ha ±1.8 snags/ha <0.001 

Probably more 

than 250 years 

Standard 

Deviation for 

DBH 27.4 cm ±3.4 cm <0.001 

Probably more 

than 250 years 

CV for DBH 75 (no units) ±12 (no units) <0.001 

Probably more 

than 250 years 

 7 

In current study field data was not collected for stand ages between years 212-250, because 8 

they are rare. Moreover, estimation of old-growth sites ages can only draw a lower limit line of 9 

250 years, but can not give exact age. That is why it is difficult to estimate when attributes in 10 

table-2.2 reach their old-growth thresholds. Next chapter presents outcomes of forest growth 11 

simulation that give times to some of those attributes. However, the timing can also be estimated 12 

based on interpolation from the field data for mature and old-growth stands. That is the last 13 

column in table-2.2 14 

 15 

 16 

 17 

18 
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Table 2.3 presents summary of attributes that changed continuously with time. For each 1 

attribute theoretical trend line was fit for non-old-growth data points. Trend lines equations and 2 

R
2
 are shown on each attribute graph. The lines were fit by simple list square estimates without 3 

taking into account the size of the error bar for each point. This is due to the fact that the error 4 

bars are outcome of variability of the stand structure and not due to the fact that the points with 5 

bigger errors are less significant. 6 

The timing to reach old-growth was determined by the time when the trend line crosses the 7 

old-growth average. The error in timing was determined by the time that the line crosses the 8 

lower 95% interval line. The only exception for this rule is the attribute for snags/ha. For snags: 9 

age classes and their confidence intervals were used. 10 

 11 

Table 2.3        Summary of attributes that changed continuously with time 

Attribute average for 

old-growth 

(OG) 

95% 

confidence of 

the OG 

average 

R
2
 for 

correlation 

with time 

Timing to 

reach old-

growth 

Error in 

timing 

Volume/ha of 

trees with 

DBH>50cm 

1071 m
3
/ha ±260 m

3
/ha 0.49 190 years ±53 years 

Stems/ha of 

trees with 

DBH>50cm 

113 stems/ha ±22 stems/ha 0.51 112 years ±15 years 

Non-residual 

CWD 

biomass/ha 

120 Mg/ha ±40 Mg/ha 0.27 250 years ±80 years 

Non-residual 

CWD 

volume/ha 

430 m
3
/ha ±170 m

3
/ha 0.24 240 years ±90 years 

Snags/ha with 

DBH>50cm 

23.3 snags/ha ±5.4 snags/ha Not 

applicable 

More than 

200 years 

±50 years 

% cover of 

shrub and herb 

layers 

83 % ±27 % 0.34 158 years ±53 years 

 12 

13 
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2.4 Discussion 1 

2.4.1 Stand Dynamics 2 

For all chosen attributes null hypothesis of no correlation was rejected. Live tree attributes 3 

have higher R
2
 than the others. This is due to the fact that they are less sensitive to disturbance 4 

events that kill only small percent of trees. Nonetheless, R
2
 values for all the graphs are pretty 5 

low due to variability of the field data. Factors for data variability may be different disturbance 6 

history, heritage of the site from previous stand, different amount of seedlings that recolonize the 7 

area and other individual aspects of the site. 8 

Stand attributes that are chosen for data presentation are chosen subjectively. For example, the 9 

cutoff for DBH can be done at different diameters and due to that fact the attribute reaches old-10 

growth threshold in different time. Some of the attributes show continuous trends, whereas 11 

others appear only in older stages of the forest. The dynamics of the attributes follow theoretical 12 

assumptions and are comparable with values given in literature. By combining several graphs it 13 

can be seen that the change in attributes values comes from the change in stand structure. Let us 14 

start from young stand of 70 years old. The stand is still in stem exclusion phase with small tree 15 

continuously dying and hence the sizes of the trees become more and more uniform with 16 

outcome of low standard deviation. The amount of new CWD or large snags is low as well, 17 

because there are not too many big trees.  18 

As stand matures, trees become larger and increase in CWD amount can be seen on the graph. 19 

The amount of big snags also increases. Small trees die or grow bigger. Eventually the stand 20 

reaches a point where trees do no compete vigorously for light and hence their sizes become 21 

more diverse. In the graph for standard deviation of DBH we can see that DBH diversity has 22 

stable increasing trend. The canopy opens up and understory percentage cover increases even 23 

more. We can also see on the graph of all size stems/ha that the number of trees/ha increases. 24 

This is due to understory regeneration. Eventually the forest reaches the old-growth phase with 25 

more developed understory and increased amount of small trees. Some of the big trees grow 26 

extensively large. That is why the standard deviation for DBH is significantly higher in old-27 

growth. 28 

Data analysis identified seven practical attributes that can be used to express the state of the 29 

stand relative to old-growth phase.  30 

In order to use the old-growth thresholds properly subsequent logic should be followed: All A 31 

is B does not mean that all B is A. In our case if some attribute reached old-growth threshold, 32 
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that does not mean that the forest is old-growth. The only thing that it means is that for particular 1 

attribute old-growth requirement is fulfilled. 2 

We should also remember that in current project the objects of studies were only plant related 3 

structures. This however does not constitute all the variety of attributes that can be measured in 4 

old-growth forest. As was mentioned, old-growth forest condition involves pedodiversity, old-5 

growth depended organisms, complex food webs and also lots of structural attributes not 6 

measured in current field work. All those attributes may reach their old-growth threshold at 7 

different time. They are however the outcome of structural changes and sufficient time. 8 

Even if the logic of stand dynamics definition of old-growth is followed, still the old-growth 9 

timing is hard to determine entirely by using the measured attributes. That is due to the fact that 10 

it is difficult to draw the line between Understory Reinitiation and Old-growth phases. 11 

While creating the system of stand attributes and their old-growth thresholds I had in mind 12 

that the old-growth forest should be described by continuous numbers rather than by strict 13 

borders. Forest is a complex entity and in order to understand its complexity it is better to 14 

separate it by attributes. The decision regarding old-growthness of a stand should come from a 15 

combined review of the states of each attribute. Additionally, each attribute does not enter its 16 

old-growth threshold immediately, but it has its own confidence interval, due to natural variance 17 

of the field data. That approach allows more flexibility in decision making and management. 18 

More restrict rules for management can always be created on a base of current study. 19 

If we start from a clearcut scenario where dead wood is also removed, the first attributes that 20 

achieve the old-growth threshold are related to trees with DBH>50cm. During the same time 21 

understory percentage cover reaches its old-growth threshold as well just because there is not 22 

much of a difference between Understory Reinitiation phase and Old-growth phase in terms of 23 

percentage cover. Next will be the snags with DBH>50cm, because there will be enough big 24 

trees to die. In the same time small trees will eventually regenerate in high numbers and their 25 

attributes will also enter the threshold. The next to follow are attributes for CWD and for 26 

diversity of trees sizes measured by standard deviation of DBH. The diversity of trees sizes will 27 

increase because some of the trees will become bigger than the others, but the biggest 28 

contribution to diversity will come from the regenerated trees that will bring small DBH classes 29 

back to the stand. The last attributes that will reach the old-growth threshold are connected to 30 

really big trees and snags (DBH>100cm) 31 

The above recovery pattern is simple to predict when the forest had a major disturbance event, 32 

but it becomes more complicated when the logging is done by partial harvest. Removing of only 33 
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40% of stems will clearly reduce the value of tree attributes, but the values of dead wood 1 

attributes or regeneration will not be affected immediately. The regeneration percentage cover 2 

will decrease due to machinery movement, but will quickly recover due to higher light 3 

availability. The amount of dead wood will have lower input from live trees and hence will 4 

decrease with time, but the decrease will be smooth, because of the residual living trees and 5 

hence the recovery towards old-growth threshold will be faster. This scenario is much more 6 

complicated and can not be easily predicted from the field data graphs. That is why FORECAST 7 

forest simulation model is used in the third chapter of the dissertation to predict outcomes for 8 

more sophisticated silviculture systems. As mentioned in the introduction, those systems become 9 

widely used in the province of British Columbia and hence the need for proper forecast of their 10 

outcomes. 11 

2.4.2 Validity of Chronosequence assumption 12 

The assumption of the chronosequence is that the only variable different between the site is 13 

the time. Hence we should be able to treat each site as being the same stand, but with different 14 

age value. The significance of temporal trends, their consistency with theory and their gradual 15 

change in all the graphs support the chronosequence assumption. If the assumption was not true, 16 

we would not be able to see any logical time trends due to high variance between all stand ages. 17 

The variance among the sites that were measured was not too high, because the sites were 18 

selected to be mostly from one variant CWHvm1 and also because the sites are mostly zonal. 19 

The sites that were from vh1 variant showed site index that is close to the vm1 variant. Those 20 

sites also were geographically closely located to the vm1 variant and hence they were influenced 21 

by its climate and disturbance regime. 22 

2.4.3 Limitation of the study  23 

One of the main problems of the study is the small amount of sites that were used. Better 24 

thresholds and correlation with time may be achieved, if more sites were included in the 25 

chronosequence. Nonetheless, the variability of the data would still be high due to other 26 

individual parameters of each site (Wells 1996). 27 

The chronosequence assumption although proved valid for the field data has several 28 

problematic issues. The disturbance regime and other site conditions are different for each stand 29 

that was measured. The sites were not selected to have similar aspects and hence receive 30 

different amount of sun radiation and some are more susceptible to windthrows than others 31 

(Scott and Mitchell 2005). Moreover, the timing of the disturbance as well as its impact is also 32 
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should be different for each site, even if they were on the same aspect. That is why the graphs of 1 

CWD and snags which are very sensitive to disturbance are so dispersed. Additionally, the 2 

climate can slightly change within several hundred years. Last millennia climate analysis in 3 

Rocky mountains in British Columbia revealed that during the last 300 years average 4 

temperature raised by 3-5ºC and atmospheric relative humidity raised by 2% (Edwards et al. 5 

2008). That means that older stands started in different climatic conditions than the younger 6 

once. 7 

The stands that were selected for the study were not randomly located in the area. That means 8 

that some stands that are located close to each other can have similar disturbance regime. 9 

Additionally, subjective selection of the sites could selectively prefer some structural attributes. 10 

For example, the sites were chosen to be relatively uniform to comply with the definition of a 11 

stand. However, forest, especially old-growth, has natural horizontal diversity (Franklin 2009). 12 

Due to that fact other sites that could potentially show other results were avoided. This is not 13 

entirely a limitation, because the choice regarding the stands was made to simplify the study to 14 

uniformly grown stands. 15 

The timing for old-growth is highly depended on the shape of the theoretical trend line that is 16 

chosen. For example, CWD data can be fitted with linear or 1/X depended curve. Those two 17 

trend lines give different timing. From the literature it is quiet difficult to figure out which line 18 

would be more appropriate to use. The problem is amplified by the fact that ages of old-growth 19 

sites in current study are not available.  20 

Hence, extrapolation from the mature sites is used to determine the time when the curve 21 

reaches old-growth average. The problem with extrapolation is that forest dynamics is not 22 

necessarily smooth, but can have jumps due to low-intensity disturbances. Therefore, the CWD 23 

values can increase faster than the trend line. 24 

2.5 Conclusions for Management 25 

Extensive discussion about management outcomes are conducted at the end of the thesis after 26 

the presentation of the model runs. However, several points should be considered beforehand. 27 

One of the first straight forward outcomes of the data presented is the ability to classify the 28 

stand as old-growth. As was noted in thesis introduction, British Columbian government uses 29 

stand age as a coarse filter for inventory decisions about old-growth. It was also noted that the 30 

course filter may be problematic when the forest was only partially impacted. With the graphs 31 

presented, it is easy to see if the forest satisfies old-growth criteria. Moreover, if one of the 32 

attributes is under the threshold, it is also easy to see how far away it is from border line and 33 
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based on the stand assessment to estimate how long it will take to recover. By no means should 1 

this old-growth classification override the provincial age characteristic. My suggestion is to use 2 

the classification as a fine filter tool while dealing with small forested areas. The combination of 3 

the coarse filter applied on large scale landscapes with the fine filter tool applied on each 4 

particular stand allows fine tuning of decisions. Moreover, since old-growth forest is horizontally 5 

heterogenic, the ages of the trees and the stand attributes can differ along small areas. In that case 6 

the classification by stand age and the classification by stand attributes can compliment each 7 

other. Let us look at the example of a stand that 20% of its trees were left during a harvest in an 8 

aggregated clump at the centre of the harvested block. This scenario is common for Variable 9 

Retention logging when the residual trees serve as a reserve patch for wildlife use. The question 10 

after next 150 years will be if the stand is old-growth or not. If only age classification system is 11 

used, there might be a problem, because decision regarding the age will include residual trees 12 

that are extremely old. Consequently the site may be classified as old-growth, even though it 13 

probably will not have the necessary characteristics. However, with the support of old-growth 14 

thresholds the actual condition of the site can be determined. 15 

Current study conclusions are not limited for static decisions only. The advantage of current 16 

analysis is the quantification of forest dynamics. The graphs can be used by the forester as a tool 17 

to understand the impact that is done on the forest by logging operations. By using the forest 18 

attributes it can be said for example that current forest will be reduced to 50% of its old-growth 19 

threshold of stems/ha and to 20% of its old-growth  threshold for snags. 20 

It should be taken into account that the time trends presented in the graphs are the averaged 21 

behavior. The actual stand will have its particular parameters and disturbance regime. The 22 

separation of the forest by attributes allows the forester to see the position of his stand relative to 23 

the average. Since the attributes can be manipulated by silviculture prescriptions, the forester has 24 

the option to decide which values to compromise on behalf of improving the others. For 25 

example, chart 2.1 shows that the site with age 160 years has no large snags, but its large trees 26 

attributes are above the old-growth threshold. That means that the number of the snags is low 27 

just because of low tree mortality and will eventually stabilize without intervention. However, if 28 

a partial harvest will take place in the forest, the logging plan should consider leaving potential 29 

trees for snag creation, so the forest will have higher rank of old-growth attributes. 30 

The decision about silviculture prescription is complex, because influence on one attribute can 31 

have an effect on another attribute. The effect is difficult for prediction from the graphs. This is 32 

because the information regarding other attributes of the stand is not present. For example, 33 
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nothing can be said about the number of small trees in the area. That is why modeling of the 1 

management activities is important. Forest growth model has more information in hand, because 2 

while making the output of similar graphs it also has the information on other attributes. The 3 

following chapter of the thesis shows how the model can be evaluated against the field graphs. 4 

 5 

 6 

7 
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