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1. INTRODUCTION 

1.1 BACKGROUND 
Growth and yield practitioners in BC generally agree that site index estimates from photo-interpreted 
height and age of older natural stands under-estimate the height growth observed in post-harvest 

regenerated (PHR) stands growing on the same sites.  This is because site index estimates from older 
stands reflect historical non-site factors such as suppression and past height-growth damage, and 
therefore do not express the potential productivity of future stands.  Many studies in BC have confirmed 
these under-estimates in inventory site indices to be in the magnitude of 3-5 m, depending on the species 

and area.1,2   When these under-estimated site indices are applied to future PHR stands in timber supply 

analysis, they result in under-estimated future yields, and can ultimately under-state the sustainable 
harvest level. 
 
1.2 PROBLEM STATEMENT 

The allowable annual cut (AAC) on the Arrowsmith Timber Supply Area (TSA) has been reduced 25% 
from the 1992 level.  The licensees believe the AAC has been reduced to these lower levels in part 
because of inaccurate site productivity estimates used in the last timber supply analysis.  The licensees 
believe that applying statistically valid site productivity estimates, sound science, and environmental 
management can support a more sustainable harvest level.   
 

1.3 PROJECT OBJECTIVE 
The objective of the SIA project is to develop reliable estimates of potential site index (PSI) for managed 
stands of the main commercial tree species on the Arrowsmith TSA.  The improved site indices will be 
used with other growth, yield, and silviculture information to build managed stand yield tables for use in 
Timber Supply Review (TSR) 3. 
 

1.4 SIA OVERVIEW 
An SIA project is completed in three major steps: 

1. Development of preliminary PSI estimates for the major commercial species. 
2. Field sampling to measure actual site index calculated from height and breast-height age of site 

trees in suitable stands across the landbase. 
3. Statistical adjustment of the preliminary PSI estimates based on the results of the ground 

sample. 
 
1.5 TERMS OF REFERENCE 
J.S. Thrower & Associates Ltd. (JST) prepared this Site Index Adjustment (SIA) sample plan for the 
Arrowsmith TSA licensees.  International Forest Products Ltd. (Interfor) is the licensee proponent.    
The JST team includes Hamish Robertson, RPF (project manager), Tara McCormick, BSc (project 

advisor), Hugh Carter, RFT (analyst), Guillaume Thérien, PhD (biometrician), George Jennings 

                                                 
1 J.S. Thrower & Associates Ltd. has completed SIA projects on TSAs 5, 6, 8, 15, 18, 30, 33, 35, 37, 38, 45, 46, 47, 
52, 53, 54, and 55, and the Merritt, Adams Lake, Hope, and Okanagan Innovative Forestry Practices Agreement 
(IFPA) areas, and the Fraser and Mackenzie TSAs. 
2 Nussbaum, A.F. 1998.  Site index adjustments for old-growth stands based on paired plots.  Working Paper 37.  
Ministry of Forests Research Program.  21 pp. 
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(Geographic Information System [GIS] manager), and Frits Nijholt, RPF (GIS analyst).  This sample plan 
describes the proposed methods for review and approval by the Forest Analysis and Inventory Branch of 
the Ministry of Forests and Range (MoFR).  Once approved, this document will guide the field sampling 
and analysis. 
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2. STUDY AREA 

The Arrowsmith TSA covers about 2.1 million ha on southern Vancouver Island (Figure 1) of which 
approximately 126,000 ha (6%) is considered Crown vegetated land, outside parks (Table 1).  The TSA is 
administered by the South Island Forest District of the Coast Forest Region.  The TSA consists of a wide 

range of ecological conditions from nutrient rich, moist floodplains in valley bottoms to alpine meadows.  
Four biogeoclimatic (BGC) zones occur in the TSA: Coastal Western Hemlock (CWH), Mountain Hemlock 
(MH), Coastal Douglas-fir (CDF), and Coastal Mountain-heather Alpine (CMA).  The main leading species 
(western hemlock [Hw], Douglas-fir [Fd], and western redcedar [Cw]) account for 85% of the vegetated 
landbase (Table 2).  Almost 50% of the vegetated landbase is in age class 8 and 9.   

 
 
 

 
 
 
 

 
 

 
 
Table 2.  Area (ha) distribution by species and age class in the Crown vegetated landbase, outside parks. 

 MoFR Age Class Total 
Spp 1 2 3 4 5 6 7 8 9 (ha) (%)

H 3,012 7,987 1,756 744 442 535 130 4,699 16,610 35,915 29%
Fd 2,283 3,665 7,391 13,759 4,529 1,543 1,163 1,033 192 35,558 29%
Cw 3,344 2,892 332 79 67 117 134 7,959 19,771 34,696 28%
Minor Conifers 1,029 1,048 116 195 48 102 151 1,765 8,937 13,390 11%
Deciduous  160 441 920 2,567 286 64 4 3 4,446 4%
Total (ha) 9,829 16,032 10,514 17,344 5,372 2,362 1,581 15,460 45,510 124,004

(%) 8% 13% 8% 14% 4% 2% 1% 12% 37%
Notes: An additional 2,119 ha (2%) has no leading species. 
 Minor conifers include: balsam, lodgepole pine, white pine, Sitka spruce, and yellow cedar. 
 Deciduous include: cottonwood, birch, and bigleaf maple. 
 

 
Figure 1.  Map of the Arrowsmith TSA. 

Table 1.  Area distribution within the 
Arrowsmith TSA. 

Land Class Area (ha) (% TSA)

Total TSA 2,061,490
Salt Water 729,169 35%
Land 1,332,321 65%

Not Crown 1,106,711 54%
Crown 225,610 11%

Parks 83,697 4%
Non-Parks  141,913 7%

Non-Vegetated 15,790 1%
Vegetated 126,123 6%
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3. PRELIMINARY ESTIMATES 

3.1 OBJECTIVE 
The objective of this step is to assign preliminary estimates of site index for the target species at every 
point in the target population.  This is achieved using a biophysical model that predicts site index from 

commonly available environmental, geographic, and climatic variables.   
 
3.2 TARGET POPULATION 
The target population for this project was defined as the 
operable Crown land, outside parks, either Vegetated Treed 
(VT) or Vegetated Non-Treed (VN) with a logging history 

(Table 3).  The target population covers 95,886 ha (5% of the 
total TSA); it represents the area where PSI estimates will be 
applied for management purposes. 
 
3.3 TARGET SPECIES 
Preliminary PSI estimates will be generated for Fd and Hw using the biophysical model.  These 

preliminary estimates will provide the basis for statistical adjustment.  Preliminary PSI estimates will not 
be developed for Cw, as a direct sampling and statistical adjustment will not be completed for this species 

due to challenges of finding suitable Cw site trees and budget limitations.3  Rather, final PSI estimates for 

Cw will be developed from the final Hw PSI estimates and a Cw-Hw site index conversion equation. 
(Section 4.7)   
 
3.4 MODEL DEVELOPMENT 

3.4.1 Overview 
The preliminary estimates will be developed using JST’s biophysical model.  We developed this 

biophysical model using expertise and data gained from completing numerous site productivity projects 
across the province (e.g., SIA, SIBEC, Old-Growth Site Index [OGSI], permanent sample plots (PSP), 
growth-intercept, stem analysis, change monitoring inventory [CMI], and other growth & yield projects).  
Our data, experience, and literature show that general relationships between site productivity (measured 
through site index) and different biophysical attributes (ecological, geographic, climatic, and edaphic) are 

consistently repeated over different and large landbases. 4,5,6,7,8,9,10  Our biophysical model incorporates 

                                                 
3 Cw poses more challenges for random site index sampling because Cw often grows in intermediate canopy 
positions.  Although we have directly sampled Cw with success in other projects, the challenges of direct sampling 
Cw coupled with the budget requirements for direct sampling of two other target species (Fd and Hw) resulted in the 
decision to subjectively sample Hw-Cw pairs to develop a local site index conversion equation on this landbase. 
4 Wang, Q, G.G. Wang, K. Klinka, and K.D. Coates. 1994. Use of site factors to predict lodgepole pine and interior 
spruce site index in the sub-boreal spruce zone. Research Note No. 114.  BC Min. For., Res. Br. Victoria, BC. 26 pp. 
5 Klinka, K.  2001. Trembling aspen site index in relation to environmental measures of site quality. Scientia Silvica. 
Extension Series, Number 43.  University of BC, Forest Sciences Dept. Vancouver, BC. 
6 Smith, N. 1999.  Preliminary province-wide biophysical estimates of site index using regression trees.  MacMillan 
Bloedel Ltd. Nanaimo, BC.  8 pp. + App. 
7 Ung, C. et al.  2001. Biophysical site indices for shade tolerant and intolerant boreal species.  Canadian Forest 
Service, Laurentian Forest Service.  Forest Science 47(1):83-95. 

Table 3.  Net down to target population. 
Land Class Area (ha) % TSA 

Total TSA 2,061,490  
Vegetated 126,123 6% 

Inoperable 28,836 1% 
Operable 97,287 5% 

VN Not Logged 1,401 0% 
Target Population 95,886 5% 
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these trends, data collected in previous projects,11 expert knowledge and opinion, computer models, and 

statistical theory to predict site index for large landbases using ecological, geographic, and topographic 
inventories that are readily available for most areas in BC.    
 
The biophysical model is not intended to predict site indices for direct application at the stand level, but 
rather is designed to develop preliminary estimates for adjustment in the SIA process.  The adjustment 
removes potential bias from the preliminary estimates and increases the reliability of the estimates for 

application in timber supply analyses. 

3.4.2 Model Calibration 
The JST biophysical model was calibrated and used to predict preliminary estimates of site index in 
previous projects including the wet-belt of the Okanagan TSA, and the Fraser and Mackenzie TSAs.  The 
contributions of predictor variables to site index were estimated using trends observed in other SIA, 
SIBEC, and other site index sampling projects.  We will continue to build on this model by calibrating it to 

the Arrowsmith TSA using available ecological, geographic, and environmental attributes for this 
landbase and trends observed in our site index database for the subzones and attributes of interest.   
The final list of predictor variables for the Arrowsmith model will be determined once all suitable existing 
data sources have been investigated.  The following attributes will be assessed: subzone, elevation, 
slope, aspect, slope position, moisture regime, nutrient regime, and climate (temperature and 
precipitation).  

3.4.3 Validation of Estimates 
The preliminary estimates of site index from the biophysical model will be validated against other sources 
to increase the level-of-comfort that the estimates are biologically reasonable and consistent with 
expected trends.  We will compare the estimates from the biophysical model against site-series based 
site index estimates using existing SIBEC and Terrestrial Ecosystem Mapping (TEM) within the TSA. This 
check will ensure that the range and averages are reasonable at the subzone level; however, the 

statistical adjustment of the preliminary estimates through the SIA process is the most important 
calibration of the site index estimates. 

3.4.4 Model Application 
The data layers for the different biophysical attributes will be collated and overlaid in a GIS.  The 
biophysical model will then be applied to cells within each polygon to generate a predicted site index for 
Hw and Fd.  These preliminary estimates of site index provide the basis for the statistical adjustment. 

 

                                                                                                                                                             
8 Milner, K.S., Running, S.W., and Coble, D.W.  1996. A biophysical soil-site model for estimating potential 
productivity of forested landscapes.  University of Montana, School of Forestry.  Canadian Journal of Forestry 
Research 26:1174-1186.  
9 Williams, K, Ryan, P., Coops, N., Storey R., Claridge,J Grundy M. 2002. QDN-3A: Estimating the productivity of 
forestry systems in south east Queensland. A report for the RIRDC/L&W Australia/FWPRDC Joint Venture 
Agroforestry Program. Publication No. 2. Project No. QDN3A. 2002 Rural Industries Research and Development 
Corporation 
10 Bernier, P., Landsberg, J., Raulier, F., Almeida, A., Coops, N., Dye, P., Espinosa, M., Waring, R., Whitehead, D. 
(2003) Using process-based models to estimate forest productivity for management purposes. In: Estimating forest 
productivity. Symp Proc. IUFRO Intnl Congress. Quebec 
11 Our model currently includes over 1,000 site index observations located throughout in the CWH alone (6,700 in the 
entire province), many of which were randomly located in SIA projects. 
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4. FIELD SAMPLING 

4.1 SAMPLING OBJECTIVE 
The main sampling objective is to: 

Achieve a 95% sampling error of ± 1.5 m for the average adjusted PSI of the target population for 

both Fd and Hw.  

A secondary objective is to collect Cw site tree information to support a localized Cw conversion equation. 
 
4.2 SAMPLE POPULATION 
The sample population is a subset of the target population 
where reliable estimates of site index can be measured from 

height and breast-height age for the target species.  The 
sample population was defined as the area in unfertilized and 
non-commercially thinned Fd and Hw stands where total age 
is between 18 and 80 years.  Fertilization and commercial 
thinning history was obtained from the inventory and MoFR 
RESULTS database.  There was some disagreement 

between these sources; hence, we decided to exclude any 
polygon that had a history in either source.  The sample 
population covers 29,263 ha (31% of the target population).  
Cw site tree information will be collected in Hw- and Fd-leading stands.    
 
4.3 SAMPLING DESIGN 

We propose using a systematic sampling design based on a sorted list and a random start.  This is a very 
efficient sampling design where the sample list covers the entire target population and all points have the 
same sampling weight.  
 
Sample points will be a five-point, star-shaped cluster where each plot is a 100-m2 (0.01 ha) fixed-area 
plot.  The cluster center is the random point with plots located at 15 m in the cardinal directions.  This plot 

configuration provides an efficient sampling methodology in steep terrain and provides fi ve potential 
observations of site index within the sample point.  A site index observation will be the average site index 
of all trees of a given species from all plots in the cluster. 
 
4.4 SAMPLE SIZE 
We believe that a minimum of 30 Fd and 30 Hw site index observations will be required to achieve the 

sampling error.   The sample size will be increased if, after completion of the initial sample, the sampling 
objective is not met and the budget can accommodate further sampling.  Hence, a list of 60 random plot 
locations was selected for each species.   
 
4.5 SAMPLE SELECTION 
A two-step process was used to select the 60 random plot locations within the Fd and Hw sample 

populations.  First, forest cover polygons were assigned to either Fd or Hw based on the polygon leading 
species obtained from the forest cover information, then randomly selected systematically proportional to 
area.  Second, a random location was selected within the forest cover polygon using a 5 m grid in a GIS.  
An alternate random location was also selected within the polygon from the grid to allow for offsetting the 

Table 4.  Area (ha) distribution of the sample 
population. 
Age Leading Species  Total 
Class Fd Hw (ha) (%) 

1 908 1,396 2,304 8% 
2 3,404 7,919 11,323 39% 
3 3,436 1,534 4,970 17% 
4 10,014 652 10,667 36% 

Total (ha) 17,761 11,502 29,263 100% 
(%) 61% 39% 100%   
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sample, if necessary.  The alternate random location will increase the probability that a site index 
observation is obtained in a given polygon (Section 4.6.2).   
 
We compared the target population and first 30 sample locations for each species by inventory site index 

class, elevation class, and BGC subzone (Appendix I).  The sample covers the range of attributes in the 
target population, but does not represent the same area distribution of these attributes as the target 
population.  We completed these comparisons to provide a level of comfort that the range of site index in 
the target population is being sampled.  However, the range of preliminary PSI estimates is the actual 
statistic of interest; but these PSI estimates are not yet developed.   Once the biophysical model is 
completed and the sample is finalized, we will compare target population and actual sample by 

preliminary PSI class and subzone.  If the sample is not representative of the target population, site index 
observations will be weighted before analysis to correct the problem.           
 
4.6 RANDOM SAMPLING – FIELD PROCEDURES 

4.6.1 Plot Establishment 
The field crews will navigate to the selected plot locations using a combination of field maps, ortho-

photos, and a Geographic Positioning System (GPS).  The five-point star-shaped cluster will be 
established, and only the points falling within the forest cover polygon will be sampled.  

4.6.2 Plot Offsets 
Two methods will be followed for offsetting plots: 

1. Office – all plots will be assessed through photo interpretation before the field visit.  If the first 
random point (A) is rejected due to unsuitability for site index sampling (presence of veterans, 

residual trees, or deciduous leading cover), or because of safety concerns, the alternate random 
point (B) will be considered.  If neither point is suitable, the sample will be rejected and replaced. 

2. Field – plots may be offset in the field if suitable site trees cannot be found at the target random 
point.  This will be done using a systematic grid where the first offset is 25 m to the north of the 
original random point.  Offsets are repeated in a clockwise fashion at 25 m intervals, going 25 m 
to the east, then south, south, west, west, north, and north (forming a square with eight potential 

offsets around the original point) until a plot containing suitable site trees is found within the 
sample forest cover polygon.  The sample is rejected if all nine locations (original point plus eight 
offsets) result in null plots. 

 
4.6.3 Site Index Measurements 
Breast-height age and total height will be measured from suitable site trees of Fd and Hw in each plot of 

the cluster and used to estimate site index for that sample.  A suitable site tree12 is the largest diameter 
dominant or co-dominant Fd or Hw tree in each 100-m2 plot that is alive, standing, and without damage 
affecting more than five percent of its height growth.  Site trees cannot be residuals or veteran trees and 

must have at least five years of growth above breast height.13  Appendix II.    

                                                 
12 “S” trees, following Ministry of Forests (MOF) SIBEC site tree selection standards as found in the MOF SIBEC 
Sampling and Data Standards (Version 5.0) and revised in May 2000. 
13 The sample population was defined using a minimum age of 18 years total age.  The intent was to sample 
polygons with at least 10 years above breast height (with an estimated 8 years to reach breast height); however, we 
will sample trees with a minimum of five years above breast height.   
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4.7 SUBJECTIVE SAMPLING – FIELD PROCEDURES 

4.7.1 Overview 
Subjective sampling will be used to collect Cw site index data.  The sampling objective for Cw is 

secondary; however, it is our intent to measure a Cw-Hw site pair (if one exists) for all Hw observations 
collected in the random sampling phase to support a local site index conversion equation.   

4.7.2 Site Tree Location and Measurements 
Cw site trees will be subjectively selected around Hw site trees measured in the random sampling phase.  
The Cw site tree will be within one SMR and SNR and located no more than 25 m from an Hw site tree 
(i.e., the Cw site tree can be within or outside the fixed-area plot).  All other data collection will be the 

same as the random sampling phase.14   
 
4.8 PLOT MEASUREMENTS 

4.8.1 Header Information 
The following header information will be collected for each plot: 

• Sample number, access notes, mapsheet polygon, Universal Transverse Mercator (UTM) 
coordinates, 

• Site Features – Elevation, slope, aspect, slope position, and slope shape, and 

• BGC Classification – subzone variant and site series (based on a visual inspection), soil moisture 
and nutrient regimes. 

4.8.2 Site Tree Measurements 

Measurements for each site tree will include: 

• Sample number, plot number (of the random sample), tree number 

• Species 

• Diameter at breast height (cm) 

• Crown Class (dominant or co-dominant) 

• Total height (m) 

• Breast-height age (years, cores will be collected and verified in the office with a microscope)  

• Site index (m, estimated in the field from height and breast-height age, then calculated in the 
office using SiteTools) 

• Notes on pathology and damage, if present. 

Measurement standards are given in Appendix II. 

4.8.3 Site Pairs 
When site pairs are collected, the Cw site tree information will be recorded on the same field card as the 
Hw site tree from the random sampling phase.  In addition to the information listed above, a unique pair 
identification number (Plot# & SP#) and the distance and bearing from the Hw site tree to the Cw site tree 
will be included on the site tree measurement card.   
 

 
   

                                                 
14 Site tree definitions follow the same criteria outlined in Section 4.6.3 
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5. FINAL SITE INDEX ESTIMATES 

5.1 OBJECTIVE 
The preliminary site index estimates for Fd and Hw of all polygons in the target population will be 
statistically adjusted to provide the final polygon site index estimates.  The objective of the statistical 

adjustment is to remove the potential bias in the preliminary estimates of site index.  This adjustment 
increases the level-of-comfort that the estimates, used in the timber supply analyses, adequately reflect 
the actual site index and productivity of PHR stands in the Arrowsmith TSA. 
 
5.2 STATISTICAL ADJUSTMENT 

5.2.1 Random Sampling 

The preliminary and average ground site indices will be computed by species for each sample.  
Adjustment equations will be developed for Fd and Hw to correct the preliminary estimates based on the 
results of the ground sample. The ratio of means (ROM) method will be used to compute the adjustment 
ratio. 

5.2.2 Cw Site Index Conversion Equation 
Our intent is to develop a localized Cw-Hw site index conversion equation.  The best method to fit the 

regression will be selected from different methods (least-squares with and without intercept, geometric 
mean regression, etc.).  We will compare this equation to the MOFR Cw-Hw equation and to equations 

developed in other coastal SIA projects.15,16  Based on this comparison, we will decide whether to use 

the localized or MOFR conversion equation to develop final Cw PSI from the final adjusted Hw estimates 
for the target population.   
 
5.3 APPLICATION 
The adjustment ratios will then be applied to the preliminary estimates for Fd and Hw in the target 
population to give adjusted PSI for managed stands.  The conversion equation will also be applied to the 

adjusted Hw PSI estimates to provide final Cw PSI for managed stands.  An average PSI for each 
species will then be calculated for each forest cover polygon. 
 
  

                                                 
15 Nigh, G.D. and G. Kayahara. 2000. Site index conversion equations for western redcedar and western 
hemlock. Northwest Science 74:146-150. 
16 Localized Cw-Hw site index conversion equations were developed for TFLs 6, 37, 45, and 54. 
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APPENDIX I – TARGET POPULATION VS. INITIAL SAMPLE 
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Figure 2.  Area distribution in the target population, Fd sample, and Hw sample by site index, elevation, and BGC 
subzone. 
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APPENDIX II – FIELD MEASUREMENT STANDARDS 

Minimum standards (Table 5) were tailored to the objectives of this project.  Site tree selection and 

measurements will follow SIBEC standards.17  Ecological data are supplementary information for this 

project and will not be used in the SIA analysis.  Therefore, ecological information will not be collected to 
SIBEC standards because this would increase costs without adding value to the project. 
  
Table 5.  Data standards. 

Data Type Standard Tolerance 

Site tree selection SIBEC version 5.0 No error 
Height to DBH SIBEC version 5.0 ≤ 5 cm from actual 
DBH SIBEC version 5.0 ≤ 0.1 cm or 1%, whichever is greater 
Total tree height SIBEC version 5.0 ≤ 20 cm or 2%, whichever is greater 
Breast-height age (bha) SIBEC version 5.0 Sample must include pith, 

No error if bha ≤ 50; 1 year if bha = 50 to 100 
Notes  SIBEC version 5.0 Must have comments where accepting a damaged sample 

tree 
Subzone  No error, will include notes on transition 
Site series   ± one site series  
Elevation  ± 50 m, based on GPS or TRIM 
Slope  ± 10% from actual 
Aspect  ± 15 degrees from actual 
Meso slope position  ± one class 
Soil nutrient regime (SNR)  ± one class 
Soil moisture regime (SMR)  ± one class 

 
 
 
 
 

 
 

 

 

                                                 
17 Province of British Columbia. 2000. SIBEC Sampling and Data Standards version 5.0. BC Ministry of Forests Site 
Productivity Working Group. Victoria BC. 


