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ABSTRACT 

Relationships between measures of ecological site quality and height 

growth of Sitka spruce [Picea sitchensis (Bong.) Carr), measured as site index 

(metres at 50 years at breast height), were investigated for the eastern Queen 

Charlotte Islands using multiple linear regression techniques. Temperature 

and light were assumed to be similar in a region of similar climate, expressed 

as biogeoclimatic subzone, and the investigation focused on measures of 

moisture and nutrients. This study tested the hypothesis that the 

classification units of biogeoclimatic ecosystem classification system are good 

indirect estimates of ecological site quality so are able to predict forest growth. 

Fifty-five plots were chosen for study to represent a wide range in 

ecological site quality and geographic variation. Individual measures of 

moisture and nutrients were represented as categorical variables; soil moisture 

and nutrient regime; and continuous variables; soil nutrients and predicted 

moisture deficit in combination with soil physical measures. Soil moisture and 

nutrient regimes were represented as spectra of indicator species groups. The 

synoptic effect of individual measures of moisture and nutrients were 

expressed as site associations and assumed to be represented by plant 

associations. The relationship between the categorical and continuous 

variables for soil nutrients was also examined. 

The most successful models used the B E C classification units; soil 

moisture regime, soil nutrient regime and site association. Multiple linear 

regression models using either soil moisture plus soil nutrient regimes or site 

associations were equally successful in explaining variation in (ln) site index 

(adjusted R2 = 0.80; 12 = 0.79). However, the former should be considered the 
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superior model for predictive purposes since the variance of the latter model 

was not homogeneous. The soil nutrient regime model was as successful in 

explaining variation in site index as the best continuous model (mineral soil 

mineralizable N plus forest floor mineralizable N, extractable calcium and 

potassium) (adjusted = 0.40 versus 0.42). The soil moisture regime model 

was more successful than those using continuous variables (adjusted = 

0.45 versus no relationship). The lack of relationship was attributed to 

inaccuracy of the water balance models due to their lack of calibration for this 

location and forest type. There was a moderate relationship with site index and 

plant associations (adjusted 2^ = 0.49); however vegetation is subject to 

change with succession over time so would be difficult to apply for predictive 

purposes. Indicator species groups showed no relationship with site index, 

likely due to the paucity of understorey species from canopy closure and 

intense browsing by introduced deer. 

The soil nutrient regime classification was well supported by a 

discriminant analysis using soil chemical nutrients which correctly classified 

the plots in 83% of the cases, on average. The soil moisture regime 

classification could not be tested since the models used to estimate moisture 

deficit in this study were considered too inaccurate. Continuous synoptic 

versus categorical models could also not be compared for the same reason. 

It was concluded that the units of the biogeoclimatic ecosystem 

classification were good indirect measures of ecological site quality and good 

predictors of forest growth. The equations generated in this study need to be 

tested with independent data and further investigation is necessary to 

determine moisture relationships for Sitka spruce. 
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CHAPTER 1 INTRODUCTION 

1.1 Objectives 

One of foresters' great preoccupations is quantifying forest productivity 

and therefore the amount of wood that the landbase is potentially capable of 

producing. Forest productivity, as an ecosystem process, usually refers to the 

accumulation of photosynthate by the canopy, its allocation into tissue, and 

losses through respiration and consumption by herbivores (Waring and 

Schlesinger 1985). Foresters are virtually always only concerned with wood 

production, i.e. the amount of biomass or volume accumulated in the stem and 

its rate of increase (Spurr and Barnes 1980). 

Direct assessments of productivity are very difficult since insufficient 

long-term studies exist for reliable data sets (Daubermire 1976; Spurr and 

Barnes 1980). Height growth, however, can be measured indirectly as site 

index, the height of dominant trees at a reference age, and inferences made to 

volume (Monserud 1984). Therefore, site index serves an indirect measure of 

volume. Site quality has two similar but not identical meanings in the 

literature. Carmean (1975) used it to mean the "productive capacity" of the 

land for growing trees, i.e., an index of performance which is usually measured 

as site index. Spurr and Barnes (1980) defined site quality as "the sum total of 

all of the factors affecting the capacity to produce forests", such as climate and 

edaphic factors. Since the terms site index and site quality are used 

interchangeably in the literature and it is not always obvious whether the 

investigator is referring to the productive capacity of the site, the factors which 

determine the latter, or height of trees at a reference age. To alleviate the 

confusion. Carter and K l inka (1991) chose to define site quality following Spurr 



and Barnes (1980) as "ecological site quality" which is equivalent to the earlier 

concept of an "operational environment", the phenomena that affect a plant 

during its life cycle (Mason and Langeheim 1957). 

The phenomena that effect the plant during its life cycle and, therefore 

its groAvth, are ultimately a function of five factors that cannot be replaced -

temperature, light, moisture, nutrients and mechanical forces (Livingston and 

Shreve 1921; Hills 1952; Major 1963; Waring and Major 1964; Bakuzis 1969; 

Krajina 1969). Therefore areas of similar temperature, light, moisture, 

nutrients and mechanical forces should have similar potentials for growth. 

These factors are also difficult to measure directly, so they too estimated 

indirectly. 

The biogeoclimatic ecosystem classification system (BEC) is based on the 

concept of an operational environment, although mechanical forces are 

generally not considered. Temperature and light are estimated through 

delineating regions of similar climate (subzones) (Pojar et al. 1987). A site 

association consist of all sites that have similar or equivalent physical 

properties and the same vegetation potential (op cit). Therefore, the B E C 

variables are potentially good indicators of ecological site quality and good 

predictors of forest productivity. The objective of this study was to test the 

ability of the biogeoclimatic classification system's measures of ecological site 

quality to predict growth of Sitka spruce [Picea sitchensis (Bong.) Carr.) 

measured as site index (m @ 50yr at breast height age). 



1.2 Literature Review 

Bole productivity is virtually always represented by site index, the height 

of dominant trees at a reference age (Spurr 1952; Hagglund 1981; Monserud 

1984). While there are certainly caveats with respect to the use of site index 

(Monserud 1984), dominant trees are generally a reliable index of stand volume 

since height growth is closely related to volume growth and is unaffected by 

stand density (Monserud 1984; Thrower 1989). 

There have been hundreds of studies that have attempted to find 

relationships between site index and measures of ecological site quality. 

Comprehensive reviews have been published by Carmean (1975) and Hagglund 

(1981). Measures can be characterized as biotic and abiotic factors and are 

often used in combination, such as in a classification system (Spurr and 

Barnes 1980). Biotic factors include units of vegetation classification systems 

and frequency of indicator species. Abiotic factors include measures of climate, 

soil properties and topography. Techniques generally involve using the chosen 

measures of ecological site quality as independent variables in regression 

analyses and/or testing for differences between proposed classes of variables of 

interest (Hagglund 1981). No one variable or approach has been consistently 

successful, and results vary widely with tree species and ecosystem. 

Indicator plant analysis is based on the concept that plants serve as 

"phytometers", which integrate the sum of environmental factors experienced 

by vegetation on the site (Spurr and Barnes 1980). Plants that occur only on a 

narrow range of environmental conditions can indicate that condition e.g., high 

available nitrogen, low soil moisture. Daubermire (1976) reviewed the use of 

vegetation to assess productivity and concluded that indicator plants are 



effective measures of ecological site quality (e.g., Cajander 1926; Rowe 1956; 

McLean and Bolsinger 1973). Other authors caution that understorey plants 

in the forest do not necessarily only reflect site since they are not always 

independent of other factors, such as stand density, disturbance and past 

history (Spurr and Barnes 1980; Spies and Barnes 1985). Forest trees may 

also be more deeply rooted than understorey species; therefore, they can be 

influenced by different factors (Carmean 1975). Indicator plants may also only 

be applicable in areas that have not been harvested or otherwise severely 

altered by humans (Spurr and Barnes 1980; Schonau 1988). 

Green et al. (1989) found a good relationship between site index of 

second-growth Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and indicator 

species groups for climate, soil moisture and soil nitrogen. However, Green 

(1989) found a poor relationship between western redcedar site index [Thiy'a 

plicata (Donn exD. Don in Lamb.) and indicator species groups in the Queen 

Charlotte Islands, which he attributed to poor understorey development due to 

canopy closure and browsing pressure from introduced deer. 

Climate parameters used to represent ecological site quality have 

included latitude, longitude, growing degree days, temperature, wind, 

precipitation and évapotranspiration (Hagglund 1981). The first four variables 

are often used as means of stratifying by geographic area or similar climate 

(e.g., Farr and Harris 1979; 1983). Climate on a local scale is often expressed 

by topographic variables such as aspect, elevation and slope (e.g., Worrell and 

Malcolm 1990a). 

The majority of studies concerned with quantifying and predicting forest 

growth have focused on soil parameters, both chemical and physical properties 



(Carmean 1975; Hagglund 1981). Measures such as soil taxonomic unit, 

drainage class, and depth of rooting, are often used (op cit.). Usually these 

alone are insufficient to explain a large amount of variation in site index and 

analjrtical variables such as soil nutrients or soil moisture content are needed. 

Carter and K l inka (1990) found promising results with a model of mineralizable 

N and moisture deficit as predicted by the Energy/Soil Limited Water Balance 

Model (Spittlehouse and Black 1981) and site index of Douglas-fir. Green 

(1989) found a good relationship between western redcedar site index and total 

N and volumetric moisture content. 

However, relationships involving nutrients are unsuccessful when 

applied over large areas and require laboratory analysis (Com and Pluth 1984). 

Monserud et al. (1990) found that soil factors, both chemical and physical 

properties, accounted for far less variation in Douglas-fir site index than the 

combination of elevation and either habitat type, longitude or precipitation. 

They attributed the poor result to site factor interactions over the very large 

study area or their failure to measure the true causes of productivity. 

No generally accepted measure of soil moisture has been determined 

since it is not very straightforward to measure what the tree actually 

experiences (Broadfoot 1969; Stone 1978). Models that use climate data to 

determine growing season évapotranspiration and therefore moisture deficit 

such as Thornthwaite et al. (1957) and Spittlehouse and Black (1981) are 

potentially a means for overcoming the difficulty of field measurements. 

Previous investigations into relationships of ecological site quality and 

productivity of Sitka spruce have occurred in southeast Alaska, the Pacific 

coast, and northern Great Britain where spruce from the Queen Charlotte 



Islands were planted as a timber tree after World War I. There has been a 

previous descriptive study in the Queen Charlotte Islands (Day 1957) and a 

study investigating the productivity of forests of the Masset Lowlands that 

indirectly examined Sitka spruce (Green 1989). 

The first attempt to relate Sitka spruce site index to ecological measures 

occurred in Southeast Alaska. Stephens et al (1968) concluded that site index 

of Sitka spruce could be estimated from soil depth and drainage. They 

identified seven soil groups and estimated site index for each. Their mean site 

index values were then applied to the soil ecosystem classification system 

developed in the Tongass National Forest and used as a means of assessing 

available timber volume (Rogers 1988). Use of the classification system was 

discontinued in 1980 (Ford et al 1988) 

Ford et aL(1988) examined the relationship of Sitka spruce site index in 

Southeast Alaska to four soil variables commonly used in classification: depth 

of mineral soil, soil drainage class, organic carbon content and coarse fragment 

content. They found only soil drainage and coarse fragment content to be 

significantly related to site index. However, there were no significant 

differences in site index between individual drainage or coarse fragment 

classes. They concluded that soil taxa were not sufficient to predict site index 

of Sitka spruce, in contrast to Stephens et al (1968). 

Farr and Harris (1979; 1983) looked at the range of Sitka spruce along 

the Pacific coast. They tried to integrate the variables potentially important to 

growth into an expression of overall dominant climatic factors. They found 

that site index of Sitka spruce was strongly correlated with latitude and mean 

annual growing degree days. Site index decreased northward at the rate of 

approximately 0.8 m per degree of latitude. They considered that temperature 



considered that temperature was more important than moisture deficit, since 

the latter is not a concern in a climate where summer drought is rare. 

In Great Britain, there have been several studies that have investigated 

relationships between climate and soil factors and productivity of Sitka spruce, 

measured as yield class (m^/ha/year). Worrell (1987) found there was a very 

smcdl difference in yield class attributable to soil types. Plots in which there 

was restricted rooting on wet, excessively clayey or shallow soils resulted in a 

lower potential yield class. Yield class was significantly correlated with year of 

planting so the effect of soil was confounded by s iMcul tura l input which 

increased with time (i.e. sites planted later received more site preparation and 

silvicultural treatment). Therefore, results were inconclusive. 

Blyth and Macleod (1981a) found that total N in the "humus" was 

strongly related to jàeld class. In a companion paper, Blyth and MacLeod 

(1981b) found that a small number of variables, including depth to mottling 

and total P of the humus layer were able to account for 60-86% of the variation 

in local yield class, but that the regression equations developed varied too 

greatly over short distances to be useful. They found physiographic and soil 

physical properties to be more useful for predictive purposes. 

Worrell and Malcolm (1990a; 1990b) found that indices of temperature 

and windiness were strongly related to spruce 5àeld class. The amount of 

variation explained was only marginally improved by adding soil taxonomic 

class. Estimates of rainfall or potential water deficit showed no relationship. 

Day (1957), in a descriptive study of ecological requirements of Sitka 

spruce in the Queen Charlotte Islands, concluded that dominance of spruce is 



largely associated with the site characters related to soil water supply and 

drainage. He concluded that spruce is dominant on sites where there is a large 

enough supply of aerated water. The better drained the site, the more spruce 

is predominant. As this condition changes, western hemlock [Tst^a 

heterophylla (Raf. Sarg.) and western redcedar become the dominants. Spruce 

is generally the better competitor on better sites, but on less productive sites, it 

becomes even with hemlock and cedar. Green (1989) found similar results for 

the Masset Lowlands. 

Day also considered that spruce is favoured by relatively high nutrient 

status. Its presence along the sea shore is related to nutrient enrichment from 

sea spray, especially phosphorus. Spruce is associated with sites where a high 

degree of nitrification occurs. On poorly drained sites, nitrification is poor as is 

spruce growth. 

Green (1989) examined variation in tree growth in imperfectly and poorly 

drained sites in the Masset Lowlands. He used site index of western recedar as 

his measure of productivity and concluded that the site index of the other tree 

species, including Sitka spruce, was correlated with it. He found a good 

relationship between cedar site index, total N and volumetric moisture content. 

Sitka spruce showed a different pattern than did western hemlock and 

lodgepole pine {Pinus contortavar. contorta Dougl ex. Loud). Spruce height 

growth was comparably slower on poor sites and much higher on better sites. 

In terms of its autecology, Sitka spruce requires large amounts of 

phosphorous and balanced amounts of available calcium with magnesium 

(Krajina et al 1982). Its growth is greater when nitrates are more prevalent 

than ammonium compounds, but it will tolerate the latter. It has a high flood 



resistance, and can survive under prolonged but not permanent flooding. Sitka 

spruce is an indicator of nitrogen rich soils, and does not occur on moisture or 

nutrient deficient sites (Klinka et al 1989). 

1.3 The Approach 

The B E C system is potentially well suited to characterize ecological site 

quality (Green et al. 1989). The classification deals primarily with three 

ecosystem elements: climate, vegetation, and soil (including topography and 

parent materials) (Pojar et al. 1987). The recognized units thus result from a 

synthesis of vegetation, climate and soil data (op cit.). A site association 

consists of all sites that have similar or equivalent physical properties and the 

same vegetation potential. Therefore, site classification organizes ecosystems 

on the basis of more or less stable environmental attributes and according to 

the concept of ecological equivalence. 

The objective of this study was to test the ability of B E C measures of 

ecological site quality to predict growth of Sitka spruce, measured as site index 

(m @ SCtyrs at breast height age). Since the study occurred within a region of 

similar climate represented as a biogeoclimatic subzone, temperature and light 

were considered constant and the investigation focused on measures of 

moisture and nutrients. 

Individual measures of moisture and nutrients were represented as 

categorical variables; soil moisture and nutrient regime; and continuous 

variables; soil nutrients and moisture deficit (Thornthwaite et al. 1957; 

Spittlehouse and Black 1981) in combination with soil physical measures. Soil 

moisture and nutrient regimes were represented as spectra of indicator species 



groups. The synoptic effect of individual measures of moisture and nutrients 

were expressed as site associations and assumed to be represented by plant 

associations. The relationship between the categorical and continuous 

variables for soil nutrients was also examined. 



CHAPTER 2. THE STUDY AREA 

The Queen Charlotte Islands are located off the coast of Brit ish Columbia 

between Alaska and Vancouver Island in the Coastal Western Hemlock (CWH) 

biogeoclimatic zone (Meidinger and Pojar 1991). This study was situated in 

the Submontane Wet Hypermaritime CWH variant (CWHwhl) which occurs on 

the drier leeward side of the Queen Charlotte Islands mountains. 

2.1 Physiography 

The Islands are divided into three distinct physiographic regions; the 

Masset Lowlands, the Skidegate Plateau, and the Queen Charlotte Ranges 

(Holland 1976). The Queen Charlotte Ranges are rugged and range in elevation 

from 1200 m to sea level. The Skidegate Plateau ranges from 840 m to sea 

level. The Masset Lowlands are less than 160 m in elevation. A distinctive 

group within the latter is the Argonaut plain, an extensive glacial outwash 

plain on the northeastern tip of Graham Island. 

2.2 Geology and Surficial Materials 

Three major bedrock types (volcanic, sedimentary and intrusive) occur on 

the Islands (Banner et al. 1983). Volcanic rocks are the major type underlying 

most of the productive forests of the Skidegate plateau and Queen Charlotte 

Ranges. The Masset Lowlands are underlain by sedimentary rocks. Intrusive 

bedrock largely occurs in the Queen Charlotte Ranges, which were not 

included in this study. Lewis (1982) divided the volcanics into hard and soft, 

in relation to their ability to weather. The hard volcanics are basalts, found 

largely in the Queen Charlotte Ranges. The softer volcanics are deeply 



fractured and chemically weathered. Sedimentary rocks, which include 

sandstone and conglomerate, release few nutrients. The finer-grained elastics 

(siltstones, shales and argillites) weather more easily and are more base-rich 

than the former. Areas of limestone do occur in the Islands, but not in the 

area of this study. It is difficult to determine the contribution of bedrock type 

to nutrient status, since its effects can be influenced by the nature and depth 

of the surficial material (op cit.). 

Morainal and coUuvial materials are widespread in the forested 

environments (Banner et al 1983). Fluvial and organic materials also occur to 

a lesser extent, with marine, eolian and exposed bedrock the least common. 

2.3 Climate 

In the Koppen classification, the climate is Cfb (Pojar and Banner 1984, 

Trewartha 1968): mesothermal (C), with no distinct dry season (f) and a cool 

summer season with the temperature of the warmest month under 22^C (b). 

Selected climatic characteristics for stations occurring within the study area 

are presented in Table 1. 

The climate of the Queen Charlotte Islands is determined by four factors 

(Williams 1968): (1) the proximity of the Pacific Ocean to the west, (2) the 

barrier of the mountains of the mainland to the east, (3) the rugged topography 

of the Islands, and (4) the behaviour of three prominent features of 

atmospheric circulation - the prevailing westerlies, the Aleutian Low and the 

North Pacific High. 



Table 1. Selected climatic characteristics for the CWHwh l variant^ 

Climate station Masset Tlell Sandspit Sewell Inlet 

Mean annual 

precipitation (mm) 1444 1152 1281 4168 

Mean annual 
snowfall(%MAP) 6.1 5.3 6.7 3 5 
Mean monthly 
precipitation 
May-Sept, (mm) 76.9 64.2 85.4 143.9 

Mean monthly 
precipitation 
Oct.-April (mm) 150 111 142 473 

Mean precipitation 
of the driest 
month (mm) 55 51 43 108 

Mean precipitation 
of the wettest 
month (mm) 208 172 194 671 

Mean annual 
temperature (̂ C) 7.6 7.4 

Mean temperature of 
the warmest 
month (OC) 14.4 

Mean temperature 
of the coldest 
month iPc) 1.4 

7.9 7.6 

14.2 14.7 15.1 

1.3 2.0 1.1 

^ Source : Environment Canada (1980) 



Much of t±ie air masses that move over the Charlottes are carried by the 

prevailing westerlies from the direction of the open ocean (since the ocean 

tends to be warmer than the land in winter and cooler than it in summer) 

Williams (1968). The mainland Coast Range protects the Islands from 

continental air masses, which are cold in winter and hot in summer. Winters 

are thus very mild and summers rather cool. 

There is an orographic effect created by the Queen Charlotte Ranges. 

Moist air moving in from the ocean on the west is forced to rise thereby losing 

most of its moisture on the windward slopes. The precipitation is heavier on 

the westside of the Islands; this is more pronounced during the wettest (i.e., 

winter) months. This effect creates a large variation between the west and east 

coast. 

The Aleutian Low is generated by the sharp temperature differences 

between the relatively warm ocean and the cold continental land mass during 

the part of the year when the sun is south of the equator. This unstable low 

pressure system dominates the weather beginning in late September. It 

creates a series of storms that give dense cloudiness, heavy precipitation and 

strong winds during the fall and Avinter. 

The North Pacific High creates rather dry sunny conditions on the coast 

from mid-May to mid-September. Although the summers are still relatively 

cool and wet, warm, dry spells are not uncommon especially on the east coast. 



The moderating influence of the ocean has other effects. The number of 

growing degree days is high. Frost is rare. The snowpack if any, rarely 

persists, except in the higher elevations. Cloud cover and fog are frequent, so 

evapotranspirational demand even during the summer can be quite low. 

Variations in temperature are more closely related to degree of protection from 

the open ocean than latitude, and generally do not vary widely - daily, 

seasonally or annually. 

Conifers are thought to be competitively favoured by mfld, wet growing 

conditions that persist year round with the possibility of photos5mthesis during 

the winter months (Waring and Frankl in 1979). The climate in the Charlottes 

is an optimum one for conifers. 

2.4 Forest Vegetation and Soils 

The forests of Queen Charlotte Islands are described in numerous 

publications, such as Lewis (1982), Banner et ai. (1983), Banner and Pojar 

(1984) and Banner et al. (1989). This discussion is largely based on the last, 

most recent work. 

Climatic climax or zonal ecosystems occur on mesic to mesotrophic (i.e., 

fresh and nutrient medium) sites, usually on middle and upper slopes, on 

moderately well-drained moralnal and colluvial deposits. Loamy Humo-Ferric 

and Ferro-Humic Podzols with Mor humus forms are the typical zonal soil. 

Typic Folisols and Dystric Brunisols also commonly occur. 

Banner et al. (1989) identified edaphic climax forests on moist, 

productive sites, which have an intermittent or constant lateral flow of mineral 



seepage water providing a turnover of nutrients and sufficient soil aeration. 

These forests occur on active alluvial sites and middle to toe slopes of steep 

coUuvial or coUuviated morainal landforms. Mixing of soil from colluvial action 

or windthrow is also often characteristic. Banner et al (1989) considered these 

forests the most productive in the CWH on the Islands, especially on recently 

deposited alluvial material. Less productive spruce forests occur on stabilized 

sand dunes and rocky marine headlands, both of which are influenced by sea 

spray. 

Typical soils on active alluvial landforms include Dystric and Sombric 

Brunisols and Regosols with Mormoder, Rhizomoder, MuUmoder, and 

RhizomuU humus forms. Podzols with Humimors occur on inactive alluvial 

landforms. On moist, rich sites of colluvial or colluviated morainal deposits, 

soils are Dystric Brunisols cind Folisols with Humimor, Hydromor and 

Hydromoder humus forms. 

Low productivity forests are found on imperfectly to poorly drained gently 

undulating to flat terrain, such as the Masset Lowlands. Non-tidal wetlands 

are also common, but rarely contain spruce unless it is on raised hummocks. 

Sitka black-tail deer were introduced to the Islands in the early 1900s 

(Carl and Guiget 1972). They have severely altered the forest vegetation and 

depleted shrub and herb layers (Pojar and Banner 1984). Understorey species 

generally cannot persist upon stand closure (at age 25-35 years) because of 

severe competition, especially for light (Alaback 1982). The deer no doubt 

exacerbate this situation. A sparse understory on the forest floor with 

luxuriant growth on old stumps that are too high for the deer to reach is a 

common sight. Banner and Pojar (1984) caution that care must be taken in 



blaming the deer as the sole reason for a depauperate flora since overbrowsing 

varies in its severity and there is little pre-and post-deer vegetation data. 



CHAPTER 3. MATERIALS AND METHODS 

3.1 Field Methods 

Fifty-five stands of naturally regenerated second-growth Sitka spruce 

were chosen for study, representing a wide range of ecological site quality and 

geographic location (Fig. 1). In each stand, a 400m2 plot was selected that was 

1) homogeneous with respect to soils and vegetation, 2) contained trees close to 

50 years in age with dominants free of disease or damage, and 3) had not been 

altered by silvicultural practices. 

Site description for each sample plot followed the standard methods used 

by the B.C. Forest Service (Walmsley et al. 1980). Elevation, slope position, 

aspect and gradient, ground surface cover by forest floor, deca5àng wood, 

mineral soil and coarse fragment/bedrock were described. Vegetation on each 

sample plot was described using the standard methods of the B E C system 

(Pojar et al. 1987). Nomenclature followed Taylor and MacBride (1977) for the 

vascular plants, and Crum et al. (1973) for the bryophytes. Percentage cover 

(on a significance scale) of each species was estimated. Percentage cover by 

recognized vegetation strata: (A (tree), B (shrub), C (herb) and D (moss)) was 

also estimated. Epiphytic species were not included. 





In each plot, five dominant spruce trees were measured for age and 

height. Site index was determined from these measurements using site index 

curves for second growth Sitka spruce in the Queen Charlotte Islands (Barker 

and Goudie 1987). Four soil pits, randomly located within the plot, were dug. 

One was dug down to parent material or root restricting layer to determine 

depth of rooting zone, the presence of gleyed soil horizons and the depth to 

groundwater table. Rocks greater than 2 cm diamter were weighed for coarse 

fragment determination. Soils were described following the Canadian Soil 

Survey Committee (1987) and Dumanksi (1978). Humus forms were 

determined from Kl inka et al (1981). 

Samples for mineral soil and forest floor bulk density were collected from 

each of the four pits. The volume of soil removed was estimated by measuring 

the amount of water required to fill the hole created. Samples for chemical 

analysis of forest floor and of mineral soil for 0-50 cm and 50+ cm were taken 

from the centre of the three undisturbed sides of the soil pit. These were 

composited into one forest floor sample per plot and one mineral soil sample 

for 0-50 cm and 50+ cm per plot. 

3.2 Laboratory Analysis 

The mass component of bulk density was determined by weighing the 

mass of soil removed from the bulk density pit after oven-drying at 105°C to a 

constant mass. Physical variables (bulk density, coarse fragment content and 

mineral sofl porosity) were calculated following Kl inka et al (1981). Sofl 

nutrient variables were expressed in concentration (% or ppm) and on a per 

hectcire basis, calculated following the equations given in Green (1989). 



After air drying to a constant mass, composite forest floor and mineral 

soil samples for chemical analysis were ground or crushed, if necessary, then 

passed through a 2 mm sieve. The coarse fraction (>2 mm) was weighed. 

Chemical analyses were undertaken on the fine fraction (<2 mm). Mineral soil 

and forest floor pH were determined with a pH meter after suspension i n water 

1:5 for mineral soil, and 1:20 for forest floor. Total C was measured using an 

Leco Induction Furnace and C analyzer (Bremner and Tabatabai 1971). Total 

N was measured colourmetrically using semimicro-Kjeldahl digestion and N H 4 

estimated with a Technicon Autoanalyzer (Anomymous 1976). Mineralizable N 

was measured colourmetrically with the autoanalyzer after an anaerobic 

incubation procedure (Powers 1980). Total P (forest floor) and extractable P 

(mineral soil) were estimated using the extraction procedure of Mehllch (1978). 

Total S for forest floor was determined using the Fisher Model 475 Sulphur 

Analyzer. Available S O 4 - S for mineral soil was extracted using an ammonium 

acetate extraction then reduced to sulphide by HI and the amount determined 

colourmetrically (Kowlenko and Lowe 1972). Extractable Ca, Mg, and K were 

determined AA^th a Morgan's solution of sodium acetate (pH 4.8) (Greweling and 

Peech 1980) and then measured by absorption spectrophometry (Price 1978). 

Textural analysis was determined by the pipette method, with sand content 

being determined by wet sieving (Lavkulich 1978). 

3.3 Water Balance 

Growing season water balance was calculated using the Energy/Soil-

Limited Water Balance Model developed for Douglas-flr on the south-east of 

Vancouver Island (Spittlehouse and Black 1981). Thirty year climate normals 

(Environment Canada 1980) were used for solar radiation, average monthly 



temperature and total monthly precipitation. Percentage tree cover was used 

for the rain interception coefficient (the amount of rain intercepted by the 

canopy). A solar radiation coefficient of 0.85 (out of a maximum of 1.00) was 

chosen (Carter, pers. comm. 1). The lower value accommodates for fog which is 

frequent in the Islands in summer. Mineral soil rooting depth was used for 

rooting depth, except in the case of Lignohumimors where the depth of forest 

floor was used with the soil coefficient for clay. The model assumes no 

recharge due to subsurface flow from higher elevations and/or no restricted 

drainage (Carter and Kl inka 1990) and therefore cannot be applied for sites 

with those conditions. 

Actual évapotranspiration and moisture deficit were also calculated 

following Thornthwaite et al. (1957). Thirty year climate normals (Environment 

Canada 1980) were used for average monthly temperature and total monthly 

precipitation. Soil rooting depth and soil texture were used to determine the 

appropriate coefficients for water holding capacity from which actual 

évapotranspiration and moisture deficit were calculated. 

1. Reid Carter, Resource Analysis/Evaluation Forester, Fletcher Challenge 

Canada Ltd. 



3.4 Ecological Analysis and Classification 

3.4.1 Vegetation Analysis and Classification 

Plots were sorted into groups using Reciprocal Averaging (RA) in a 

progressive fragmentation fashion (Gauch 1977; Peet 1980). With each 

iteration, outliers were removed and the analysis performed again unti l there 

were no distinct groups remaining within the data. Tabular analysis was also 

used in the group formation process. The associations were then formed in a 

hierarchical classification following Pojar et al. (1987) using the VTAB 

computer programme (Emanuel 1985). 

The classification was also examined using a centered, covariance 

Principal Component Analysis (PCA) (Gauch 1977). Degree of separation was 

examined at both the association and alliance level. Component scores were 

analyzed for Axes 1-4 and for all species, understory species, with rare species 

(those occurring only once) removed, and for diagnostic species identified in the 

classification. 

Although the first PCA axis, by definition, explains the most variation in 

the data, it is possible that ubiquitous species are contributing to most of that 

variation, thus differences between groups may not be revealed on the first or 

second axis because they are mainly influenced by the more dominant, 

common species shared by all groups. Therefore the scores from the third and 

fourth axis were also explored. 



3.4.2 Site Analysis and Classification 

Soil nutrient regime (SNR) was estimated from the field key (Banner et al. 

1990), based on soil morphological properties, assisted by spectral analysis of 

indicator plants (Emanuel 1985). Relative soil moisture (SMR) regime was 

estimated from the field key, then converted into actual moisture regime from 

the conversion table, based on biogeoclimatic subzone (Banner et al. 1990). 

Final assignment was further refined by spectral analysis. Using the actual 

soil moisture and nutrient regimes identified, site associations were determined 

from Banner et al. (1990). Determination of beach side, ocean-spray affected 

sites was guided by estimates of the area of edge influence of salt spray (Cordes 

1972). 

Since classification based on field estimates is potentially subject to 

observer bias or error, the degree of agreement between the soil chemical 

nutrient data and the SNR classification was explored. No independent 

measure of soil moisture was available to test the soil moisture regime 

classification. A Ward minimum variance cluster analysis (Ward 1963; 

Wilkinson 1990) was performed to reveal natural groupings in the data and 

whether they related to assigned classes. This type of clustering, also known 

as the sums of squares method, minimizes the total within group sums of 

squares about the group centroid (Gordon 1981). The relative branch lengths 

indicate the joining distance between pairs of clusters. 

A discriminant analysis (DA) was used to test the ability of the nutrient 

data to correctly place each plot in the assigned soil nutrient regime (Wilkinson 

1990). DA is a procedure for combining variables so that the resulting 



composites have optimal properties for distinguishing the groups in the 

smallest possible number of dimensions (Gittins 1979). It identifies the linear 

combinations of the responses which best separate the groups and the 

variables that contribute the most to separating the groups. DA requires that 

the input variables have homogeneous variances and are multivariate normal. 

Homogeneity of variances of input variables was tested Avith a Bartlett's test 

(Zar 1984, Wilkinson 1990). Multivariate normality was assumed. 

3.5 Relationships Between Site Index and Ecological Variables 

Using the conceptual model that plant growth is a function of soil 

moisture and nutrients, relationships between site index and categorical or 

continuous variables representing soil moisture and nutrients were explored 

using simple and multiple linear regression analysis. Relationships were also 

explored between spruce site index and vegetation; using both plant 

associations and spectra of indicator species groups, and site, represented as 

site associations. For linear regression, the variances must be homogeneous. 

The presence of heterogeneity was was tested using a Bartlett's test (Zar 1984) 

Multiple regression analysis requires that the explanatory variables are 

not strongly interrelated (Chatterjee and Price 1977). If this condition is not 

met, then the result of the regression can be ambiguous since the coefficients 

estimated become very sensitive to slight changes in the data or addition or 

deletions of variables in the equation. Nutrients are often interrelated. 

A Pearson correlation matrix was calculated for the sets of variables of 

interest (Wilkinson 1990) (Appendix D) and only variables that were not highly 

correlated were used in a stepwise regression. The stability of the nutrient 



equations generated was tested by randomly removing five plots and comparing 

the coefficients with the original equation. If the coefficients did not vary 

greatly, then the variables are not multicollinear (Chatterjee and Price 1977). 



CHAPTER 4 RESULTS 

4.1 Vegetation Classification 

The progressive fragmentation, in conjunction with the tabular analysis, 

resulted in ten floristically similar groups (Table 2; Appendix B). These groups 

were then organized into a hierarchical classification, consisting of two 

alliances each with five associations which were arranged on a diagnostic table 

(Table 2). Only the Picea-Calamagrostis, -Claytonia, -Gymnœarpium and -

Gaultheria associations were clearly distinct A v i t h the fragmentation technique 

(Appendix B). The other associations were recognized through tabular 

analysis. 

Of all the combinations of species used to test the degree of separation of 

the vegetation groups with principal component analysis (all species, no rare 

species, diagnostic species, understoiy species), understory species at the 

alliance level showed the most separation, which was in itself marginal (Fig. 2; 

Appendix C). This lack of distinctness is further confounded at the association 

level by the small sample size of some of the associations. The third versus 

second, and fourth versus third axes showed no differences between groups, 

associations or alliances. 



Table 2. Diagnostic combination of species for plant associations distinguished 
in the study plots. 

V e g s t o t t o n u n i t 1 2 3 4 5 G 1 B â 10 

N u m b e r of p t o t s 
V e a e t a t l o n u n i t s a n d s p e c i e s 

D l a g n o s t l c l 
v a l u e ' 

5 1 
P r e s e n c e c l a s s ' a n d m 

B 
e a n s p e c i 

3 
' S c t q n 

G 
f 1 c a n c e ' 

16 G 7 

P I c a a - G a 1 l u m © 1 1 . 

Gai fum tri fforum 

P i c e a - C a l a m o g r o s t I s 

2 8 I V 3 . 3 

Cel fimagrost is nuthaen» t s ( d . c d ) 5 9 5 
Oicentra formosa ( d . c ) 5 * 5 
Hypochocrfs radical a ( d . c ) 5 3 5 
Rubus parviflorua ( d . c ) 5 5 
Vicia americana ( d . c ) 5 5 

P I c e a - C l a y t o n i a a . 

A\nu% rutyra ( d d ) 
Cl aytoni a sltji rica ( d . c d ) 
Gailum Bparine ( d . c ) 
Ci»' 'L/m triflorufn ( d d ) S • 5 
Poa marc Ida ( d . c d ) 
Polypodtum glycyrrhlza ( d . c d ) 
S t f l 1 a r l a cri spa ( d . c ) 

P I c a a - R h y t i d i a d a 1 p h u s t r 1 q u e s t r j s a . 

R h y ( t d l a d e ( p H u s t r t q u f f t r u s ( d ) 

5 7 5 
5 8 5 
5 4 . 5 
5 7 , 5 
5 8 . 5 
5 6 . 5 
5 4 , 5 

3 2 
2 , 4 

3 5 I V 1 0 11 

3 B I V J 3 

P I c e a - G y m n o c a r p l u m a . 

Conocepha1um conicum ( d . c ) 5 1 1 
Cymnocsrplum dryopteris ( d . c ) 5 4 8 
Hy 1 ocom lyjm spl cndens ( d . c ) I I 5 , 7 5 I 1 I I 2 8 
Osmorhtza chllensis ( d . c ) 5 3 8 
PIagiomnlum Insigne ( d . c d ) 5 5 5 
Rh 1 zomn 1 i /m g 1 abrescens ( d . c d ) I 1 5 5 5 7 I I I 3 0 

P i c e o - P o l y s t i c h u m a . 

Dryopt er1 s expansa ( d ) 1 1 0 I V 3 0 
Po 1 y^t 1 chum m\jn i t um ( d d ) 5 3 . 5 1 * 0 3 0 V 7 2 
Pter1dium equ1t1 nom ( d ) I I • G I V 3 0 
VaccInlum parvifollum ( d ) I * . 0 I V 2 5 

^ 0 i V 
* . 0 1 

I 
* 0 i i r 

7 . 0 m 1, -1 
* . 0 

I * 0 
I ' 0 

5 8 I V 
1 

4 5 
0 

V 4 8 

• 0 I 3 1 I I I 1 . 1 
3 5 I V a 2 I I I 3 . 3 

3 . 0 
* . 0 
* 0 

P l c e a - H y l o c o m l u m a M . 

Blechnum spicant 
Hylocomlum s p / t f n d e n s 
R f t y f fdi ad« ( p h u s ( o r e u s 
Tsuga heterophylI a 

P f c e a - G a u l t h e r l a a . 

Caultnerla shalI on 

P i c e a - T h o j a a . 

ThuJs plI cat a 

P 1 c e a - H y 1 o c o m l u r a a . 

Alnus rutjra 

P I c e a - K I n d b o r g l a a . ^ 

Plagi omnium Iniigne 
Polyst ichum muni turn 

( d ) 
( d . c d ) 
( d ) 
( d . c ) 

( d . c d ) 5 + . 5 

( d ) 
( d . c ) 5 3 , 5 

3 G 1 I 1 l I I 2 , 1 I I I l 5 I I I 1 . 1 I V 2 2 V 1 . 8 

5 1 1 I 2 8 I V 5 3 V 5 5 V 5 . 8 I V A 5 V 4 , 8 

3 3 5 I I I 1 5 I V 5 . 1 V G I V 1 . 3 V 2 V 5 , 7 

3 3 5 I V 4 G I V 3 , 3 V G 5 V r. t V 2 7 I V 3 4 

5 5 5 
1 « . 0 3 • . 0 V 7 2 

I * . 0 1 3 . 1 
1 * 0 J * . 0 I I + 0 

5 3 5 I V 1 0 I ! « 5 V 2 8 1 • O l V 7 . o ] l I I 1 . 4 

m 1 . 1 
V 2 . 0 

' S p o c l e a d i a g n o s t i c v a l u a a : d - d I f f e r o n t I a I . d d - d o m i n a n t d i f f e r e n t i a l , c d - c o n s t a n t 
d o m i n e n t , c - c o n s t a n t , l e - i m p o r t a n t c o m p a n i o n ( P o j a r s t a l . 1 9 8 7 ) . 

• P r e s e n c e c l a s s e s a s p e r c e n t o f f r e q u e n c y ; I - 1 - 3 0 . I I - 2 1 - 4 0 , 1 1 1 - 4 1 - 6 0 , I V - 6 1 - 8 0 . 
V - 8 1 - 1 0 0 . I f 5 p l o t s o r l e s s , p r e s e n c e c l a s s I s a r a o l c v a l u e ( 1 - 5 ) . 

' S p e c i e s s i g n i f i c a n c e c l a s s m i d p o i n t p e r c e n t c o v e r a n d r a n g e : • • 0 . 2 ( 0 I - 0 3 ) . i • 
0 7 ( 0 . 4 - 1 . 0 ) , 2 - 1 . 6 ( 1 . 1 - 2 . 1 ) , 3 - 3 . 6 ( 2 . 2 - 5 0 ) , 4 . 7 . 5 ( 5 . 1 - 1 0 0 ) . 5 -
1 5 . 0 ( 1 0 . 1 - 2 0 . 0 ) , 6 - 3 6 . 5 ( 3 0 , 1 - 3 3 . 0 ) , 7 - 4 1 . 5 ( 3 3 . 1 - 5 0 . 0 ) , 8 - 6 0 . 0 ( 5 0 . 1 -
7 0 . 0 ) . 9 - 8 5 . 0 ( 7 0 . 1 - 1 0 0 ) . 



Fig. 2. 80% confidence ellipses for principal component scores for plant 
alliances along first two principle axes. l=Picea-Galiam alliance, 2=Picea-
Hylocomium alliance from Table 2. 



Synoptic characteristics for plant associations are presented in Table 3 

and box plots of site index in Fig. 3. There is a trend of increasing site index 

within the associations, but it is not related to the order of the associations in 

Table 2. 

Table 3. Means and standard deviations (in parentheses) for selected 
environmental characteristics for plant associations. 

P l an t 1 2 3 4 5 6 7 8 9 10 

assoc ia t i on ^ 

N u m b e r o f p lo ts 1 1 5 2 8 3 6 16 6 7 

S S SI 21 3 2 23 33 31 23 27 37 3 2 35.1 

(0.0) (0.0) (3.9) (4.2) (5.4) (7.2) (3.9) (3.7) (6.8) (3.4) 

S M R S D S D S D - W F - M S D - W S D - M S D - W F - V M S D - V M S D - W 

S N R M R P - V R M - R M - V R P - M M R M - V R P -VR R - V R 

G l ey ing2 0 0 20 0 32 0 12 6 7 18 24 .5 

(0) (0) (0) (0) (0) (0) (0) (21) (0) (1) 

Wate r tab l e^ 0 0 0 0 4 5 0 54 10 66 3 5 

(0) (0) (0) (0) (17) (0) (9) (21) (0) (16) 

T O T N ^ 7 0 1 2 10918 4 6 7 2 4 7 4 8 10245 3 8 7 8 5 6 9 6 8 6 3 5 8 6 2 6 8 5 1 9 

(0) (0) (2930) (605) (3106) (1699) (1640) (3337) (2719) (5305) 

M I N N 106 109 127 113 199 120 157 175 192 180 

(0) (0) (54) (23) (149) (25) (50) (68) (70) (80) 

F F C N 51 35 4 0 36 36 52 4 0 4 2 3 9 27 

(0) (0) (8) (18) (9) (7) (4) (8) (8) (6) 

^ Plant associations from Table 2. 1-Calamagrostis, 2-Claytonia, 3-RhytidiadelphiLS, 
4-Gymnocarpium, 5-Polystichum, 6-Gaulthena, 7-ThiLja, 8-Hylocomium, 9-Alnus, 

lO-Kindbergia 
^ Depth to gleyed horizon (cm) measured from the soil surface. Average is based on plots 
where gleying occurred. 

Depth to water table (cm) measured from the mineral soil surface. Average is based on plots 
where water table occurred. 
^ A l l nutrient values in kg/ha and combined forest floor and mineral soil unless otherwise 

indicated. 
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Fig. 3. Box plots for Sitka spruce site index by plant association (PA) for 
associations with greater than one plot. Numbers designating PAs are 
explained in Table 2. 



4.2 Soil Moisture Analysis 

Selected characteristics for SMR are presented in Table 4. Site index 

shows a significant trend (p<0.05) of higher in F-M-VM and lower in SD and W 

SMRs. Soil nitrogen shows no significant trends but the means are highest in 

the moist sites and lowest in the wet sites. As would be expected, depth of 

gleying and depth to water table are lowest in V M and W. 

Values generated from the Energy/Soil Limited Water Balance Model 

(Spittlehouse and Black 1981) are not presented. Model results could not be 

confidently applied due to poor weather data and the lack of calibration of 

model coefficients for the North Coast. This finding is further discussed in 

Section 4.5 and Chapter 5. 

Values from the Thornthwaite model are also not presented 

(Thornthwaite et al. 1957). For the plots at Sewell Inlet, precipitation exceeded 

the actual potential évapotranspiration calculated by the model, therefore, no 

deficit occurred. The model calculated a growing season moisture deficit for all 

other plots of between 45 and 105 mm, giving an actual/potential 

évapotranspiration ratio between 70-85% and deficit for 3 months of the 

growing season. Excluding the plots where a water table was present so no 

deficit occurred, the Thornthwaite model would place all the remaining plots as 

moderately dry (Klinka et al. 1989), which is unlikely to be accurate. These 

results are discussed further in Chapter 5. 



Table 4. Means and standard deviations {in parentheses) for Sitka spruce site 
index and selected soil characteristics by soil moisture regimes. Rows with no 
values superscripted in the same row indicate no significant differences 
between means. 

S M R Slightly Dry Fresh Moist Very Moist Wet 
Number 
of plots 1 4 1 1 1 5 1 0 5 

SS SI 2 5 . 1 ^ 3 3 . 6 ^ 3 6 . 7 ^ 3 3 . 1 ^ 2 6 . 4 A 

(5.0) (4.7) (3.5) (5.7) (4.4) 

T O T N I 7 0 7 7 8 3 2 3 8 7 0 5 8 1 8 7 5 0 0 6 

( 3349 ) ( 4121 ) ( 3444 ) ( 3869 ) ( 2833 ) 

M I N N 1 5 8 1 5 8 2 0 3 1 5 7 1 2 6 

(60) (73) (111 ) (70) (41) 

G L E Y I N G ^ oA Q A 3 0 B 4 0 ^ 3 0 ^ 

D E P T H (0) (0) (0) (7) (5) 

W A T E R 3 oA Q A oA 4 4 B 2 7 B 

D E P T H (0) (0) (0) (27) (16) 

R O O T I N G 5 7 5 5 6 5 5 0 2 6 

D E P T H (21) (16) (29) 2 3 (15) 

^ A l l nu t r i en t va lues i n k g / h a a n d comb ined forest floor a n d m i n e r a l so i l . 

2 D e p t h to gleyed ho r i z on (cm) m e a s u r e d f r om the so i l sur face (average o f where g ley ing occurred ) . 

D e p t h to wate r table (cm) m e a s u r e d f rom the m ine ra l so i l sur face (average o f plots where wa te r table occurred ) . 

V a l u e s w i t h dif ferent letters supe rsc r i p t ed i n the same row ind ica te s i gn i f i cant ly dif ferent means (P< 0.05, T u k e y ' s test). 



4.3 Soil Nutrient Analysis 

Selected characteristics for soil nutrient regimes (SNR) are presented in 

Table 5. Site index increases significantly (p<0.05) from poor to very rich SNR. 

While not significantly different, the mean values of FFP and FFS are highest 

for the very rich sites. There is a trend of decreasing forest floor C/N and 

increasing total and mineralizable N with richer sites. In comparison with the 

classes proposed by Kl inka et al (1989) for actual soil nutrient regimes, those 

identified in this study have much higher values for nitrogen (both total and 

mineralizable), while pH and forest floor C/N have a relatively smaller range. 

However, the classes of Kl inka et al (1989) were developed for southwestern 

B.C. so direct comparisons are not likely applicable. Percentage of indicator 

species indicating nitrogen rich soils (NITR3) do increase with richer nutrient 

regimes, although it is not significant (p>0.05). 



Table 5. Means and standard deviations (in parentheses) for Sitka spruce site 
index and selected characteristics by soil nutrient regimes. Rows with no 
values superscripted in the same row indicate no significant differences 
between means. 

SNR Poor Medium Rich Very Rich 
Number 
of plots 4 18 2 2 11 

SS SI I 9 . 5 A 2 8 . 9 ^ 3 4 . 8 ^ 3 3 . 6 ^ 
(3.7) (5.8) (3.7) (6.2) 

FFPH 4.0 4.1 4.1 4 . 2 
(0.4) (0.4) (0.4) (0.4 

FFCN 4 9 A 4 3 A 3 5 B 3 2 B 

(8) (7) (9) (4) 

TOTN^ 2 7 7 7 A 5770^ 8 8 1 1 ^ 10844^ 
(857) (1429) (3578) (3262) 

MINN 8 7 A 14 lA I 6 5 A 2 4 3 ^ 
(7) (48) (62) (116) 

FFP 414 4 4 4 437 652 
(94) (288) (232) (258) 

FFS 308 383 397 573 
(188) (273) (215) (256) 

SUMCAT 1115 2040 2287 2087 
(763) (2136) (2550) (939) 

N I T R 3 2 3 10 27 30 
(5) (18) (34) (30) 

^ A l l nutrient values combined forest floor and mineral soil in kg/ha unless prefaced by FF 
(forest floor only). 

^ Spectral frequency of indicator species groups indicating nitrogen rich soils. 

Values with different letters superscripted in the same row indicate significantly different 
means (P< 0.05, Tukey's test). 



The patterns of the combined soil moisture and nutrient regimes with 

respect to site index (Table 6) are similar to that of individual regimes (Tables 4 

and 5). Site index increases with site richness. Moist sites show the highest 

site index followed by fresh and very moist sites. 

Table 6. Means, standard deviations (in parentheses) and number of plots for 
Sitka spruce site index by soil moisture and nutrient regimes. 
Soil moisture Soil nutrient regime 
regime Poor Medium Rich Very Rich 

Slightly Dry 16.5 22.6 30.3 28.5 
(1.5) (2.1) (1.5) (0.6) 
n=2 n=5 n=3 n=4 

Fresh 29.7 35.5 34 
(2.1) (5.3) (0) 
n=3 n=6 n=2 

Moist 34.6 37 41 

(3.6) (0.7) (1) 

n=7 n=5 n=3 

Very moist 22 26 34.7 40 
(0) (0) (3.0) (0) 

n=l n=l n=7 n=l 

Wet 23 25 34 25 
(0) (1.4) (0) (0) 

n=l n=2 n=l n=l 



4.3.1 Cluster Analysis for Soil Nutrients and Soil Nutrient Regime 

The Ward minimum variance cluster analysis (Wilkinson 1990) used 

FFpH, FFCN, combined forest floor and mineral sofl total N, mineralizable N, 

forest floor total S, and sum extractable cations (Ca, Mg, K) (Fig. 4). A l l 

nutrients were measured in kg/ha. These measures were chosen as they 

showed the most variability within the data and/or have been used to 

previously characterize SNR (Klinka et al. 1989). 

The cluster analysis shows 4 broad groupings within the data which 

generally exhibit a trend from poor to very rich. There are however some 

exceptions. These were either extremely high or low in one nutrient with 

respect to other plots in the same SNR or they are at the boundary between 

classes. Generally, cluster analysis supports the SNR classification. 
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Fig. 4. Dendrogram produced by cluster analysis for 
selected soil nutrient variables and soil nutrient regimes. 
P=poor. M=medium, R=rich, VR=very rich 



4.3.2 Discriminant Analysis for Soil Nutrients and Soil Nutrient Regimes 

Forest floor pH and C/N, mineral soil pH and C/N, forest floor P and S, 

and combined forest floor and mineral soil total N, mineralizable N and sum 

extractable cations (all in kg/ha) were used in the discriminant analysis. 

Nutrients in kg/ha were transformed to log (10) to homogenize the variances. 

These measures were chosen since values for individual nutrients in kg/ha or 

concentration could not be transformed to make the variances homogeneous. 

Of all the variables tested, only log total N, log mineralizable N, and FFCN 

contributed significantly to the discrimination (p< 0.05). The canonical 

correlations of the derived functions were 0.87 for the first function and 0.34 

for the second. The first function is, therefore, more strongly related to the 

nutrient regime classes than the second. With 80% confidence ellipses, there 

is overlap between the groups (Fig. 5) but the centroids are all significantly 

different from each other (p < 0.01 Wilks' Lambda F-statistic). The ellipse was 

omitted for the poor group because of too few observations. 

As with the cluster analysis, the cases of where the proposed 

classification did not agree with the DA, the plots were located at class limits, 

and/or had one nutrient that was exceptionally low or high compared the other 

plots in the same class. Generally the DA supports the classification (Table 7). 

Standardized coefficient functions are presented in Table 8. 



Fig. 5. Ordination of the study plots as a function of the first canonical 
yanates (determined by discriminant analysis) showing 80% confidence el 
for soil nutrient regime classes. P=poor, M=medium, R=rich, V=very rich 



Table 7. Group membership predicted by discriminant analysis 
SNR P M R VR Total %Correctly 

classified 

P 3 1 0 0 4 75 
M 0 17 1 0 18 94 
R 0 4 16 2 22 73 
V R 0 0 1 10 11 91 

Total 3 22 18 12 55 83 (average) 

Table 8. Constants and coefficients of classification functions for soil nutrient 
regimes determined by discriminant analysis. 

SNR P M R VR 

Constant -608.03 -674.05 -722.90 -770.24 

F F C / N 0.12 -0.08 -0.32 -0.44 

LGTOTN 235.65 251.63 264.00 268.48 

LGMINN -47.59 -44.21 -44.91 -40.14 



4.4 Site Classification 

Thirteen site associations were distinguished following Banner et al. (1990). 

Selected characteristics by site association are presented in Table 9, and for site 

index in Fig. 6-8. There is a trend of increasing site index with rich-very rich and 

fresh-moist-very moist site associations (Fig. 8). The nutrient values are less clear 

(Table 9). The slightly dry rich-very rich associations (11 and 5) have as much total N 

as 6, but site index is less. Mineralizable N is highly variable. A Tukey's test (Zar 

1984) was attempted to test for significant differences in site index among the site 

associations (SA). However, the results were too difficult to interpret. While the 

extremities are significantly different (SA 10,4,11 versus 2,7,6,9 in Table 9), the 

associations in the middle overlap. The site index for SA8 is not significantly different 

from any other association, likely due to its high standard deviation. A box plot of 

site index versus site association was chosen instead for presentation (Fig. 8). 

Associations with only one plot were not included. 



Table 9. Mccins and standard deviations (in parentheses) for selected characteristics by site associations in order of 
increasing average site index. 
Site association^ 10* 13 3 11* 4 12* 5 8 1 2 7 6 9 
Number of plots 1 5 1 1 3 1 7 2 3 7 8 14 2 

SS SI 15.0 22 22.0 21 24.3 26.0 29.3 29.5 29.7 34.6 35.4 36.6 38.0 
(0) (2.5) (0) (0) (1.5) (0) (1.4) (6.4) (2.1) (3.7) (3.4) (4.1) (2.8) 

SMR SD* SD V M SD-F* W M-VM* SD-F W F M V M F-M HB 
SNR P-M* P-M P-M R-VR* P-M P-M R-VR R-VR P-M P-M R-VR R-VR R-VR 

FFPH 4.5 4.1 3.7 4.0 3.9 4.2 4.0 4.6 4.2 3.9 4 .3 ' 4.0 4.1 
(0) (0.3) (0) (0) (0.1) (0) (0.3) (0.4) (0.1) (0.5) (0.5) (0.3) (0.4) 

FFCN 59 39 41 51 45 45 33 31 46 49 38 33 33 
(0) (8.4) (0) (0) (1) (0) (9) (5) (4) (5) (8) (9) (2) 

Total N 2 2448 4044 4030 7012 4051 5980 9914 6441 5716 6569 8982 10068 9025 
(0) (1289) (0) (0) (1821) (0) (1598) (4315) (1200) (1454) (3919) (4265) (754) 

Mineralizable N 91 123 91 107 110 48 199 149 171 155 179 203 169 
(0) (21) (0) (0) (32) (0) (57) (54) (32) (59) (59) (124) (56) 

1 Si te assoc ia t i on codes: (*=beach associat ion) 1 -HwSs-Lanky m o s s , 2 - C w H w - B l u e b e r r y , S - C w Y c - G o l d t h r e a d , A-PlYc-Sphagnum, 5 -CwSs -Sword f em , 6-CwSs-Foamf lower , 

7 - C w S s - C o n o c e p h a I u m , 8 - C w S s - S k u n k cabbage. 9-Ss-Uly-o f - the-va l ley , 10* -Ss -Sa la l , 11*-Ss-Reedgrass, 12* Ss -Sword f em, 13 S s - S a l a l 

^ N u t r i e n t va lues i n k g / h a comb ined forest floor a n d m i n e r a l so i l u n l e s s otherwise ind i ca ted . 
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4.5 Relationships between Sitka Spruce Site Index and Measures of 

Ecological Site guality 

There was a very weak relationship between spruce site index and 

individual continuous soil variables. Mineral soil TOTN, MINN, forest floor Mg, 

and K (logged to homogenize the variances) showed a weak relationship with 

site index (adjusted = 0.25, 0.10, 0.27, and 0.23, respectively). TOTC, C/N, 

pH, Ca, FFP and S showed no relationship with site index. MSP could not be 

transformed to make the variances homogeneous. Soil physical variables 

(coarse fragment content, rooting depth and mineral soil porosity) also showed 

no relationship with site index. 

Multiple linear regression equations were more successful than single 

variable models in explaining variation in site index (Table 10). Soil nutrients 

were able to explain 35-45% of the variance in site index, either as continuous 

or categorical variables or principal component analysis scores. The nutrient 

analytical models (models 3 and 4) and the categorical model (model 2) are 

roughly equivalent. Various permutations of principal component analysis 

scores of nutrient data (covariance versus correlation; data in concentration 

versus kg/ha) were essentially equivalent in explaining in the range of site 

index. 

The variables that were successful in discriminating the SNR classes 

(LOGTOTN, LOGMINN and FFCN) could not be used together in a multiple 

regression model since the nitrogen terms are highly correlated (Appendix D). 

Adding F F C N to either LOGTOTN or LOGMINN did not increase the amount of 

variation explained by either nutrient used alone. 



Table 10. Models for regression of Sitka spruce site index on selected 
continuous and categorical variables, n = 55 

1) SI = 29.352 - 8.352(PA1)1 + 2.648(PA2) - 6.352(PA3) + 
3.648(PA4) + 1.523(PA5) - 6.352(PA6) - 2.532(PA7) 
+ 7.148(PA8) + 2.648(PA9) 

adjusted = 0.49 S E E = 4.6 m. 

2) SI = 33.636 - 14.136(P)2 - 4.747(M) + 1.182(R) 

adjusted R^ = 0.40 S E E = 5.0 m. 

3) SI = -20.703 + 19.3(LOGTOTN)3 - O.OKLOGK)* 

adjusted R^ = 0.37 S E E = 5.1 m 

4) SI = 29.567 + 0.0I2(FFMINN)5 + 0.002(FFCA)6 

- 18.923(LQGFFK)'' + 3.793(LOGMSMINN)8 

adjusted R^ =.42 S E E = 4.9 m 

5) SI = 27.884 - 2.772(SD)9 + 5.034(F) + 8.341(M) 

+ 5.256(VM) 

adjusted R^ = 0.45 SEE= 4.8 m. 

6) Ln(SI)10 = 3.351 . 0.179(SD)11 + 0.048(F) + 0.174(M) 
+ 0.039(VM) - 0.294(P) - 0.025(M) + 0.157(R) 
adjusted R^ = 0.80 S E E = 0.1 m. 

l212 = 0.79 Empirical SEE 13 = 7 . 8 m . 
7) Ln(SI) = 3.296 + 0.093(SA1)14 + 2.242(SA2) - 0.205(SA3) 

- 1.105(SA4) + 0.080(SA5) + 0.300(SA6) + 0.266(SA7) 
+ 0.077(SA8) + 0.340(SA9) - 0.588{SA10) - 0.251(SA11) 
-0.038(SA12) 

adjusted R^ = 0.80 S E E = 0.1 m. 
I^ = 0.79 Empirical S E E = 6.0m. 

^ D u m m y var iab les represent ing p l an t assoc ia t i ons f rom Table 2. 

^ D u m m y var iab l es represent ing so i l nv i tr ient regimes. 

c o m b i n e d forest floor a n d m i n e r a l so i l tota l n i t rogen i n k g / h a (loglO) 

^ c omb ined forest floor a n d m i n e r a l so i l p o t a s s i u m in k g / h a (loglO) 

^ forest floor m inera l i zab l e n i t rogen i n p p m 

^ forest floor c a l c i u m i n p p m 

^ forest floor p o t a s s i u m i n p p m (log 10) 

^ i n in e ra l so i l m inera l i zab le n i t rogen i n p p m (loglO) 

^ D u m m y var iab les represent ing so i l mo i s tu r e regimes, 

^"^natural log o f site index 

^ ̂  D u m m y var iab les as i n 1 a n d 10 above. 

E m p i r i c a l R^, a n es t imated based o n an t i l og va lues . 

•̂̂  E s t i m a t e d s t a n d a r d error of tl ie es t imate , based on an t i l og va lues-

1^ D u m m y var iab les represent ing site assoc ia t i ons . Symbo l s exp l a ined i n Table 9. 



Since nutrients are often interdependent which could potentially violate 

the assumptions of multiple linear regression analysis, the two chemical 

nutrient equations (models 3 and 4) were tested for multicoUinearity. Five 

plots from the data set were randomly removed and the coefficients examined 

for any large differences (Table 11). If large differences were found, the 

equations were unstable, a sign of multicoUinearity (Chatterjee and Price 

1977). The equations developed were relatively stable when five plots were 

randomly deleted and, therefore, were not multicoUinear (Table 11). 

Table 11. Coefficients and R-̂  for best multiple linear regressions of 
continuous nutrient variables for all plots and 5 plots removed. 

Al l Plots 5 Plots Removed 

Variable Coefficient R2 Coefficient R2 

FF+MS (kgha) 
(model 3) 
CONSTANT 
LOGTOTN 
LOGTOTK 

-20.703 
19.300 

-10.010 

.37 -19.367 
18.363 
-9.026 

.35 

Concentration 
(model 4) 
CONSTANT 
FFMINN 
FFCA 
LOGFFK 
LOGMSMINN 

66.166 
0.012 
0.002 

-18.923 
3.793 

.42 66.271 
0.010 
0.002 

-19.091 
4.148 

.44 

SMR was the only successful moisture variable, with an adjusted R"̂  of 

0.45 (model 5). Models using depth to gleying and depth to water table and 

water deficit predicted by the water balance models (Thornthwaite et al. 1957; 

Spittlehouse and Black 1981) showed no relationship with site index. 

A further examination of the Energy/Soil Limited Water Balance Model 

(Spittlehouse and Black 1981) results showed that the major discrepancy 



between slightly dry sites predicted by the model versus those of the SMR key 

occurred consistently in two conditions. First, the model did not predict a 

moisture deficit for the beach sand dune sites which are very coarsely textured 

and rapidly drained but have a large rooting depth. 

Second, the model predicted a deficit for some fresh sites in the interior 

of the Islands, near Moresby Camp and south of Juskat la (Fig. 1). Climate 

data from the nearest stations, Sandspit and Masset, are unlikely to be 

applicable to these sites since the inlets receive more precipitation than the 

coast. Sewell Inlet is at the head of an inlet abutted by the San Cristoval 

Ranges at the border between the CWHwh and CWHvh subzones and has a 

climate record for only 7 years (Environment Canada 1980). Therefore the data 

from the Sewell Inlet station could not be used as a substitute. It is unlikely 

that the model developed for south coast Douglas-fir, is applicable in the 

Queen Charlottes, a point that is further elaborated upon in Chapter 5. 

For models that expressed a combination of moisture and nutrients, both 

the SMR+SNR model (model 6) and the site association model (model 7) were 

equally successful in explaining the most variation in the logarithm of site 

index (adjusted R 2 = 0.80) with similar M S E (0.466 and 0.432 respectively). 

However, the variances of the site association model were not homogeneous 

even when logged as compared to the SMR+SNR model (Fig. 9 and 10). The 

categorical regression of plant associations was the most successful vegetation 

model (adjusted R'^=0.49). Models using vegetation PCA scores only explained 

30% of site index variation. There was no relationship between site index and 

frequency of indicator species groups for soil moisture or soil nitrogen. 
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Fig. 9. Predicted versus actual values of ln(site index) and residual versus 
estimated values of ln(site index) for model 6 (soil moisture plus soil nutrient 
regime). Adjusted = 0.80 
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The relationship between SNR, SMR and site index can also be expressed 

graphically with clines of site index on an edatope (a grid of SMR and SNR) 

seasu Krajina (1969) (Fig. 11). Model 6 (SMR and SNR) was used with least 

squared smoothing to construct the clines. The grid reveals that the optimum 

growth for Sitka spruce is in the region of moist and very rich sites, which 

concurs with Kl inka et al (1989). This differs with Krajina (1969) which 

considered that very moist and very rich were the optimum conditions for 

spruce. 



Fig. 11. Edatopic grid showing Sitka spruce site index in relation to soil 
nutrient and soil moisture regimes. P=poor, M=medium, R=rich, VR=veiy rich; 
SD=slightly dry, F=fresh, M=moist, VM=very moist, W=wet. 



CHAPTER 5. DISCUSSION 

The objective of this study was to test the ability of biogeoclimatic 

ecosystem classification units to represent ecological site quality and be able to 

predict growth of Sitka spruce, measured as site index. For B E C variables to 

be good predictors, they must explain a significant amount of variation i n site 

index and be equal or superior i n that ability with respect to the analogous 

continuous measures. Therefore relationships between categorical and 

continuous variables were also investigated. 

The B E C classification units were successful at predicting site index of 

Sitka spruce. The best models developed in this study used either soil 

moisture plus nutrient regime or site association. Both had an adjusted R-̂  = 

0.80 (I-̂  = 0.79), and similar MSEs although the variance of the site association 

model was not homogeneous; therefore it should not be used for predictive 

purposes. This result concurs A v i t h previous studies that have used units of 

the B E C system to predict site index for second-growth Douglas-fir and found 

them to be successful (Green et al 1989; K l inka and Carter 1990). 

Carter and Kl inka (1990) who found a good relationship with Douglas-fir 

site index and water deficit as predicted by the Energy Limited Water Balance 

Model (Spittlehouse and Black 1981). This study showed no relationship 

between site index and water deficit as predicted by the model. A similar study 

investigating ecological site quality and site index relationships for western 

hemlock on the west coast of Vancouver Island also had the same result 

(Kayahara 1992). 



There are two sources of problems with the water balance model. First is 

the input data for weather which consists of monthly time steps of 30 year 

climate normals. Second are the coefficients used to calculate model 

parameters and the assumptions made about when évapotranspiration 

becomes soil moisture limited. Spittlehouse (1981) concluded that it was 

"obvious" that the model parameters needed to be calibrated for different 

species and ecosystems before the model could be applied outside the range of 

south coast Douglas-fir ecosystems where it was developed. The study of Carter 

and Kl inka (1990) occurred within the range for which the model was 

developed. 

The model is especially sensitive to precipitation which is essentially its 

driving variable (D. Spittlehouse pers. comm. )̂ The climate stations in the 

Charlottes are in the driest sunniest part of the Islands and are not 

representative of the range of rainfall patterns that occur. Frequently the east 

coast (Sandspit and Tlell) wil l be clear and sunny while it is raining or foggy in 

Skidegate Inlet. The fresh sites predicted by the model as slightly dry were 

located away from the east coast. For stands not along the east coast, the 

forest is likely experiencing more rainfall than the weather data would predict. 

In the Vancouver Island study (Kayahara 1992), for sites that were considered 

to be dry or slightly dry by morphological characteristics, the model predicted 

no deficit which Kayahara attributed to very high precipitation in the climate 

data. Finally, daily rather than monthly time steps may be more appropriate; 

however, an investigation of this was beyond the scope of this study. 

David Spittlehouse, Research Scientist, B.C. Ministry of Forests Research 

Branch. 



Several coefficients are used in the model (Spittlehouse and Black 1981; 

Carter and Kl inka 1990). Soil depth and coefficients for texture are used to 

calculated available water storage capacity. Evaporation is calculated using 

the Priestley-Taylor coefficient which is based on tree physiology. The model 

assumes that évapotranspiration is energy limited, unti l soil water reaches 

60%, then it becomes water limited. 

It is unknown whether the solar coefficient chosen sufficiently accounted 

for fog, a common phenomenon in the Charlottes and likely an important 

component of water balance. It is also unknown whether an evaporation 

coefficient for Douglas-fir can be applied to Sitka spruce and whether the 

assumption of évapotranspiration becoming water limited at 60% of soil water 

capacity is valid. 

The coefficients used for soil are probably accurate since they were 

measured empirically in the field and are based on soil texture which is 

independent of other factors. Water characteristics as a function of texture 

class are probably relatively consistent (A. Black pers. comm. The model did 

not predict a deficit for the very coarse textured rapidly drained soils on the 

beach side sand dunes. These forests occur in an exceptional edaphic 

situation and may be difficult to incorporate in a model. It is possible that 

aside from such edaphic situations, (i.e., forests growing on beach dunes and 

bedrock), trees do not experience a moisture deficit on the coast. 

Andy Black. Professor, Dept. of Soil Science, U.B.C. 



The Thornthwaite model (Thornthwaite et al. 1957) is also inadequate for 

describing water balance. It derives potential évapotranspiration from 

temperature, latitude and precipitation and its accuracy is a function of the 

climate data and therefore may be suspect. The most serious problem occurs 

with the calculation of actual évapotranspiration which is based on coefficients 

for combinations of rooting depth, soil texture and vegetative cover. There are 

no appropriate coefficients for second-growth forests. The only coefficients 

given for forests assume a minimum rooting depth of 1.5 m. Rooting depth in 

this study ranged from 0.25 to 1.00 m. The only coefficients with appropriate 

rooting depths given were for agricultural crops which have different moisture 

behaviour from closed canopy second-growth forests. The higher transpiration 

and evaporative loss associated with food crops in bare soils in comparison to 

forests likely accounts for all the sites being classified as moderately dry, which 

is not realistic. 

An independent field based measure of soil moisture is required to 

assess the performance of its categorical equivalent, soil moisture regime, in 

predicting site index, to give an independent evaluation of the relative soil 

moisture key and actual conversion table (Banner et al 1990) and provide 

more accurate, site specific climate data for the Charlottes. The Energy-

Limited Water Balance model does predict deficits for some sites in the 

Charlottes. However, they show no relationship with site index. Inspection of 

the results indicates that the soil moisture regimes are more realistic in terms 

of their assessment of moisture status, but that conclusion is not supported by 

any data. Therefore, the possibility still exists that the model is correct and the 

key is wrong with respect to moisture deficit. It is beyond the ability of this 

author to recommend specific techniques, but instruments do exist that can 

measure both the soil moisture content, its change over the growing season 



and rainfall on the site (A. Black pers. comm.). With the poor climate data, 

even if the coefficients were properly Ccilibrated, the model may still be 

inadequate. 

K l inka and Carter (1990) concluded that categorical variables were 

slightly better than their analytical counterparts in explaining variation in 

Douglas-fir site index. It is difficult to say whether this study supports this 

finding since there was no valid analytical variables for soil moisture, therefore 

no analytical model of moisture and nutrients could be developed. Analytical 

models may be valuable for describing Sitka spruce site index and the poor 

results obtained in this study may be due to a poor representation of soil water 

balance. 

The SNR model was not clearly superior to the analytical multiple 

regression models using soil nutrients. However, the former does have the 

advantage of being more easily measured in the field. Also, given the variability 

in nutrient equations reported in previous studies (e.g. Blyth and MacLeod 

1981b) the SNR model may be more reliable and applicable over a wider range 

of conditions. 

In terms of nutrient studies, previous work has found nitrogen to be 

important (Blyth and MacLeod 1981b; Green 1989). This study concurs with 

that finding, which is not surprising since nitrogen is considered the most 

limiting factor for any conifer in the Pacific Northwest (Radwan et ai 1986). The 

importance of C/N ratio and FFpH is no doubt related to their effect on 

nitrogen availability. Considering the autecology of spruce, Mg, Ca, and P are 

also potentially significant (Krajina et al. 1982). Blyth and Macleod (1981b) 

found "humic" P to be important. This study found no relationship with FFP 



and no conclusions could be made about MSP since the variances were not 

homogeneous. Ca was shown to be related to site index, and K rather than Mg. 

Due to the correlation of the cations (Appendix D), regression models could not 

be constructed with both Ca and Mg and the models with Ca and K performed 

the best. With the interrelationships between the cations, Mg is likely 

indirectly represented. With respect the studies in Great Britain,(e.g.Blyth and 

Macleod 1981a; 1981b) caution should be applied in extrapolating results to 

North America. Sitka spruce in Britain is an exotic, planted and managed 

under an intensive silvicultural regime and therefore may be established on 

sites where it might not occur in its native conditions. 

Previous studies on productivity of Sitka spruce, as reviewed in Chapter 

1, have had inconclusive results as to the most important factors for spruce 

growth. Some studies found a weak relationship to soil physical and 

taxonomic variables (Stephens et al 1968; Worrell 1987; Ford et al 1988), but 

such models have performed poorly. This study found no relationships with 

soil physical variables. 

The SNR classification was well supported by the discriminant analysis 

(DA), and to a lesser extent the cluster analysis. The DA indicated that of all 

the nutrient variables, only total N, mineralizable N and forest floor C/N ratio 

are important in discriminating the classes. These variables were found 

previously to be important in delineating soil nutrient regimes (Courtin et al 

1988). However, this study found fewer variables useful in the discrimination 

than the latter study. There were no independent data to assess the accuracy 

of the soil moisture key. As stated previously, this is essential. Unti l such a 

calibration is done, the key should be applied with caution. 



This study was conducted in second-growth forests in order to limit the 

error in predicting site index (metres @ 50 years breast height age) However, for 

forest management purposes results need to be applicable to other 

successional stages. Green et al. (1989) felt that their model for immature 

Douglas-fir using site variables was applicable to other successional stages, 

since site units are identified by environmental variables which remain 

relatively constant over time. These models are therefore stronger than the 

ones based solely on current vegetation on the site which change with 

successional processes. 

There were no relationships between indicator species groups and site 

index. This result contrasts with Green et al. (1989) which found an of 0.87 

with frequency of indicator species groups and second-growth Douglas-fir site 

index. Forests at or near canopy closure have poorly developed understorey 

(and indicator) flora (Klinka et al. 1989) and the lowest species diversity (Harris 

1984). In the Queen Charlottes, this lack of understory is further exacerbated 

by the intense browsing pressure of introduced deer. In addition, immature 

Douglas-fir stands may remain more open so there is more light for understory 

species. Green (1989) found a poor functional relationship with indicator 

species groups and site index of western redcedar in the Charlottes which he 

attributed to a closed canopy and the "non-site" variation of deer browsing. 

The predominant influence on understorey vegetation in the Charlottes is most 

likely not site characteristics. Rather, it is intense deer browsing. Therefore 

any relationships with vegetation will be marginal at best, such as the degree of 

separation of plant alliances and associations. 

The PCA shows that the plant associations are weakly distinguished. 

Vegetation occurs on a continuous gradient, therefore some overlap could be 



expected. While it is admittedly arbitrary to place more weight on tabular 

analysis, given the paucity of the understorey, it is justified. Franklin et al. 

(1982) also found PCA a poor tool for delineating plant communities in 

comparison to tabular analysis. 

Use of site index as a measure of growth potential of the moisture and 

nutrient conditions of a site assumes that height growth only reflects those site 

conditions and other factors such as mechanical forces are a constant. In the 

case of the beach ecosystems, this assumption may not be true in that height 

growth may actually be more influenced by mechanical forces i.e. wind. Trees 

may allocate more energy to diameter growth and windfirmness, than to height 

growth in comparison to non-beach sites. This is further confounded by loss of 

height growth from broken tops, which is often difficult to detect when 

determining site index in a dense second-growth stands. Barker reported 

encountering broken tops in his stem analysis study (J. Barker pers. comm.*^). 

Blyth and Macleod (1981a) also found this to be the case. Since the site 

association classification recognizes beach ecosystems as distinct, it is likely 

able to account for this phenomenon and variation in mechanical forces. 

J o h n Barker. Research Scientist, Western Forest Products Ltd. 



CHAPTER 6. CONCLUSIONS 

1) The classification units of the biogoeclimatic ecosystem classification 

system are good predictors of site index of Sitka spruce and therefore good 

indirect measures of ecological site quality. Multiple linear regression models 

using either soil moisture plus soil nutrient regime or site association 

explained the most variation in site index of the models developed in this study 

(adjusted = 0.80 for ln(site index; 1̂  = 0.79). The former model is the best 

for predictive purposes since the variances of the latter were not homogeneous. 

2) The soil nutrient regime classification, based on qualitative field descriptors, 

was well supported by the analjrtical soil nutrient measures. A discriminant 

analysis using combined forest floor and mineral soil log total N, log 

mineralizable N and forest floor C:N ratio was able to classify the plots correctly 

in, 83% of the cases, on average. There was no suitable soil moisture 

analytical values to test the soil moisture regime classification. 

3) Forest soil moisture relationships still need to be determined for Si tka 

spruce in the Charlottes. Neither water balance model used in this study 

(Thornthwaite et ai 1957; Spittlehouse and Black 1981) were adequate. It is 

stiU unclear to what degree spruce growth is influenced by moisture deficit and 

the soil moisture regime classification needs to be assessed with independent 

data. Due to the inadequate representation of climate i n the Charlottes from 

the location of weather stations, field measurements in the forest stand are 

likely necessary. 
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APPENDIX A. Alphabetical list of plant species 

Alnus rubra 
AthyriumJUix-feniina 

Blechnum spicant 

Calamagrostis nutkaensis 
Calypso bulbosa 
Claytonia sibrica 
Conocephalum conicum 
Coptis asplenifolia 

Dicentraformosa 
Dryopteris expansa 

Galium aparine 
Galium, triflorum 
Gaultheria shallon 
Goodyera oblongfolia 
Gymnocarpum dryopteris 

Hylocomium splendens 
Hypochoeris radiacata 

Listera caurina 
Lysichitum americanum 

Maianthemum dilatatum 
Moneses uniflora 

Osmorhiza chilensis 

Peltigera aphthosa 
Plagiomnium insigne 
Poa marcida 
Pogonatum alpinum 
Polypodium glycyrrhiza 
Polystichum munitum 
Pteridium aqidinium 

Stellaria crispa 
Sphagnum spp. 

Tiarella trifoliata 

Vaccinium oualifolium 
Vaccinium parvijlorum 
Vicia americana 

Bong. 
(L.) Roth 

(L.) Roth 

(Presl) Steud. 
(L.) Oakes 
(L.) 
(L.) Llndb 
Salisb. 

(L.) 
Mlchx. 
Pursh 
Raf 
(L.) Newm. 

Piper 
Hult.& St.John 

(How.) Nels & Macbr. 
(L.) Gray 

Hook. & A m . 

(L.) Willd. 
(Mitt.) Koponen 
Hitchc. 
(Hedw.) Roehl 
(L.) 
(Kaulf.) Presl 
(L.) Kuhn in Decken 

Cham. & Schlect 

L. 

Smith 
Sm. in Ress 
Muhl . 

red alder 
lady fern 

deer fern 

Pacific reedgrass 
fairy-slipper 
Siberian miner's lettuce 

goldthread 

cleavers 
sweet-scented bedstraw 
salal 
rattlesnake-plantain 
oak fern 

northwestern twayblade 
skunk cabbage 

false lily-of-the-valley 
single delight 

mountain sweet cicely 

licorice fern 
sword fern 
bracken fern 

lanky moss 

thimblebeny 

crisp starwort 

foamflower 

oval leaf blueberry 
red huckleberry 
American vetch 

(Andr.) Walp. 
(Presl) 
Fraser-Jenkins 

bleeding heart 
spiny wood fern 

Rhizomnium glabrescens (Kindb.) Koponen 
Rhytidiadelphus loreus (Hedw.) Wamst. 
Rhytidiadelphus triquestrus (Hedw.) Wamst. 
Rubus parvtflorus Nutt. 

(Hedw.)B.S.G. 
(L.) hairy cat's ear 



Appendix B. Ordination of reciprocal averaging plots scores for second versus 
first axis showing vegetation groups delineated through progressive 
fragmentation. 

Small numbers represent plots. 
Large numbers represent plant associations from Table 2. 

1 Ss-Calamagrostis 
2 Ss-Claytonia 
3 Ss-Rhytidiadelphus 
4 Ss-Gymnocarpixum 
5 Ss-Polystichum 
6 Ss-Gaultheria 
7 Ss-Thiya 
8 Ss-Hylœomium 
9 Ss-Alnus 
10 Ss-Kindbergia 
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Appendix C 80% confidence ellipses for principal component analysis scores 
for plant associations. 

80% confidence ellipses for plant associations with greater than 5 plots for first 
and second PCA axes (Y2 verses Yl ) and second and third axes (Y3 verses Y2). 
Understorey species = all species occurring in the understorey. Diagnostic 
species = those species that are diagnostic for the plant association from Table 
2. 

Numbers represent plant associations from Table 2. 

1 Ss-Caiamagrostis 
2 Ss-Claytonia 
3 Ss-Rhytidiadelphus 
4 Ss-Gymnocarpium 
5 Ss-Polystichum 
6 Ss-Gaultheria 
7 Ss-Thuja 
8 Ss-Hylocomium 
9 Ss-Alnus 
10 Ss-Kindbergia 



80% confidence ellipses for principal component analysis scores for 
understorey species for second versus first axis and third versus second axes. 



80% confidence elHpses for principal component analysis for diagnostic species 
for second versus first axis and third versus second axes. 



Appendix D Pearson correlation matrix for multiple linear regression equations 

Symbols used for individual forest floor and mineral soil nutrients in 
concentration 

FF forest floor 
MS mineral soil 
PH pH 
TN total nitrogen 
MNN mineralizable nitrogen 
P phosphorus 
S sulphur 
CA calcium 
M G magnesium 
K potassium 
LOGFMG log (10) forest floor magnesium 
LOGFK log (10) forest floor potassium 
LOGMSP log (10) forest floor phosphorus 
LOGMSMN log (10) mineral sofl mineralizable 

nitrogen 

Symbols used for combined forest floor and mineral soil nutrients in kg/ha 

TOTC total carbon 
TOTN total nitrogen 
TOTMN mineralizable nitrogen 
TOTP forest floor phosphorus 
TOTS forest floor sulphur 
SUMCAT sum calcium, magnesium and 

Dotassium 
FFPH forest floor pH 
MSPH mineral soil pH 
FFCN forest floor carbon to nitrogen 

ratio 
M S C N mineral sofl carbon to nitrogen 

ratio 
LGTOTN log (10) total nitrogen 
LGTOTP log (10) forest floor phosphorus 
LGTOTS log (10) forest floor sulphur 
LGSUMC log (10) sum calcium, magnesium and 

potassium 
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