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EXECUTIVE SUMMARY

Abstract.  One of the goals of ecosystem management has been to maintain plant species

diversity.  Consequently, in this fire influenced boreal forest ecosystem, the objectives were to

determine: 1) the relative importance of time-since-fire, moisture and nutrients, and light availability

(canopy coverage) in controlling understory plant species diversity, 2) the local diversity patterns

resulting from the organization of species= tolerances and species overlap along the most important

environmental gradient and 3) the landscape diversity patterns by weighting the environmental

gradients by their relative importance.  One hundred and twenty-one upland stands in the mixedwood

boreal forest of Saskatchewan were sampled for herbaceous species richness, diversity and evenness

in thirty 25 cm by 25 cm quadrats per stand.  Stands ranged in age from 1-234 years since fire and

showed no evidence of anthropogenic disturbance.

Results showed that understory species richness, diversity and evenness are primarily

controlled by moisture and nutrient gradients and secondarily by a combination of light availability

and time since the last disturbance.  Communities of high species richness showed high overlap of

narrow tolerances along the moisture and nutrient gradient.  Moisture and nutrient gradients are

determined by hillslope position and surficial geology.  Moisture and nutrient gradients also organize

canopy species.  Therefore, at the local (hillslope) scale, species richness and diversity are highest in

aspen stands, moderate in mixedwood and jack pine stands and lowest in black spruce stands.  Within

slope positions (i.e. canopy types), basal area (light availability) and age (time-since-fire) further

determine species richness.  At the landscape scale, species richness shows small scale variability,

unlike the large scale pattern of time-since-fire.  In short, the hillslope (and surficial geology), and not

fire, is the fundamental unit of diversity.

Keywords: light disturbance, diversity, ecosystem management, evenness, fire, hillslope

moisture-nutrient gradients, mixedwood boreal forest.
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INTRODUCTION

Plant species diversity is influenced by species distribution and abundance.  A number of

factors have been shown to affect plant species distribution and abundance.  These include site

conditions, i.e. moisture and nutrient gradients (Day Jr. and Monk 1974, Whittaker and Niering 1975,

Marks and Harcombe 1981, Roberts and Christensen 1988, Host and Pregitzer 1992), canopy

coverage, i.e. light availability (Kull and Zobel 1991, Uemura 1994) and time since the last distubance

(Specht et al. 1958, McConnell and Smith 1970, Auclair and Goff 1971, Dix and Swan 1971, Holland

1971, Shafi and Yarranton 1973, Nicholson and Monk 1974, Mellinger and McNaughton 1975,

Roberts and Christensen 1988, Schoonmaker and McKee 1988, De Grandpré et al. 1993, Halpern

and Spies 1995).  The boreal forest is considered a fire dominated ecosystem since fire is a primary

large-scale disturbance.  As such, fire is thought to play the principal role in determining plant

diversity.  Thus, one goal of ecosystem based forest management in the boreal forest is to preserve

biodiversity patterns by emulating the Anatural@ (pre-European) fire regime (Hunter 1993, Attiwill

1994, Bender 1994, Weetman 1994).  There is no doubt that disturbance influences diversity but the

question is: how important is disturbance relative to site conditions (moisture and nutrient gradients)

and to canopy coverage (light availability)?

Plant species diversity, because it is influenced by species distribution and abundance, is a

reflection of community organization.  The abundance and distribution of a species can be described

by its tolerance curve.  A tolerance curve reflects the ability of a species to survive and reproduce

along one or more environmental gradients.  Each gradient explains a different amount of the

variation in species distribution and abundance.  Local diversity patterns are determined by the

combination of tolerance curves for each species in the community and their overlap along the

environmental gradients.  At the landscape scale, the combination of the relative importances of each

environmental gradient determines the diversity patterns.  Thus, our objectives were to determine:

1) the relative importance of moisture and nutrients, canopy coverage (light availability) and time-

since-fire in controlling understory plant species diversity in the mixedwood boreal forest, 2) how the

local diversity patterns result from the organization of species= tolerances and species overlap along

the most important gradient and finally, 3) the landscape diversity patterns where the environmental

resource gradients are weighted by their relative importance.
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METHODS

Study Area

The 8000 km2 study area is located in central Saskatchewan (Figure 1) within the

Weyerhaeuser Forest Management Lease Area and Prince Albert National Park (53°34' N to 54°24'

N and from 105°25' W to 107°52' W).  The weather within the study area is characterized by long,

cold winters and short, cool summers.  The frost free period is generally less than 80 days and

freezing can occur in any month.  July and August are the warmest months with the average

maximum temperature exceeding 20°C three days out of four.  The average annual precipitation

ranges from 400 to 500 mm, 70% of which occurs as rain.

Fig. 1.  Location of the study area: Prince Albert National Park and Weyerhaeuser=s Forest
Management License Agreement.  The light grey area represents the extent of the boreal forest in

Canada and the dark grey area is the southern mixedwood boreal forest (cf. Rowe 1972).

The primary large scale disturbance is lightning caused crown fires.  The fire cycle has

changed at least twice in the last 200 years, and has varied from 15-75 years (Weir et al. 2000). Only

5% of the area is older than 200 years (Johnson et al. 1995).  Insect outbreaks do not seem to have

been a major source of large scale disturbance in the last hundred years.

The area has a gentle relief with elevation ranging from 450 m to 900 m a.s.l.  The surficial

geology of the study area is primarily undifferentiated glacial till and glaciofluvial substrates, with only

a small proportion of the area covered by glaciolacustrine substrates.  The surficial geology

determines the shape of a hillslope and thus the rate of change of moisture and nutrients down a

hillslope (Bridge and Johnson 2000).

The study area is part of the southern mixedwood boreal forest (Rowe 1972).  It is

0 500 km

0 1,000 km

Prince Albert
National Park

Weyerhaeuser Canada
Saskatchewan Timberlands
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characterized by white spruce (Picea glauca (Moench) Voss.), black spruce (Picea mariana (Mill)

B.S.P.), jack pine (Pinus banksiana Lamb.), balsam fir (Abies balsamea (L.) Mill.), tamarack (Larix

laricina (Du Roi) K. Koch), trembling aspen (Populus tremuloides Michx.), balsam poplar (Populus

balsamifera L.) and white birch (Betula papyrifera Marsh.).  Bridge and Johnson (2000) depicted

the general landscape patterns of vegetation composition based on surficial geology and hillslope

position.  On glaciofluvial hillslopes, jack pine are found in higher abundance on hilltops while black

spruce are found in higher abundance further downslope.  On glacial till hillslopes, trembling aspen

are found in higher abundance on hilltops while mixedwood stands, i.e. trembling aspen, white spruce

and balsam fir, are found further downslope.

Sampling Regime

Understory plant species diversity (H) was partitioned into species richness (S) and evenness

(E) by H = ln(S) + ln(E) (Buzas and Hayek 1996).  Note that tree and shrub species were included

as understory plant species if they were <1 m in height.

One hundred and twenty-one upland stands were sampled.  One hundred and one of these

stands were from Bridge and Johnson (2000).  The other 20 stands were younger than 15 years since

last fire.  Each stand was greater than 4 hectares in size, had vegetation rooted in the mineral soil with

no evidence of standing water in the top 30 cm of the mineral soil, were visually homogeneous with

respect to stand age, structure and species composition and had no evidence of significant

anthropogenic disturbance.  In each stand, vascular herbaceous species frequency was recorded in

thirty 25cm by 25 cm quadrats.  Species richness (S) was defined as the number of species summed

over all 30 quadrats in each stand.  Evenness (E) was estimated as exp(H)/S and diversity was defined

as

∑ ⋅−=
S

i
ii FFH )ln(

where Fi is relative frequency of species i (Shannon 1948).

In this study, the moisture and nutrient gradient was measured as slope position.  The study

by Bridge and Johnson (2000) measured moisture and nutrients directly by collecting soil from the

top 15 cm  of mineral soil in three soil pits per stand for a total of 101 stands.  The three soil samples

per stand were combined and air dried.  Detailed analysis of soil texture, pH, electrical conductivity,

nitrate, ammonium, cation exchange capacity, % organic carbon, % organic matter, extractable

phosphate, potassium, sulphate, calcium, magnesium, sodium were performed by the Plains

Innovative Laboratory Services, Saskatoon, SK on samples from 40 stands, selected to represent the

full gradient range.  Soil water retention capacity at 33 kPa (field capacity) and 1500 kPa (permanent
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wilting point) was determined for 88 samples using ceramic pressure plate analysis.  The remaining

13 samples did not have enough soil for analysis.  The vegetation and environmental data were used

in a Redundancy Analysis to relate moisture and nutrients to vegetation composition.  The moisture

and nutrient gradients were in turn, significantly related to distance from the ridgeline (i.e. slope

position) where both moisture and nutrients increased with distance from the ridgeline (Bridge and

Johnson 2000).  Surficial geology was determined from the land form, soil texture and colour, and

a surficial geology map.

Light availability was measured as canopy basal area.  It would have been preferable to

measure light availability directly; however, due to the large number of stands, this was not realistic.

 On clear days, because of the rapid change in solar angle in the morning and late afternoon, sampling

would have been restricted to 3 hours in the middle of the day.  Also, since there is a large

contribution of direct sunlight due to sunflecks, the data would have had to be temporally or spatially

averaged.  Light readings on overcast days would have been no more reliable because of the rapid

change in cloud density.  Therefore, although not ideal, canopy basal area was used as a surrogate

measure of light availability within a canopy type since light availability decreases as canopy basal area

increases (Cutini et al. 1998).

At the landscape scale, light availability is related to both the canopy species in high

abundance and canopy basal area.  For example, light transmittance through crowns of single spruce

trees is 2 to 1/10 that of aspen trees of similar stem size (Constabel 1995).  Canopy basal area

(m2/ha) was calculated by multiplying diameter at the base with canopy stem density.  Canopy stem

density (trees/ ha) was sampled using the point centred quarter method (Cottam and Curtis 1956).

Disturbance was measured as time since the last fire and was determined from a map created

for a fire frequency study in Prince Albert National Park (Weir et al. 2000).

Analysis

Standard partial regression coefficients from a standard least squares multiple regression were

used to determine the relative importance (Snedecor and Cochran 1971, Zar 1984) of stand

characteristics (slope position, canopy basal area and time-since-fire) on species richness, diversity

and evenness.  Standard partial regression coefficients estimate the fraction of the variance in the

dependent variable (i.e. species richness, diversity or evenness) attributable to its linear regression on

the stand characteristic, corrected for scale.  Scale correction is achieved by estimating the change

in the dependent variable, as a fraction of the standard deviation in the dependent variable, produced

by one standard deviation change in the stand characteristic (Snedecor and Cochran 1971).
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The patterns of species richness, diversity and evenness at the hillslope scale were determined

using the Tukey-Kramer Honestly Significant Difference (HSD) test (p<0.05) by making multiple

comparisons of mean species richness, diversity or evenness between all slope positions regardless

of substrate.

Tolerance, tolerance-overlap, beta diversity and the percent of rare species per stand were

used to determine how species richness was related to community organization.  To calculate both

tolerance and overlap, slope position had to be given a numeric value; therefore, the slope was

divided into distances from the ridgeline.  This was done using the Image Analysis software PCITM

version 5.2 (PCI Inc., 1994), a Digital Elevation Model (DEM) and an algorithm developed by

Warren (1999) that located the closest ridge based on a path of water flow calculated from local

aspect.  Intervals were divided based on two criteria: 1) that there be more than one stand in an

interval and 2) that intervals be continuous and equal along the gradient.  The glacial till hillslope is

longer than the glaciofluvial slope (Bridge and Johnson 2000).  Unfortunately, on glacial till, there

were few stands sampled further downslope and thus those intervals did not meet the first criterion.

 As a result, both the glaciofluvial and glacial till substrates were divided into 5 distance classes from

the ridgeline.

Tolerance (Wi) was measured as the variance in the relative frequency of species on the

hillslope (cf. McNaughton and Wolf 1970):
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where Wi is the tolerance width for species i, xj is the relative frequency of species i in slope position

j where  j is the slope position weighted from 1 to 5, 1 being the top slope and 5 being the toe slope.

 Therefore, mean tolerance width per stand (W ) is:
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where xij is the relative frequency of species i in slope position j, xij+1 is the relative frequency of

species i in the adjacent slope position j+1, nj is the number of species found at slope position j, and
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Xj is the sum of the relative frequencies of all species in slope position j:

∑
=

=
n

i
ij xX

1

In addition, multiple comparisons were made of beta diversity between each pair of slope

positions.  Beta diversity is calculated as percent similarity (Renkonen 1938):

∑
=

+=
n

i
ijij xxminimumsimilarity

1
1 )],([%

Percent similarity is one of the best quantitative measures of similarity available (Wolda 1981) since

it is not greatly affected by sample size or by species diversity.

Finally, to determine which slope positions supported more rare species, multiple comparisons

were made between each pair of slope positions (p<0.05) of the number of species with a relative

abundance of less than 5% (i.e. rare species).

A LANDSAT TM image (for cover type and percent coverage), a Digital Elevation Model

(DEM) for  hillslope position (i.e. moisture and nutrients) and a time-since-fire map were used to

predict the patterns of species richness on the landscape using the image analysis software PCITM

version 5.2 (PCI Inc. 1994).  The LANDSAT TM image was taken on July 12, 1990 under cloud free

conditions.  Stands were located on the image with coordinates obtained from a differential global

positioning system.  The pixels were randomized and half of the pixels in each stand were used as

training sites in a supervised classification and the other half were retained as test sites to calculate

accuracy.  The supervised classification requires the user to delineate classes.  Based on herbaceous

species richness from our field sampling, stands were grouped into four classes from species rich to

species poor on each of the two substrates.  Non-forested areas were divided into seven classes using

a combination of aerial photographs and forestry cover maps.  A maximum likelihood classifier (PCI

Inc. 1994) was then used to classify each pixel into one of the eleven classes.  The maximum

likelihood classifier is preferred because it evaluates both the variance and correlation of the

categories= spectral response patterns when classifying unknown pixels (PCI Inc. 1994).  However,

it assumes that the distribution of points in the training data is Gaussian.  The overall accuracy of the

classified map was assessed using the kappa coefficient of agreement (Hudson and Ramm 1987,

Congalton 1991) which compares the similarity of two raster maps after the similarity due to chance

has been removed.  Since diversity was not greatly affected by evenness, only a map of species

richness was constructed.
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RESULTS

The Relative Importance of Moisture and Nutrients, Light Availability and Time-Since-

Disturbance in Explaining Species Richness, Diversity and Evenness

The standardized multiple regression using slope position, canopy basal area and time-since-
fire was significant (p<0.0001) and accounted for 52% of the variation in species richness (Table 1).

TABLE 1.  Standardized least squares multiple regression of the effect of stand characteristics (slope
position, canopy basal area and time-since-fire) on herbaceous species richness.  Relative importance
was assessed using standardized partial regression (beta) coefficients.

A) Analysis of variance
Source df F Prob>F R2

Model 6      20.105 <0.0001 0.52
Error 111     
Total 117     
B) Parameter estimates

Variable df
Parameter
Estimate

t Prob<F
Relative Importance
(Beta Coefficient)

Intercept 16.96 16.09 <0.0001 0
Slope position: 3       Total  =  1.44
  Glaciofluvial top slope vs glacial till toe slope 0.388 0.43 0.6662 0.04
  Glaciofluvial toe slope vs glacial till toe slope -6.546 -6.26 <0.0001 0.59
  Glacial till top slope vs glacial till toe slope 6.719 9.69 <0.0001 0.81
Canopy basal area 1      0.0005 1.59 0.115
Time-since-fire 1      0.022 1.41 0.162
Interaction of Canopy basal area and
Time-since-fire

1      -1E-05 -3.3 <0.0013
0.53

Slope position showed a significant relationship with species richness.  The low relative importance

of glaciofluvial top slope versus glacial till toe slope indicates that species richness is similar between

the two.  The high relative importance of the remaining two slope position categories indicates that

species richness is very different between these slope positions and that slope position has a strong

effect on species richness.  Canopy basal area and time-since-fire were not individually significant.

 However, the interaction between canopy basal area and time-since-fire did show a significant

relationship with species richness.  This relationship is described by a parabola (Figure 2) which

indicates that at a constant richness there is a trade off between canopy basal area and time-since-fire

(i.e. as time-since-fire increases basal area decreases).  Note that the parameter estimates (Table 1)

for canopy basal area and time-since-fire simply give the intercepts for the interaction and not relative

importance since the relative importance of the interaction contains the same information.
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Fig. 2.  A contour plot showing how species richness (number on contours) is related to the
interaction between canopy basal area (m2/ha) and time-since-fire (years) predicted from the

standardized least squares multiple regression.  The parabolic relationship indicates that there is a
trade-off between canopy basal area and time-since-fire and that species richness decreases as

stands age and as canopies become denser.

The standardized multiple regression for diversity (Table 2) and evenness (Table 3) showed

the same trend in relative importance as species richness, where slope position had the highest relative

importance and the interaction between canopy basal area and time-since-fire had the next highest

relative importance.  However, only 47% of the variation in diversity and only 16% in evenness is

accounted for.  Therefore, from the relationship H = ln(S) + ln(E) (Buzas and Hayek 1996), diversity

is largely determined by species richness.
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TABLE 2.  Standardized least squares multiple regression of the effect of stand characteristics (slope

position, canopy basal area and time-since-fire) on herbaceous species diversity.  Relative importance

was assessed using standardized partial regression (beta) coefficients

A) Analysis of variance
Source df F Prob>F R2

Model 6      16.26 <0.0001 0.47
Error 111     
Total 117     
B) Parameter estimates

Variable df
Parameter
Estimate

t Prob<F
Relative Importance
(Beta Coefficient)

Intercept 2.33 30.83 <0.0001 0
Slope position: 3 Total  =  1.49
  Glaciofluvial top slope vs glacial till toe slope 0.0346 0.53 0.5944 0.05
  Glaciofluvial toe slope vs glacial till toe slope -0.519 -6.87 <0.0001 0.68
  Glacial till top slope vs glacial till toe slope 0.434 8.66 <0.0001 0.76
Canopy basal area 1 3E-05 1.25 0.2144
Time-since-fire 1 0.0012 1.07 0.2877
Interaction of Canopy basal area and
Time-since-fire

1 -5.88E-07 -2.52 0.0131 0.43

TABLE 3.  Standardized least squares multiple regression of the effect of stand characteristics (slope
position, canopy basal area and time-since-fire) on herbaceous species evenness.  Relative importance
was assessed using standardized partial regression (beta) coefficients.

A) Analysis of variance
Source df F Prob>F R2

Model 6 3.37 0.0043 0.16
Error 111
Total 117
B) Parameter estimates

Variable df
Parameter
Estimate

t Prob<F
Relative Importance
(Beta Coefficient)

Intercept 0.688 36 <0.0001 0
Slope position: 3 Total  =  0.82
  Glaciofluvial top slope vs glacial till toe slope -0.0387 -2.36 0.02 0.29
  Glaciofluvial toe slope vs glacial till toe slope 0.0511 2.59 0.011 0.33

  Glacial till top slope vs glacial till toe slope -0.022 -1.75 0.083 0.2
Canopy basal area 1 -5E-06 -0.76 0.045
Time-since-fire 1 0.00017 -0.62 0.539
Interaction of Canopy basal area and
Time-since-fire

1 6.3E-08 1.08 0.285 0.23

Species richness and diversity (Table 4) were significantly different between all combinations

of slope positions (p<0.05) with the exception of glaciofluvial top slopes and glacial till toe slopes

(p>0.05).  Therefore, within substrates, species richness and diversity decrease from top slopes to toe

slopes.  Evenness (Table 4) was only significantly different between glaciofluvial top and toe slopes
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and between glacial till toe slopes and glaciofluvial top slopes (p<0.05).  The results from the

standardized multiple regression (Tables 1-3) and the multiple comparisons for slope position (Table

4) were consistent.

TABLE 4.  Mean understory vascular plant species richness, diversity and evenness divided by slope
position

Slope position Richness Diversity Evenness
Glaciofluvial top slope 17.5 2.38 0.659
Glaciofluvial toe slope 10.07 1.8 0.752
Glacial till top slope 23.15 2.75 0.686
Glacial till toe slope 15.03 2.32 0.732

These comparisons can be summarized with respect to canopy species (Figure 3), since

canopy species are organized according to slope position (Bridge and Johnson 2000).  On

glaciofluvial top slopes, jack pine stands are relatively species rich and diverse while toe slope black

spruce stands have fewer species and are less diverse.  On glacial till top slopes, aspen stands are

species rich and diverse and toe slope mixedwood stands of aspen, white spruce and balsam fir are

species poor and less diverse.  However, jack pine stands and mixedwood stands have similar species

richness and diversity even though jack pine stands are found on the top slopes of glaciofluvial

substrates and mixedwood stands are found on toe slopes of glacial till.  Evenness is only significantly

different between jack pine and black spruce stands and between jack pine and mixedwood stands.

 However, remember that within slope position (i.e. canopy species), richness will differ because of

basal area and age (Figure 2).
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Fig. 3.  General landscape patterns of vegetation composition where the shapes of the hillslopes
depict the actual profile of most hillslopes in the southern mixedwood boreal forest (cf. Bridge
and Johnson 2000).  The tree symbols depict the general change in dominant canopy species

down the hillslope, which is based on the relationship between stand positions on the moisture and
nutrient gradients, and the stand distances from the ridgeline.  Mean understory species richness is
represented on the hillslopes using grey scales, where dark grey represents high species richness
and light grey represents low species richness.  Mean species richness values with the same letter

are not significantly different (p<0.05) based on multiple comparisons and the Tukey-Kramer
MSD test.

Species Richness in Relation to Community Organization

In our study area the community is organized such that high species richness is correlated to

narrow tolerances and high overlap.  Mean tolerance decreases with increasing species richness

(Figure 4).
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Fig. 4.  The relationship between mean tolerance width and species richness of stands on
glaciofluvial or glacial till substrate.
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From what we know of richness and slope position (Figure 3) we can now state further that mean

tolerance decreases from top slopes to toe slopes on both glaciofluvial (p=0.0002) and glacial till

(p<0.0001).  Thus, when species richness was high, tolerances were narrow.  Mean tolerance of

species in glaciofluvial stands was about half of those found in glacial till stands and mean richness

in glaciofluvial stands was about 70% of richness in glacial till stands.  However, regardless of

substrate, top slopes supported significantly more rare species than toe slopes (Table 5).

TABLE 5. The average number of species with a relative frequency of less than 5% (rare) within
a stand and the standard deviation.

Slope Position
Average number of species with a
relative frequency of less than 5%

Standard
Deviation

Glaciofluvial top slope 9.22 5.22
Glaciofluvial toe slope 4.17 4.49
Glacial till top slope 13.94 4.33
Glacial till toe slope 7.35 5.1

Species richness was positively correlated to the overlap of species= tolerances (Figure 5).

 Overlap generally decreased from top slopes to toe slopes.  Therefore, overlap was highest where

species richness was high and lowest where species richness was poor.  The decrease in overlap was

more rapid in glaciofluvial stands than in glacial till stands.
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Overlap
          Glaciofluvial
                Ro = -0.00058(Distance) + 0.91

                 r2 = 0.89
                 p = 0.0571
          Glacial Till
                Ro = -0.00018(Distance) + 0.98

                 r2 = 0.76
                 p = 0.1275

Fig. 5.  The relationship between the overlap of tolerances along the glaciofluvial and glacial till
hillslope where slope position was divided into intervals of distance from the ridgeline (see

methods).

Beta diversity, the similarity in composition between different slope positions, ranged from

48% to 71% (Table 6).  Glacial till top slopes and toe slopes had the highest beta diversity of 71%.
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TABLE 6.  Beta diversity (calculated as percent similarity) between each pair of slope positions.

Glaciofluvial Glacial till
Slope position top slope toe slope top slope toe slope

Glaciofluvial top slope 1.00
Glaciofluvial toe slope 0.59 1.00
Glacial till top slope 0.54 0.48 1.00
Glacial till toe slope 0.56 0.55 0.71 1.00

In summary, tolerances, overlap and percent of rare species decreased from top slopes to

toe slopes.  In addition, beta diversity was high (averaging 57%) across slope positions.  Glacial

till slopes have more overlap, narrow tolerances, more rare species, higher beta diversity and are

richer than glaciofluvial slopes.

The Landscape Pattern of Species Richness

The supervised classification (Figure 6) using canopy species, hillslope position and the time-

since-fire map was 76% accurate and had a kappa coefficient of 0.72.  The majority of pixels were

correctly classified (Table 7) with accuracies (reading diagonal in the table) ranging from 60.4% for

glaciofluvial to 92.1% for low density aspen.  The greatest misclassifications occurred between

adjacent classes, e.g. glaciofluvial species rich and poor classes and glacial till species rich and poor

classes (Table 7).  This likely occurs because continuous variables have been divided into discrete

classes.
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TABLE 7.  Error matrix: the percentage of pixels assigned to a category (using a maximum likelihood classifier (PCI Inc.)) relative to the
actual category as verified by field data. The columns represent the field data while the rows indicate the classification generated from the
LANDSAT TM image. Reading diagonal in the table gives the percentage of pixels correctly assigned to a category.

Percent Pixels Classified by Category

Glaciofluvial Glacial Till Treed Shrub Deep Shallow Intermittent Grassland
Low

Density

Category Null Species Rich
Species

Poor
Species Rich Species Poor Marsh Marsh Lakes Lakes Lakes Aspen

Glaciofluvial Species
Rich

1.6 60.4 15.2 5.1 7 3.5 4.7 0 0 0 0 2.5

Glaciofluvial Species
Poor

2.7 3.4 82.4 3.4 7.4 0 0.7 0 0 0 0 0

Glacial Till Species Rich 8.5 5.4 7.1 63.5 11.5 1.1 1.1 0 0 0 0 1.8
Glacial Till Species Poor 7.7 4.3 9.6 13.6 63.3 1.3 0.2 0 0 0 0 0
Treed Marsh 5.4 4.4 4.9 1.5 1.7 77.5 4 0 0 0 0 0.6
Shrub Marsh 10.4 5.3 0.1 0.4 0 8.6 67.3 0 0 0.4 0.8 6.7
Deep Lakes 11.8 0 0 0 0 0 0 84.5 1.7 2.1 0 0
Shallow Lakes 4.7 0 0 0 0 0 0.1 26.7 66.1 2.4 0 0
Intermittent Lakes 13.6 0 0 0 0 0 0.1 1.8 0 84.5 0 0
Grassland 13.5 0 0 0 0 0 4.3 0 0 0 82.2 0
Low Density Aspen 1.6 0.8 0 0 0 0.6 4.8 0 0 0 0.1 92.1
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Fig. 6.  The upland understory plant species richness for Prince Albert National Park based on a
supervised classification using the canopy species, hillslope position, substrate and a time-since-

fire map.
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DISCUSSION

The mixedwood boreal forest (cf. Rowe 1972) of western Canada is relatively poor in

vascular plant species.  In the 121 stands sampled, 122 vascular species were recorded, 6 of which

were trees.  Further, the similarity between stands (beta diversity) was high.  All pairs of stands shared

at least 48% of their vascular species.  Richness was the primary determinant of diversity, evenness

being relatively constant.

The environmental variables of moisture and nutrients (i.e. slope position) are relatively more

important in predicting herbaceous plant species richness, diversity and evenness compared to light

availability and time-since-fire.  Moisture and nutrient gradients are related to topographic position

on the hillslope and surficial geology (Bridge and Johnson 2000).  Therefore, the hillslope is the

fundamental unit of species richness and diversity.  Hillslopes are not assembled on the landscape

randomly but are structured according to ridgelines and stream channels.  Therefore, moisture and

nutrient gradients are prevalent across the landscape due to the repeatability of hillslopes (Bridge and

Johnson 2000). As soil water diverges on top slopes and converges on toe slopes (Anderson and Burt

1977, Harr 1977, Sinai et al. 1981, O=Loughlin 1981, 1986, Wood et al. 1988), it carries with it

nutrients that are leached from top slopes to accumulate in toe slopes (Trudgill 1988, Litaor 1992,

Tsuboyama et al. 1994).  Therefore, top slopes of similar surficial material are relatively dry and

nutrient poor while toe slopes are wet and nutrient rich (Malo et al. 1974, Harr 1977, Anderson and

Burt 1977, Johnson 1981, O=Loughlin 1981, Sinai et al. 1981, Ciha 1994, Bridge and Johnson 2000).

Communities are organized along the moisture and nutrient (hillslope) gradient such that

species rich communities show high overlap of narrow tolerances.  The narrow tolerances result in

a greater subdivision of the gradient and this allows for not only more species (high species richness)

but also more species with lower abundances (more rare species).  Species with narrow tolerances

also have lower relative abundances (McNaughton and Wolf 1970, Johnson 1977) and lower biomass

(Parrish and Bazzaz 1976).  A possible reason for this is that species with wide tolerances and high

abundance interact with individuals of the same species so that divergence of the individual=s

tolerance occurs and thus the species= tolerances increase (Johnson 1977).  Narrow tolerance species

interact with individuals of different species.  This interaction does not cause the divergence of

tolerances to the same extent.  Consequently, tolerances remain narrow and species diversity remains

high.

The overlap of tolerances in communities is organized such that overlap decreases as species

richness decreases.  The high overlap is due to the high beta diversity between communities. 

Compared with glacial till stands, glaciofluvial stands have narrower mean tolerance widths and lower
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overlap and thus 20% lower beta diversity.  Further, glaciofluvial overlap is low because mean

tolerance width is narrower on glaciofluvial top slopes than on glacial till top slopes.

It is not too surprising that the interaction between light availability (canopy basal area) and

time-since-fire is more important in determining species richness, diversity and evenness than either

of these variables separately.  Many studies in the boreal forest have suggested that light availability

and time interact to produce understory vegetation patterns (e.g. De Grandpré et al. 1993, Lieffers

1994, De Grandpré and Bergeron 1997).  As richness (Figure 2) remains constant, the trade-off is

between high basal area (low light availability) and a short time-since-fire or low basal area and a long

time-since-fire.  Thus, there are two means of maintaining the same level of richness.  The levels of

richness (Figure 2) also show the effect of slope position (moisture and nutrient gradients) with high

richness on top slopes and the low richness on toe slopes.  However, again remember that within a

slope position (i.e. canopy species), richness is also determined by basal area (light availability) and

age (time-since-fire).

The pattern of understory plant species richness is related to the pattern of canopy trees

where trembling aspen stands have high species richness and high diversity, jack pine and mixedwood

stands have intermediate species richness and diversity and black spruce stands have low species

richness and diversity.  This is because both the canopy trees (Bridge and Johnson 2000) and the

understory herbaceous richness are organized primarily by moisture and nutrient gradients which are

determined at the hillslope scale.  The similarity in richness and diversity between jack pine and

mixedwood stands is likely due to a combination of both moisture gradients and light availability. 

Both moisture and nutrients increase downslope due to the surficial geology, however the magnitudes

of moisture and nutrients differ.  On glaciofluvial substrate, under jack pine stands, moisture and

nutrients are low while downslope black spruce stands are characterized by high moisture and

nutrients.  On glacial till, moisture is low and nutrients are intermediate in aspen stands while further

downslope in mixedwood stands moisture is intermediate and nutrients are high (Bridge and Johnson

2000).  Therefore, both jack pine and mixedwood stands dominate the intermediate portion of the

moisture gradient (Bridge and Johnson 2000).  Also, light availability in mixedwood and jack pine

stands is similar since light availability is greatest in aspen stands, lower in white spruce stands

(Lieffers and Stadt 1994) and intermediate in pine stands.  In a mixedwood stand of aspen and white

spruce, light availability should also be intermediate.

Perhaps one of the most interesting results of this study is the ability to map species richness

at the landscape scale.  A LANDSAT TM image for cover type and amount, the DEM for hillslope

position (i.e. moisture and nutrients) and the time-since-fire map were used to produce a supervised

classification of richness (the most important determinant of diversity).  Misclassification occurred
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between slope positions of similar surficial geology.  The richness map reveals that the pattern of

richness shows small scale variability.  This is due to the importance of hillslope position in

determining both moisture and nutrient gradients and canopy species and coverage.  Comparison of

the richness map to the time-since-fire map (Figure 7) shows that under the present fire frequency

regime, the larger scale pattern of forest age caused by fire is not clearly reflected in the richness map.

 In short, the hillslope appears to be a more fundamental unit of species richness than fire.
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Fig. 7.  A digitized map of time since the last fire in Prince Albert National Park (Weir et al.
2000).  The map colours range from light grey for the youngest stands through to dark grey for

the oldest stands.  The lakes are coloured white.
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APPLICATIONS

Over the last 25 years, forest management has changed from a goal of simply regenerating the

target tree species to sustainable ecosystem-based forest management (Perry 1998).  Concern has

centred on the conservation of biodiversity (Walton 1997, Boyle 1998).  Conservationists suggest

that managers should maximize the number of species preserved (Walton 1997), often with little

understanding of ecological processes (Pickett et al. 1992).  In fact, one goal of ecosystem-based

forest management is to preserve biodiversity by emulating the >natural= (pre-European) disturbance

regime (Hunter 1993, Attiwell 1994, Bender 1994, Weetman 1994).  This goal implies that natural

disturbance play a significant, if not principal, role in determining diversity and that the variation in

disturbance in the past (natural) is preferable to the current (European) disturbance variation.  Thus,

emulation, usually through forestry practices, is intended to remain within this preferred natural

disturbance variation.  Further, ecosystem management often implies that current and past forestry

practices are outside of this natural disturbance variation and that diversity has changed as a

consequence.

The boreal forest is considered a fire dominated ecosystem because fire is the primary large

scale disturbance.  This implies that fire is the principal determinant of diversity.  However, as we

have seen in this study, the vascular plant diversity in the mixedwood boreal forest is primarily

determined by the moisture and nutrient gradient.  This gradient is determined by the hillslope

hydrology and surficial geology.  Thus the primary pattern of vascular plant diversity is determined

by both the hillslope shapes and the hillslope assembly between ridgelines and streams.  The hillslope-

basin structure ensures that species occupy a constant proportion of the basin regardless of basin size

(Bridge 1996).  This characteristic is due to the allometric relationship between drainage basin area

and length.  Large basins are thus disproportionately longer and narrower than smaller basins and

therefore, hillslope length tends to remain constant (Hack 1957, Gray 1961, Shreve 1974, Newsson

1978).  Thus, hillslope and surficial geology are the principal determinants of the variation in vascular

plant diversity across the landscape.

Time-since-fire does affect diversity through its interaction with canopy coverage.  Figure 2

shows clearly how these three variables organize vascular plant diversity.  In the mixedwood boreal

forest, the fire frequency has changed at least twice in the last 200 years (Weir et al. 2000).  These

changes have been attributed to large scale climatic changes because of their common timing over

large parts of the boreal forest (Johnson 1992, Bergeron and Archambault 1993, Johnson et al. 1998).

 Changes in fire frequency were found to be unrelated to vegetation type, slope or terrain.  The

variation in the fire cycle (1/fire frequency) has been between 15 years and 75 years.  Studies in other

parts of the boreal forest have found variation in the fire cycle of the same magnitude but not
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necessarily the same values (the fire cycle tends to be longer further north and in the wetter (eastern)

parts of the boreal forest) (Johnson 1992, Bergeron and Archambault 1993).  In fact, the data on fire

frequency suggests that the >natural= situation is frequent changes in fire frequency within a range

between approximately 15 and 150 years.  Therefore, there is no one preferred historic fire frequency

that should necessarily be emulated (Johnson et al. 1998).

What does the variation in fire frequency in the past tell us about variation in diversity in the

mixedwood boreal forest?   Our findings indicate that shorter fire cycles will increase diversity and

longer fire cycles will decrease diversity.   However, the variation was never large enough to

significantly change the diversity.  This assumes that changes in climate were not large enough (or

perhaps long enough) to cause major changes in the moisture and nutrient gradient.  This assumption,

however, should be accepted with considerable care given our level of understanding.  Current

forestry practises follow a rotation schedule of 70 years (Weyerhaeuser Canada 1999) in keeping with

the current approximate 75 year fire cycle.  Also cutting is being done to more closely follow the

distribution of ages found in the fire frequency distribution before European intervention.

Our results suggest that fire frequency is not the principal determinant of diversity.  Instead,

the hillslope (and surficial geology) is the fundamental unit of diversity together with its interaction

with light and fire (Figure 2).  Furthermore, there is no one preferred historic fire frequency that

should necessarily be emulated.  The Anatural@ average fire cycle has ranged from 15 to 150 years.

 It is clear that site preparation such as disking and chaining after clear felling will lead to changes in

vascular plant composition and sometimes diversity (Chipman 2000).  This seems to be a

consequence of these site preparation techniques not mimicking litter and duff consumption patterns

in fire (Miyanishi et al. 1999).  We still have a great deal to learn about fire behavior and its effects

to be able to emulate fire in our forestry management (Johnson and Miyanishi in press).

LITERATURE CITED

Anderson, M.G. and T.P. Burt.  1977.  Automatic monitoring of soil moisture conditions in a
hillslope spur and hollow.  Journal of Hydrology 33:27-36.

Attiwill, P.M.  1994.  The disturbance of forest ecosystems: the ecological basis for conservation
management.  Forest Ecology & Management 63:247-300.

Auclair, A.N. and F.G. Goff.  1971.  Diversity relations of upland forests in the western Great Lakes
area.  American Naturalist 105(946):499-528.

Bender, G.  1994.  Weldwood and wildlife C an example of leadership in forest stewardship in the
private sector.  Forestry Chronicle 70:543-545.



22

Bergeron, Y. and S. Archambault.  1993.  Decreasing frequency of forest fires in the southern boreal
zone of Quebec and its relation to global warming since the end of the >Little Ice Age=. 
Holocene 3:255-259.

Boyle, T.J.B.  1991.  Biodiversity of Canadian forests: Current status and future challenges.  The
Forestry Chronicle 68(4):444-453.

Bridge, S.R.J.  1996.  The landscape scale spatial distribution of vegetation gradients in a mixedwood
boreal forest: linking ecological patterns for geomorphic processes across scales.  M.Sc.
Thesis, University of Calgary, Calgary, Alberta, 116 pp.

Bridge, S.R.J. and E.A. Johnson.  2000.  Geomorphic principles of terrain organization and
vegetation gradients.  Journal of Vegetation Science 11:52-70.

Bull, W.B.  1975.  Allometric change of landforms.  Geological Society of America Bulletin 
86:1489-1498.

Buzas, M.A. and L.C. Hayek.  1996.  Biodiversity resolution: an integrated approach.  Biodiversity
Letters 3:40-43.

Charron, I.  1998.  Sexual recruitment of trees following fire in the mixedwood boreal forest of
Saskatchewan, Canada.  M.Sc. Thesis.  Concordia University, Montreal, Quebec.  109 pp.

Ciha, A.J.  1984.  Slope position and grain yield of soft white winter wheat.  Agronomy Journal
76:193-196.

Congalton, R.  1991.  A review of assessing the accuracy of classifications of remotely sensed data.
 Remote Sensing of Environment 37:35-46.

Constabel, A.J.  1995.  Light transmission through boreal mixedwood stands.  M.Sc. Thesis,
University of Alberta, Edmonton, AB.

Cottam, G. and J.T. Curtis.  1956.  The use of distance measures in phytosociological sampling. 
Ecology 37:451-460.

Cutini, A., G. Matteucci and G.S. Mugnozza.  1998.  Estimation of leaf area index with the Li-Cor
LAI 2000 in deciduous forest.  Forest Ecology & Management 105:55-65.

Day, Jr., F.P. and C.D. Monk.  1974.  Vegetation patterns on a southern Appalachian watershed.
 Ecology 55:1064-1074.

De Grandpré, L., Gagnon, D. and Y. Bergeron.  1993.  Changes in the understory of Canadian
southern boreal forest after fire.  Journal of Vegetation Science 4:803-810.

De Grandpré, L. and Y. Bergeron.  1997.  Diversity and stability of understorey communities
following disturbance in the southern boreal forest.  Journal of Ecology 85(6):777-784.

Dix, R.L. and J.M.A. Swan.  1971.  The roles of disturbance and succession in upland forest at
Candle Lake, Saskatchewan.  Canadian Journal of Botany 49:657-676.

Dyrness, C.T. and R.A. Norum.  1983.  The effects of experimental fires on black spruce forest floors
in interior Alaska.  Canadian Journal of Forest Research 13:879-893.

Gray, D.M.  1961.  Interrelationships of watershed characteristics.  Journal of Geophysical Research
66:1215-1223.



23

Hack, J.T.  1957.  Studies of longitudinal stream profiles in Virginia and Maryland.  U.S. Geological
Survey Professional Paper 294-B.  United States Government Printing Office, Washington,
DC.

Hack, J.T. and J.C. Goodlet.  1960.  Geomorphology and forest ecology of a mountain region in the
central Appalachians.  Geological Survey Professional Paper 347.  United States Government
Printing Office, Washington.

Halpern, C.B. and T.A. Spies.  1995.  Plant species diversity in natural and managed forests of the
Pacific Northwest.  Ecological Applications 5(4):913-934.

Harr, R.D.  1977.  Water flux in soil and subsoil on a steep forested slope.  Journal of Hydrology
33:37-58.

Holland, P.G.  1971.  Seasonal change in the shoot flora diversity of hardwood forest stands on M.
St. Hilaire, Quebec.  Canadian Journal of Botany 49:1713-1720.

Horn, H.S.  1966.  Measurement of Aoverlap@ in comparative ecological studies.  American Naturalist
100:419-424.

Host, G.E. and K.S. Pregitzer.  1992. Geomorphic influences on ground-flora and overstory
composition in upland forests of north-western lower Michigan.  Canadian Journal of Forest
Research 22:1547-1555.

Hudson, W.D. and C.W. Ramm.  1987.  Correct formulation of the Kappa Coefficient of Agreement.
 Photogrammetic Engineering and Remote Sensing 53:421-422.

Hunter, M.L.  1993.  Natural fire regimes as spatial models for managing boreal forests.  Biological
Conservation 64:115-120.

Huston, M.A.  1994.  Biological Diversity: The Coexistence of Species on Changing Landscapes.
 Cambridge University Press, Cambridge, Great Britain.

Johnson, E.A.  1977.  A multivariate analysis of the niches of plant populations in raised bogs.  II.
Niche width and overlap.  Canadian Journal of Botany 55:1211-1220.

Johnson, E.A.  1981.  Vegetation organization and dynamics of lichen woodland communities in the
Northwest Territories, Canada.  Ecology 62(1):200-215.

Johnson, E.A.  1992.  Fire and Vegetation Dynamics: Studies from the North American Boreal
Forest.  Cambridge University Press, Cambridge.

Johnson, E.A. and K. Miyanishi (eds.).  In press.  Forest Fire: Behavior and Ecological Effects. 
Academic Press.

Johnson, E.A., K. Miyanishi and J.M.H. Weir.  1995.  Old growth, disturbance and ecosystem
management.  Canadian Journal of Botany 73:918-926.

Johnson, E.A., K. Miyanishi and J.M.H. Weir.  1998.  Wildfires in the western Canadian boreal
forest: Landscape patterns and ecosystem management.  Journal of Vegetation Science 9:603-
610.

Kull, K. and M. Zobel.  1991.  High species richnesss in an Estonian wooded meadow.  Journal of
Vegetation Science 2:711-714.



24

Lieffers, V.J.  1994.  Ecology and dynamics of boreal understorey species and their role in partial-cut
silviculture. p. 33-39.  In C.R. Bamsey (ed.) Innovative Silviculture Systems in Boreal
Forests, October, 2-8, Edmonton, Alberta.

Lieffers, V.J. and K.J. Stadt.  1994.  Growth of understory Picea glauca, Calamagrostis canadensis,
and Epilobium angustifolium in relation to overstory light transmission.  Canadian Journal
of Forest Research 24:1193-1198.

Litaor, M.I.  1992.  Aluminum mobility along a geochemical catena in an alpine watershed, front
range, Colorado.  Catena 19:1-16.

Malo, D.D., B.K. Worcester, D.K. Cassel and K.D. Matzdorf.  1974.  Soil-landscape relationships
in a closed drainage system. Soil Science Society of America Proceedings 38:813-818.

Marks, P.L. and P.A. Harcombe.  1981.  Forest vegetation of the Big Thicket, southeast Texas. 
Ecological Monographs 51(3):287-305.

McConnell, B.R. and J.G. Smith.  1970.  Response of understory vegetation to Ponderosa pine
thinning in Eastern Washington.  Journal of Range Management 23:208-212.

McNaughton, S.J. and L.L. Wolf.  1970.  Dominance and the niche in ecological systems.  Science
167(3915):131-139.

Mellinger, M.V. and S.J. McNaughton.  1975.  Structure and function of successional vascular plant
communities in central New York.  Ecological Monographs 45:161-182.

Miyanishi, K., M.J. Bajtala and E.A. Johnson.  1999.  Patterns of duff consumption in Pinus
banksiana and Picea mariana stands.  The Sustainable Forest Management Network
Conference, Science and Practices: Sustaining the Boreal Forest.  Edmonton, Alberta,
pp. 112-115.

Newsson, M.D.  1978.  Drainage basin characteristics, their selection, derivation and analysis for a
flood study of the British Isles.  Earth Surface Processes 3:277-293.

Nicholson, S.A. and C.D. Monk.  1974.  Plant species diversity in old-field succession on the Georgia
Piedmont.  Ecology 55(5):1075-1085.

O=Loughlin, E.M.  1981.  Saturation regions in catchments and their relations to soil and topographic
properties.  Journal of Hydrology 53:229-246.

O=Loughlin, E.M.  1986.  Prediction of surface saturation zones in natural catchments by topographic
analysis.  Water Resources Research 22:794-804.

Parrish, J.A.D. and F.A. Bazzaz.  1976.  Underground niche separation in successional plants. 
Ecology 57:1281-1288.

PCI Inc. 1994.  PCI: Committed to Remote Sensing, version 5.3.  Richmond Hill, ON, Canada.

Perry, D.A.  1998.  The scientific basis of forestry.  Annual Review of Ecology & Systematics
29:435-466.

Pickett, S.T.A., Parker, V.T. and P.L. Fiedler.  1992.  The new paradigm in ecology: Implications
for conservation biology above the species level.  pp. 65-88.  In Fiedler, P.L. and S. Fain
(eds.).  Conservation Biology: The Theory and Practice of Nature Conservation, Preservation
and Management.  Chapman and Hall, New York.



25

Powelson, R.A. and V.J. Lieffers.  1992.  Effects of light and nutrients on biomass allocation of
Calamagrostis canadensis.  Ecography 15:31-36.

Renkonen, O.  1938.  Statisch-okologische Untersuchungen uber die terrestiche kaferwelt der
finnischen bruchmoore.  Archivum Societalis Zoologicae Botanicae Fennicae AVanamo@ 6:1-
231.

Roberts, M.R. and N.L. Christensen.  1988.  Vegetation variation among mesic succesional stands
in northern lower Michigan.  Canadian Journal of Botany 66:1080-1090.

Ross, M.S., L.B. Flanagan and G.H. La Roi.  1986.  Seasonal and successional changes in light
quality and quantity in the understory of boreal forest ecosystems. Canadian Journal of
Botany 64:2792-2799.

Rowe, J.S.  1972.  Forest Regions of Canada.  Publication Number 1300, Canadian Forest Service,
Department of Environment, Ottawa, Canada.

Schoonmaker, P. and A. McKee.  1988.  Species composition and diversity during secondary
succession on coniferous forests in the Western Cascade Mountains of Oregon.  Forest
Science 34:960-979.

Shafi, M.I. and G.A. Yarranton.  1973.  Vegetational heterogeneity during a secondary (postfire)
succession.  Canadian Journal of Botany 51:73-90.

Shannon, C.E.  1948.  A mathematical theory of communication.  Bell System Technical Journal
27:379-423; 623-646.

Shreve, R.L. 1974.  The probabilistic-topologic approach to drainage-basin geomorphology. 
Geology 3:527-529.

Sinai, G., Zaslavsky, D. and P. Golany.  1981.  The effect of soil surface curvature on moisture and
yield- Beer Sheba observation.  Soil Science 132:367-375.

Smith, N.J.  1993.  Estimating leaf area index and light extinction coefficients in stands of Douglas-fir
(Pseudotsuga menziesii).  Canadian Journal of Forest Research 23:317-321.

Snedecor, G.W. and W.G. Cochran.  1971.  Statistical Methods, Sixth Edition.  The Iowa State
University Press, Ames, Iowa.

Specht, R.L., P. Rayson and M.E. Jackman.  1958.  Dark Island heath (Ninety-Mile Plain, South
Australia) VI. Pyric succession: changes in composition, coverage, dry weight and mineral
nutrient status.  Australian Journal of Botany 6:59-88.

Trudgill, S.T.  1988.  Soil and Vegetation Systems, Contemporary Problems in Geography, Second
edition.  Claredon Press, Oxford.

Tsuboyama, Y., Sidle, R.C., Noguchi, S. and I. Hosada.  1994.  Flow and solute transport through
the soil matrix and macropores of a hillslope segment.  Water Resources Research 30:879-
890.

Uemura, S.  1994.  Patterns of leaf phenology in forest understory.  Canadian Journal of Botany
72:409-414.

Walton, D.  1997.  The role of the science of ecology in the sustainable development debate in
Europe.  The Bulletin of the British Ecological Society XXVIII:249-252.



26

Warren, A.J.  1999.  Integrating remote sensing and GIS techniques with ecological models to map
biological diversity in the boreal forest.  M. Sc. Thesis.  University of Calgary.  127pp.

Weetman, G.F.  1994.  Silviculture systems in Canada=s boreal forest.  p. 5-16.  In C.R. Bamsey (ed.)
Innovative Silviculture Systems in Boreal Forests, October, 2-8, Edmonton, Alberta.

Weir, J.M.H.  1996.  The fire frequency and age mosaic of a mixedwood boreal forest.  M.Sc. Thesis.
 University of Calgary.  148pp.

Weir, J.M.H. and E.A. Johnson.  1998.  Effects of escaped settlement fires and logging on forest
composition in the mixedwood boreal forest.  Canadian Journal of Forest Research 28:459-
467.

Weir, J.M.H., E.A. Johnson and K. Miyanishi.  2000.  Fire frequency and the spatial age mosaic of
the mixedwood boreal forest in Western Canada.  Ecological Applications.  In Press.

Weyerhaeuser Canada.  1999.  Twenty-year forest management plan.  Prince Albert, Sask.

Whittaker, R.H. and W.A. Niering.  1975.  Vegetation of the Santa Catalina mountains, Arizona.  V.
Biomass, production, and diversity along the elevation gradient.  Ecology 56:771-790.

Wolda, H.  1981.  Similarity indices, sample size and diversity.  Oecologia 50:296-302.

Wood, E.F., M. Sivapalan, K. Beven and L. Band.  1988.  Effects of spatial variability and scale with
implications to hydrologic modeling.  Journal of Hydrology 102:29-47.

Zar, J.H..  1984.  Biostatistical Analysis, Second Edition.  Prentice Hall, Englewood Cliffs, New
Jersey.


