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ABSTRACT 

The change of vegetation composition, with particular 

reference to frequency of fire, in the western subarctic is studied 

using two theoretical models and empirical data. 

First, a mathematical model is used to explore the implications 

of predictable, relatively frequent fire on certain aspects of 

vegetation, particularly stand mortality. The predicted distribution 

from the model is found to fit well with stand age data collected in 

the subarctic forest. The three parameters of the model ecologically 

describe the lag before reburning can occur,regional resistance to 

burning and the local susceptibility to burning. The parameters are 

shown to behave consistently with logically independent empirical 

evidence related to regional and local climate and topography. The 

relationship of the hazard of burning function of the model to 

vegetation composition, particularly r-K selection, is discussed. 

The second model explains community organization as the 

product of evolutionary forces which ha'Ve produced different life 

history strategies in populations. TIleae evolved differences in 

populations are the criteria by which populations are assembled into 

communities by environmental selection. Specifically the model parti-' 

tions a population's abundance·intoenvironmental selection regime 

due to habitat and fire. Environmental selection consists of (i) 

populations ordered by their life history strategies (potential success) and 

(ii) an environmental selection function. The ordered populations can 

(iii) 



be called the r-K continuum. The environmental selection function 

transforms a population's potential success (its life history strategy) 

into the population's realized success (its actual abundance). 

In order to give empirical content to the model a least square 

technique is used to partition the vegetation data into the habitat 

and fire selection regimes and principal components analysis is used 

to order the species abundance in each partition into r-K continua. 

The habitat selection regime gives a two dimensional continuum related 

to heat regime (energy budget) and nutrient regime. The fire selection 

regime gives a one dimensional gradient which orders species according 

to their temporal response to fire t from short-lived, fast growing t 

competitively inferior species to long-lived, slow growth, competitively 

superior species. 

The recovery of vegetation after fire is discussed with 
. . 

respect to the seleCtive influence of habitat and fire. The habitat 

and fire selection regimes are shown to cause t respectively, a 

resistance and resilience type response in the same community. 

The classical idea of black spruce-feather moss or white spruce climax 

is given a new interpretation in which these vegetation types no longer 

necessarily.represent the end-points of compositional change. The 

speed of vegetation change is explained as the result of the r-K 

selectedness of the assemblage of species in a stand with respect to 

its habitat and fire frequency. The often discussed "adaptation" of 

vegetation to fire is now given explicit form in the model and the 

ensuing analysis of data. 

(iv) 
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I. INTRODUCTION 

The theory of plant succession has involved studying the 

phenomena of temporal and spatial changes in vegetation composition. 

The chief architects of successional theory during its early 

development were H.C. Cowles (1869-1939) and F.E. Clements (1874-1945). 

w.s. Cooper (1884-present), a student of Cowles, A.G. Tansley (1871

1955) and H.A.Gleason (1882-1975) contributed dissenting views. 

However, with the possible exception of Gleason, there was a large set 

of beliefs about succession shared by these early theorists. For 

example, they all believed: in a successional stage in which changes 

in species composition was very slow (climax); in a succession which 

was caused by the plants themselves; in a community organization which 

invoked dominance; in an idea that allowed 'spatial sequences to 

reflect temporal sequences; and in various successional sequences 

which could be identified by their environmental causes. 

In this thesis,I will briefly review these shared beliefs 

and then suggest how they can be modified to form a new hypothesis 

of vegetation change. This new hypothesis has conununities consisting 

of populations which are ordered by their different life history 

strategies. These adaptive differences in populations are the criteria 

by which populations are organized into ecological systems by the action 

of contemporary environmental selection. In addition, an hypothesis 

(model) of fire frequency is discussed so that fire can be introduced 

in a meaningful way into community organization. 



II. SHARED BELIEFS IN TRADITIONAL SUCCESSION RECONSIDERED 

One of the powerful components of Clements' theory of succession 

was dominance. Although the idea is older than Clements, he firmly 

established its pivotal role in community organization. In Clements' 

theory (1916, 1935) the individual species in a community are held. 

together by the social bonds of the plant dominant(s). The dominant 

is sufficient to describe and understand the community because it 

controls the occurrence of the other species. Succession is the slowly 

revealed potential of the community by the changing dominants until 

the community reaches a point, the climax, in which its full potential 

under a particular environment (particularly climate) is developed. 

This viewpoint is a form of Aristotelian essentialism. 

Aristotelian essentialism (Robinson 1950, Popper 1963, Abelson 

1967) argues that things are defined by their real nature or essence. 

Thus questions such as "What is a community?" can have an essentia1istic 

overtone. This use of definition is a causal explanation in that 

cause means purpose. Aristotle believed that all things evolve or 

develop in an attempt to reveal their real potential or purpose. 

Consequently lower or earlier stages of development are imperfect 

revelations of the later. stages. The more developed a thing is the 

more the essence (purpose) controls it. Since definitions in this 

scheme give the purpo~e and therefore the real nature of a thing, 

science is simply a systematic classification of these definitions .. 

(Nordenskio1d 1928).
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The apparent deductive nature of Clements' ecology (cf Whittaker 

1957) seems to result from his belief in essentialism. Although he 

never explicitly states this, it explains much of the form of his 

theory. Clements' ecologt is thus a classification of climax 

communities (Associations) in terms of their species (in the philoso~

phical sense, see Hull 1967) which are the dominants. Questions about 

cOtmllunity organization are· thus definitively a.nswered by a connnunity 

definition ·in terms of dcinninance. 

Ecology has slowly. over the last 30 years, attempted to divest 

itself of essentialistic definition and become interested in the 

relationships of things and how they behave with respect to each other. 

Questions such as "What is something" or "What does it mean". which 

imply some sort of ultimate expla.nation and make further exploration 

of the thing both unnecessary and impossible, are disappearing in 

ecology. 

Only H.A. Gleason (1917, 1926, 1939) can be said to have 

serious1ydisse~ted from the philosophy of dmminance. He asserts 

that all species relationships in the community are important and must 

be considered. He thus forcefully rejects an essentia1istic view of 

the connnunity. Unfortunately he also gives the impression, perhaps 

wrongly, that connnunities are not organized. He does this by strongly 

opposing any idea that there is a fixed or definite vegetation structure. 

Although Gleason stresses that each species in a community 

presents a different adaptation to the environment, it was not until 

the later 1950's and 1960's that the idea of life history phenomena, 
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including rand K selec~ion(Cole 1954, Fisher 1958, MacArthur 1962, 

Lewontin 1965, MacArthur and Wilson 1967, Istock 1967, Murphy 1968, 

Gadgil and Bossert 1970) provided an organizing principle as powerful 

as dominance. The hypothesis of life history strategies postulates 

the coadaptation of a number of life history traits (e.g. number 

and size of offspring produced, age of first sexual reproduction, 

length of lifespan, competitive ability, growth rates, reproductive 

effort) with certain natural selection regimes. These coadapted 

complexes of traits can be formed into a partial ordering based on 

their maximum fitness, associated at one extreme with density 

independent selection and at the other extreme with density dependent 

selection. This ordering has come to be kl10wn as the r-K selection 

continuum (Figure 1). 

In retrospect this idea can be found in the thinking of most 

ecologists t unfortunately its power was unrecognized until it was 

properly formalized. Its great organizational ability lies in 

creating a common basis (maximum fitness) upon which different 

species in a connnunity can be compared and ordered. This ordering 

on the r-K continuum can then be used to observe the realized fitness 

of species in a community as they are affected by the contemporary 

environmental selection. 

Having discussed the euentialistic aspects of dominance in 

traditional succession it should also be obvious that environmental 

factors are dealt with in much the same way. Environmental factors 
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are the causes of succession. It is this essentialistic overtone which 

believe has resulted in some of the difficulty of relating the 

environment to the vegetation in succession. 
, 

Instead of environmental factors (causes) I would like to use 

the term environmental selection (cf Gleason 1939). Environmental 

selection is a function which transforms the genetic ability (strategy) 

of a population into its realized success. The function is thus the 

environment in the form in which it affects the plant not necessarily 

in the form in which ecologists have instruments to measure it. 

In keeping with its essentialistic viewpoint of the environment, 

traditional successions have been c1assi'fied by their causes (Clements 

1916, Cowles 1911). The·resu1t is usually a discussion in which a 

single cause receivesmost.of the attention for a particular succession. 

Put simply, environmental parameters are not interrelated in a manner 

which makes clear their holistic organization. 

In order to integrate the environment I suggest a simple and 

not very novel solution. Consider the abundance of a species population 

in a community to be partitionab1e into parts related to different 

environmental selection,. Thus different selection regimes can be 

examined separately yet are related formally into a total environment. 

One further important result in the handling of the environment 

in 'succession needs to be discussed. Clements (1916) in secondary 

succession, Cowles (1911) in biotic succession, Tansley (1920) in 

autogenic . succession and Cooper (1926) in internally caused succession, 

all propose what we today recognize as differences in life history 
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This example shows two problems in succession with regard to 

environment. F~rst, the environment must be in its operational form. 

Ihus in fire,it is not the physical event but the recurrence pattern 

which does the selecting of the life histories best adapted. Second, 

all environmental selection regimes have fluctations in time. Fire 

has a longer term recurrence than most habitat variables which fluctuate 

so frequently that they often appear unchanging. 

One of the characteristic means of studying succession has been 

to relate time sequences to more easily studied geographic sequences. 

For Cowles, Cooper and to a lesser extent Clements this was not 

difficult since they ascribed to the physiographic cycle ideas of 

Davis (1909). Davis'erosion cycles fit different parts of the 

landscape into an evolutionary sequence and consequently these early 

ecologists simply compared the vegetation on these different stages 

of landscape evolution to successional sequences (Wright 1974). 

The time-space "conversion" in succession is also called the 

ergodic hypothesis after its formal statement in stochastic theory 

(Feller 1968). The ergodic hypothesis in the context of our problem 

states that all stages of a succession are temporally related and that 

all can be repeated. Consequently the collection of all stages at some 

point in time which are members of the same ergodic set can be assumed 

to be developmentally (time) related also. 

Bowles and Clements both seem to hold a view of succession in 

which the stages in the ergodic set are "cyclic". Succession 1s 
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"cyclic" in that its stages are arranged in a more or less determined 

fashion so that certain stages follow each other and that the sequences 

repeat themselves. Thus after a sufficient time has elapsed the 

succession can be expected to be in any of a more or less limited 

number of stages. In fact Clements (1916) believed that the entropy 

of "c)tclic" succession is such that sequences should most often be 

in the climax stage. 

Cooper (1926) on the other hand has a much more flexible view 

of succession. If one were required to classify his type of ergodic 

set one would have to call it "regular". Cooper (1926) believed that 

conununities merge and separate in time just as the streamlets in a 

braided stream. Therefore after a sufficient time has elapsed the 

succession can be expected to be in more or less any stage no matter 

where it started. 

More recently Whittaker (1953) has further exploited the ergodic 

hypothesis by pointing out that a steady-state spatial mosaic of 

vegetations should result from a temporal sequence which is ergodic. 

In the hypothesis of vegetation change suggested in this 

thesis the ergodic hypothesis is used but not with a set of different 

stages of successions but with a set of different species populations. 

For a given environmental selection, the different populations ordered 

along an r-K selection continuum are mutually "convertible" into any 

other populations. A selection regime not only converts the genetic 

ability of a population into its realized success but it also allows 

for the influences on the realized success of other adjacent populations 
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by the original population. One can see that this is a statement of 

the ergodic hypothesis in which the set is regular. This hypothesis 

is made possible by the common basis of comparison along the r-K 

continuum. 

Climax has been a bane of ecology since its importance was 

stressed by Clements. Clements and Cowles seem to have believed 

it to be some kind of equilibrium which reflects the potential of the 

environment, particularly the climate. Cooper (1926) was more permissive 

and saw climax as a slowly changing equilibrium stage. It does not 

appear therefore that Cooper's understanding is the steady-state 

pattern and populations of Whittaker (1953). Whittaker's view seems 

to go beyond Cooper in not a~cepting climax and other stages and in 

its place emphasizing the importance of gradients and the stead.y!""state 

pattern of these gradients. 

In the model used here the slowing of vegetation compositional 

change is the result of the increase in populations with longer life

spans (K-selected). The stability reflected in the model is not the 

cessation of compositional change but the steady-stage distribution 

(shape) of the populationg realized successes as they are ordered along 

the r-K continuum. 

At this point the reader may wish to go directly to the model 

of vegetation change which he can find in Chapter V. However the 

logical development requires a digression for a consideration of the 

region studied and then the model of fire frequency. 



III. DESCRIPTION OF AREA STUDIED

Physiography and Glaciation 

The Caribou Range is located on the Precambrian Shield and 

consists mainly of an Archaean crystalline basement with Proterozoic 

intrusives. Rock types .are mostly granites, gneisses, and 

granodiorite.',.. overlain by glacial drift of varying thickness 

(Camsell 1916, Hoadley 1955, Taylor 1956 and 1959). 

The surficial geology has not been studied systematically 

and, except for scattered notes in the above-mentioned reports, little 

information exists on the landforms and Pleistocene history. Craig 

(1964) and Wright (1967) reported on the surficial geology of the 

area north of 62 0 latitude and east of 105 0 longitude, providing 

useful information that can be extrapolated to this area. Figure 3 

gives a provisional map of the surficial geology based on air photo 

mosaics of 1:60,000 scale. 

The following is a speculative account of the recent geological 

history. The last incursion of the continental glacier was from the 

11 
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FIGURE 2 

Map showing the general location of the stands sampled in the 
vegetation organization study (Chapter V). They are mostly 
confined in a belt at equal distance from tree line, and in 
the Northwestern Transition (B.27) of the Halliday classifi
cation (Rowe 1972). Numbers correspond to the number of stands 
sampled. Dotted line represents tree line. 



600 fORT SM ITH 

1110 



13

FIGURE 3 

Map of landforms in the Caribou Range, N.W.T. with drumlinized 
drift (T)prominent east of 1080 longitude and thin bedrock 
controlled drift prominent west of 1080 longitude. Note the 
trains of ice-contact drift (chiefly eskers) that traverse 
both kinds of terrain from east to west. 
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east, and the ice advanced westward across the north-south topographic 

high that extends on an approximate axis from 63° latitude at Artillery 

Lake (450-480 m) to 60° latitude at Dunvegan Lake (550-600 m). 

Possibly because of its upslope, compressive flow or more likely 

because of moldable rock types and surficial materials, the thinning 

ice formed numerous streamlined features both on the highland axis and 

to the east of it. Fields of drumlins are the characteristic landforms 

of perhaps two-thirds of the area. Occasionally drumlin crests are 

grooved and kettled suggesting the moleting, by the readvancing glacier, 

of. outwash in which ice blocks were buried. 

West of the highland axis the terrain' shows few streamlined 

features. The ice did not form drumlins or flutings, possibly because 

of a more resistant granitic surface rock. The land surface is covered 

with thin ablation materials whose thickness is imposed by the bedrock. 

As the ice sheet waned long esker trains and outwash areas 

formed. They cross the area from east to west in series of single and 

multiple ridges and knobs; interrupted by sand plains and sandy-shored 

lakes. These sandy areas often have large wind-eroded patches. 

On the west side at aboutllOO longitude, the esker trains end abruptly 

where the Taltsonand Tazin Rivers reestablish a south-north trending 

drainage. 

Climate 

The area has a humid continental climate with short cool 

summers, long cold winters and with precipitation occurring slightly 
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more during the summer than the winter. The mean January temperature 

is -26°C* and the mean July temperature is 17°C at Fort Smith. The 

annual precipitation at Fort Smith is 33 em. The first snow cover 

usually occurs by the first week of October and disappears in late 

April or early May. Snow may occur in any month of the year. The 

mean annual number of days with snow more than 2.54 em is 200 at 

Fort Smith. 

Freeze-up of lakes occurs about the beginning of October~ and 

break~up about the first of June. Freeze-up and break-up on the east, 

arm of Great Slave Lake~ a large body of water~ are delayed several 

weeks (Wright, 1951). 

Bryson (1966)' studied the climate of the transition from the 

boreal forest to the' tundra in central Canada (see also Larsen 1965~

1971). He postulated a narrow transition zone between the cool, 

dry,. :atable Arctic air mass to the northeast and the warm, moist, 

unstable Pacific air mass to the southwest. This zone of climatic 

transition moves seasonally across the region in a northeast-southwest 

pulse occupying a modal July position iq the region of tree Idne. 

After July the zone recreats southwest, reaching a modal winter 

position near the southern boundary of the boreal forest. This 

transition zone is usually associated with increased frontal activity. 

*All meteorological data courtesy of Atmospheric Environment Service, 
Ottawa. 



16 

Fire 

A total of 398 forest fires occurred in the last ten years 

with 87% caused by lightning (Table 1). The total area burned was 

700 thousand ha with large variation from year to year. These 

results are similar to records in the Mackenzie Valley, N.W.T. 

(Roweet al.· 1975), Yukon (Requa 1964, Kiil 1971) and Alaska (Barney 

1971). Fire incidence seems to follow a seasonal pattern advancing 

from the south towards tree line in the summer and retreating in the 

fall. This leads to the recurrence of more and larger fires in the 

southwest and fewer and smaller ones in the northeast. 

The seasonal patterns of lightning fires appear to be related 

to the conditions associated with air masses and to their movements. 

Lightning storms usually occur in areas under the influence of 

maritime' Pacific air either along fronts or within isolated convective 

systems (Johnson and Rowe 1975). Years in which few fires occur 

have been shown to be related to above-normal precipitation during 

the summer fire season. This above-normal precipitation keeps the 

duff moisture at a level which generally will not support a fire. 

Meted~0108ically the above-normal precipitation seems to 

result from an anomalous surface water ~emperature in the north 

Pacific. This anomaly gives rise to an amplified long (Rossby) 

wave which increases the convergence along the contact between the 

maritime Pacific and continental Arctic masses (Johnson 1977). 



Table 1. Summary of Forest Fires in the Caribou Range 1966-1975. 

April May June July August Sept. Total 

Total Number Fires 1 7 114 168 106 2 398 

No. Man Caused Fires 1 5 13 18 13 1 51 

No. Lightning Caused Fires 0 2 101 150 93 1 347 

April May June July August Sept. Total ..... 
""'-J 

Total No. hectares Burned* 5 11 103,166 503,039 76,540 1 682,762 

No. hectares Man C~used Fires 5 11 854 83 19 0.5 971 

No. hectares Lightning Caused Fires 0 0 102,313 502,956 76,521 0.5 681,791 

*Indicates only month in which fire started 
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Vegetation 

The study area includes parts of the Northwestern Transition 

(B.72) in the Halliday classification (Rowe 1972). These vegetation 

belts correspond to what Hustich (1949) and Hare (1950) recognized 

east of Hudson Bay as Open Boreal Woodland or Taiga. 

The general physiognomy of the vegetation in the Caribou 

Range is as follows: Upland sites are mostly dominated by closed or 

open forests of black spruce (Picea mariana) and jack pine (Pinus 

banksiana). White spruce (Picea glauca)is a common component of 

forests on coarse-textured materials, for example on outwash sand 

.plains and· esker ridges. It is also a prominent tree on alluvium 

adjacent to moving water and on lacustrine deposits adjacent to Great 

Slave Lake. Aspen (Populus tremuloides) is not a conspicuous tree 

except towards the.south•. White birch (Betula papyrifera), on the 

other hand, is common throughout the forested area and extends into 

the tundra. Lowland sites are generally dominated by black spruce, 

accompanied in considerably less abundance by tamarack (Larix 

laricina). As on uplands, the stands may be closed or open peatlands. 

Towards tree line in the forest-tundra zone, polygonally-patterned 

peaty ground appears. 

Little work, even of a descriptive nature, has been done on

the vegetation in the western subarctic. Maini (1966) studied an

island near tree line at the eastern side of the area. This esker

formed island was covered with park-like stands of white spruce
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interspersed with large areas of loose sand and gravelly knolls. The 

lower slopes and protected valleys are covered with black spruce and 

lichen vegetation as are those of the surrounding till-covered mainland. 

On the northwest edge of the study area Larsen (1971) described 

several communities in the Fort Reliance-Artillery Lake area, Kelsall 

~ ale (1971) reported on a broader natural history survey of the same 

locality and Argus (1966) briefly described plant communities just 

south of 60° latitude in Saskatchewan. 

Studies of succession in the subarctic are also few. Ritchie 

(1958, 1959) working in the subarctic of Manitoba has perhaps had· 

the greatest influence on the thinking of subsequent work on succession. 

His influence is best shown in Figure 4 (top) which gives a successional 

sequence on mesic upland sites. The mature (climax) forest is 

considered to be a closed black spruce forest with a ground cover of 

feather moss (Pleurozium schreberi, Hylocomium splendens, Ptilium 

crista-castrensis and Dicranum spp.). Seral stages run from young 

birch-willow right after fire to jack pine to jack pine-black spruce 

to black spruce-birch and then the mature forest. He also recognizes 

edaphic climaxes of jack pine on sand and bedrock. 

Scotter (1964, 1965, 1968) working in the Stony Rapids area 

of Saskatchewan and Taltson River region of the Caribou Range, studied 

the condition of the winter range of the barren-ground caribou. His 

view of succession (Figure 4, bottom) is modified from Ritchie (1958) 

and fEom aerial photo interpretation of his Stony Rapids, Saskatchewan 

study by Brown (196l). The successional sequence is essentially 
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FIGURE 4 

Successional sequences as proposed by the t:espective authors for 
upland sites in western subarctic. 
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the replacement of the· less shade tolerant jack pine or birch by the 

more shade tolerant black spruce. Scotter is uncertain whether black 

spruce-lichen should be considered climax although it is capable of 

self-perpetuation and has a high degree of stability. However he feels 

that white spruce may be the ultimate climax if fire protection were 

given for a long enough period of time. A list of plants is given 

which is related to each of the stages of succession. 

Kershaw ~ al. (1975) and Maikawa & Kershaw (1976) working 

in the south central part of the study area on drumlins, has identified 

four stages of succession after fire. The first stage lasts about 

20 years, during which Polytrichum piliferum becomes established. 

The second stage lasts to about 60 years after fire and sees the 

inva_ion of the lichens Cladina alpestris, Cladonia uncialis and 

Cetraria nivalis" ?·Black spruce, the major tree on drumlins, becomes 

reestablished during this stage. The third phase lasts from 60 to 

aaDut 130 years and is dominated by a ground cover of Stereocaulon 

paschale. They suggest that the final stage is closed black spruce

feather moss forest (see also Kershaw 1977). 

The only other successional study of interest is by Raup 

(1930) on the sand plains adjacent to Great Slave Lake near Fort 

Reliance. He describes the physiographic success~on from newly 

emerged sandy beaches to spruce-lichen woodland on old beach terraces. 
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IV. A FIRE FREQUENCY MODEL OF VEGETATION DISTURBANCE 

Contemporary ecologists have amassed substantial observational 

evidence to show the prevalence of disturbance, but few have attempted 

to quantify the recurrence pattern of disturbance and show the 

implications this has on vegetation composition (for exceptions see 

Loucks 1970 and Horn 1976). As was mentioned in Chapter II, traditional 

successionists have viewed fire as mainly the creator of bare areas 

on which secondary or autogenic succession occurs. This traditional 

view has obscured the importance of the recurrence pattern as a selective 

force on populations with different life histories. 

The objective of this chapter is to present. an hypothesis (model) 

for the distribution of intervals between fires. The model involves 

three parameters. which are interpreted ecologically. Furthermore the 

hypothesis suggests how fire recurrence selects populations with 

different life histories through it~ hazard of burning function. 

Sigrtificance of Disturbance 

Considerable work on the recurrence patterns of rare events 

has been carried out in fields other than ecology, particularly in 

geography and geology (Wolman and Miller 1960, Curry 1962, Gretener 

1967, Hewitt 1970, Hewitt and Burton 1971) and in applied mathematics 

(Feller 1968). However the relevance of this to ecologists studying 

fires and other disturbances seems not to have been recognized. Only 

in Frissel (1973), Heinselman (1973) and Johnson and Rowe (1975) does 
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one find attempts at quantitative documentation of fire recurrence 

patterns. 

Ecologists,because of their background in traditional succession, 

have had a largely historique (choro1ogica1) orientation to the study 

of fires and other disturbances. Consider a few examples. Raup (1957, 

1964) reviewing his experiences in the tundra, boreal forest, northern 

hardwoods and tropical rain forest concluded that disturbance is a 

common event and that its long term absence from most vegetation is 

the exception rather than the rule. Stearns (1949, 1950, 1951) recorded 

the influence of wind and fire on the northern hardwoods forest of 

Wisconsin. In a particularly poignant comment in 1950 he reported that 

one of his old growth stands studied in 1946 had been destroyed by a 

windstorm in 1949. Spurr (1954) using published records and tree fire 

scars, determined common occurrence of fire during the 1800's in the 

forests of the Lake Itasca region of Minnesota. Komarek (1964, 1968) 

has used meteorological records in the United States to document that 

lightning and lightning started fires are widespread and that few 

areas under natural conditions could have escaped fires of this origin 

for long. 

The historique viewpoint of disturbance seems to have made 

it difficult for ecologists to grasp the significance of the recurrence 

pattern as the process by which disturbance -influenced vegetation 

organization. For example, Vogl (1970) in a study ·of jack and red 

pine barrens in Wisconsin concludes that these areas result from a 

combination of the sandy, dry soil and frequent fires. He suggests 
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that by changing the frequency of fires, the composition of the 

vegetation could be changed. However he makes no attempt to develop 

this observation beyond its obvious implications. Henry and Swan 

(1974) in a detailed longitudinal (temporal) study of 0.04 ha in the 

northern hardwoods of New Hampshire have traced the forest history 

back to 1665. Using live and dead plant material they concluded that 

autogenic succession was not important compared to recurrent 

disturbance which seemed to be the main cause of vegetation change. 

Swan had earlier (Dix and Swan 1971) discussed the role of disturbance 

in the southern boreal forest but in neither this nor the former 

paper is there a mechanism describing how disturbance selects 

populations, only an enumeration of the fire adaptations in the 

populations. 

Quantitative Studies of Fire Frequency . 

Actual quantitative studies of fire frequency are few and 

have generally followed two approaches. The first, represented by 

Heinselman (1973),.maps fires over the whole area studied using fire 

scars, stand ages, composition, and structure, fire records, etc. 

These studies result in information on both the area burned and the 

frequency of burning. Heinselman's reconstruction of the fire 

history since 1595 for the 348,000 ha Boundary Waters Canoe Area in 

northeastern Minnesota, showed that until fire supression by man 

began in 1910, the average occurrence of a fire for this whole area was 

once every 6.1 years. Furthermore he calculates approximately 100 
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years as the "Natul;'al fire rotation" i.e. the average time to burn and 

reproduce the vegetation over the whole area, using the period 

1727-1910 as the base for the "Normal" (stationary) process. 

However, for most areas and some purposes it is neither 

feasible nor desirable to map completely all past fires as Heinselman 

has done. In this case the second approach is more appropriate. In 

place of a complete inventory and mapping of past fires, a sample can 

be drawn from the region in order to give a representative, legal 

estimate of the fire frequency for the whole region. Note that 

statements about area burned are not possible. The difficulty in 

the application of this approach has been in understanding the 

importance of the sampling design and the choice of the fire frequency 

model in determining the results. Consequently, the estimates of 

fire frequency from many of these types of studies are difficult to 

evaluate. 

Rowe ~ al. 1974 in studying fire frequency in the Mackenzie 

Valley, N.W.T. demonstrates this difficulty. The sampling design 

in the two regions studied consisted of either (1) locating fire 

boundaries by changes in forest types along the Mackenzie Highway 

near Fort Simpson and aging the fires on the older side of the 

boundaries and (2) aging fires in stands adjacent to wherever suitable 

helicopter landing sites were available (usually bogs) in the region 

near Norman Wells. Unfortunately neither of these approaches can be 

assured to give representative~ unbiased estimates of fire frequency. 
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The first sampling design used in the Fort Simpson area has three 

serious problems. The highway along which the s~ple is taken 

probably cannot be considered an unbiased transect across the region. 

Identifying fire boundaries (choice of samples) particularly very old 

ones, by forest types is very difficult and subject to much personal 

interpretation and consequently subject to more inconsistency than 

less complicated or more mechanical sample locating procedures. It 

is also not clear why samples were located at fire boundaries on the 

transect'. It is possible that there is a confusion here in the goal 

of the study. It appears that the first goal was to map fires along 

a transect (highway) and later the goal was changed to estimating 

fire frequency of the region. Unfortunately the first goal is not 

necessarily compatible with the final goal~ It certainly does not 

seem to be the easiest'approach to a sampling design. The second 

sampling design used at Norman Wells is obviously very different in 

approach from the first. However its simplicity is marred by the 

obvious bias in the choice of samples. 

In the choice of a fire frequency parameter Rowe et ale 

use the "mean interval between fires in an area": 

X:I ----n 

where a2 - a1 is the interval between fires ina stand and n is the 

total number of fires in the area. This parameter, assumes the distri

bution of fire intervals is Gaussian although they present no arguments 
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that this is supported by their data. Houston (1973 and personal com

munication 1974) examined the fire frequency in northern Yellowstone 

National Park, Wyoming, using samples of fire-scarred trees 

"arbitrarily" (it is not clear what this means) taken to represent 

different habitats ( stratified by relief and vegetation) in the 

grassland-forest ecotone. The average mean interval between fires 

on individual trees was calculated from the formula: 

x = 

where Y is the age of a specific tree, 8 is the number of scars on 

the tree and Nt is the total number of trees sampled in an area. 

'There are two shortcomings with this formula: (1) Houston apparently 

assumes that the time from the last fire scar to the total age of 

the tree is in fact another fire interval despite the fact that it 

appears in most cases not to have been, (2) Y/8 is not a measure of 

"the mean interval between fires" since 8 is not necessarily the 

number of fire intervals (see first point above) and because fire 

intervals (8-1) are not the same as fire scars (8). 
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Fire Frequency Model 

The model of fire frequency presented here, proposes a 

process which generates the distribution of intervals between 

fires in the subarctic. It describes the mortality (burning) 

pattern of a population of sites. It does not give any information 

on fire sizes. The properties of this distribution of fire 

intervals are determined by a function ~{t) called the hazard 

of burning. It is a monotonic increasing function of time whose 

exact form is dependent on three parameters. This function is 

important because of its implication in explaining the selecting 

influence of fire frequency on species life histories. In this 

chapter fire and burning are used synonomously. 

The distribution FCt) used here to give the mortality of 

a population~fsites is 

dF _c(t-a)C-l . [(t-a c] t> a > 0 
dt= b . b exp -~) c > 1 

b ;- 0 

This is known in the statistical literature as a Weibu1l distribution 

(Weibull195l). It states that a population of sites, at risk of 

burning, will have a characteristic distribution of intervals 

between fires. The exact distribution will be determined by the 

parameters a, band c. The shape of the mortality distribution is 

dependent on the local susceptibility (shape) parameter c which is 

dimensionless. If it is 3.6 (cf Johnson and Kat z 1969) the 

distribution is approximately normal, if it is less than 3.6 the 
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distribution is positively skewed, if it is equal to I the distribu

tion decreases monot0nically .and if it is greater than 3.6 the 

distribution is negatively skewed. The expectation of the distri

bution is dependent on the regional resistance (scale) parameterb 

dimensioned in years, and the intercept on the age axis is dependent 

on the lag parameter a also dimensioned in years. 

The mortality distribution can also be expressed as 

~~ = A(t) pet) 

is the 

site survivorship and 

'\ (.t) = .£. (t-a) c-l _ . I dP is the 
1\ b b - - pet) dt 

hazard of burning. Note.that A(t)dt is the conditional probability 

of burning in the interval (t, t + At). 

The Weibull distribution is used in place of a simpler model 

because it is more ecologically realistic. The simplest modelrjof 

fire frequency would be a Poisson distribution of fire occurrence 

with parameter X, the average burning rate. The average burning 

rate is a random variable which is a function of time: 

- 1A= Adtt 

If fires occur randomly then the distribution of intervals between 

them will have a negative exponential distribution whose slope 

depends on the average burning rate X. Note that the burning rate 

can change with time as long as the time averaged A is applied as 

the parameter. 
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Of course assuming that burning is random is ecologically 

unrealistic. Certainly vegetation, landforms, etc. all mitigate 

against a random burning pattern. Consequently the average burning 

rate is modified in theWeibull into two different parameters for 

fire susceptibility and resistance. 

In the following two sections empirical data is fitted to 

the fire frequency model and the results interpreted in ecological 

terms. 
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Parameter Estimation and Goodness of Fit 

Four regions were sampled in the study area (Table 2) using 

the following technique: Within each of the four regions, upland 

samples of approximately 10 ha were located ona map grid using 

random numbers. The individual samples were then located using float

equipped aircraft to reach the nearest lake and thereafter by walking. 

All regions sampled were chosen so that they had burned within the 

last four or five years, so that the age intervals would all represent 

fire-to-fire events. 

The intervals between fires at each site were determined from 

an investigation of fire scars and tree rings. As many trees were 

cut with a chain-saw as were needed to ascertain the dates of fires 

at a site. Fire scars give reasonably exact ages of fires while 

tree ages. (total rings at the base) are less dependable indicators 

(Spurr 1954, Houston 1973). The reason is that all regeneration 

does not occur immediately following a fire; there may be a patchy 

and sporadic establishment for some years after. In such cases an 

investigation of the distribution of tree ages usually clarifies 

the fire date. Because all the regions sampled were in recent burns 

large numbers of trees could be felled to determine fire intervals. 

In practice this meant from 40 to 100 trees were cut per region. 



Table 2. Location and information on regions sampled in f.ire frequency studies. 

Size Number No. of General 
Region of Fire Tree 

Region Long. Lat. Sampled Samples Intervals Composition Last Burned 

Whirlwind Lake 1080 42' 60 0 13' 5x5 Ion 15 25 Jack pine-black 
spruce 1972 

Pilot Lake 110 0 43' 60° 31' 10xlO Ion 15 25 Jack pine-black 
spruce 1971 w 

w 

Rutledge Lake 110 0 30' 61 0 44' 10xl0 Ion 25 36 Black spruce-
jack pine 1971 

Siltaza Lake 109 0 38' 62<1 12' 5x5 km 15 15 Black spruce-
jack pine 1971 
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The parameters of the Weibull were estimated by the Maximum 

Likelihood Method (Harter and Moore 1965) and are given in Table 3. 

The difference between the fitted distribution using the estimated 

parameters and the observed data was tested with the Kolmogorov

Smirnov statistic (Sokal & Rohlf 1969). In all four cases the 

difference between the fitted and observed distributions was less 

than that expected by chance at a = 0.01. 

Discussion 

It is possible that the empirical data could be fitted equally 

well to other distributions besides the Weibull. Thereforeacceptance 

of the Weibull °as a reasonable hypothesis for fire frequency in the 

subarctic forest depends also on how it fits with other environmental 

and ecological generalizations. Specifically, the interpretation 

given to the parameters from their behavior in the model should be 

supported by independent evidence. 

The regional resistance parameter (b) should behave so that 

it increases or decreases as the regional environmental conditions 

for burning increase and decrease. In the area east of Great Slave 

Lake the air mass climate forms a gradient parallel to the tree 

line (Larsen 1965, 1971; Bryson 1966; Barry 1967; Mitchell 1973). 

This gradient can also be seen in the map of Simard of the Canadian 

Fire Weather Index (Figure 5). The Fire Weather Index is particularly 

useful because it relates meteorological parameters to fire spread 

and intensity (Van Wagner 1974), bridging air mass characteristics 
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FIGURE 5 

The Canadian Fire Weather Index (FWI) as calculated from meteoro
logical parameters (from Simardl974). Notice the decrease in 
FWI towards tree line (The dotted line). 
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and fire behavior. Figure 5 shows the decreasing frequency of high 

FWI values towards tree line and thus the decreasing likelihood of 

fire occurrence. This is known to be the case for actual fire 

occurrence for the last 10 years for the area (Johnson and Rowe 1975, 

Johnson unpublished data). The ignition source, lightning,' also 

changes perpendicularly to tree line as would be expected (Kendall 

and Petri 1962). 

As the regional climate becomes less conducive to fire, it 

follows that the regional resistance parameter (b) should increase 

towards tree line and the expected time between burns should increase. 

In order to test this, tree line is defined to be where trees cease 

to appear on the uplands although they may still be in the stream 

valleys. The distance between the tree line and the regions sampled 

is measured perpendicularly to the meteorological gradient (e.g. see 

Figure 5). A simple comparison of distances as in Figure 5 is only 

valid if the. rate of change in the gradients are similar. Figure 6 

shows that the regional resistance parameter (b) does increase as the 

distance to tree line decreases as measured perpendicularly to the 

meteorological and vegetation gradients. 

The local susceptibility to burning (parameter c) should be 

related in a consistent manner to variability of the local climate 

and substrate. To measure local climate and substrate over large 

areas is nearly impossible, so an indirect approach was taken. It 

assumes that the diversity of topoclimates and substrates is related 

to the complexity and roughness of the terrain (Hayes 1941, Byram 
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FIGURE 6 

Relationship of distance from tree line (regional environment) 
and scale parameter (b), the regional resistance to burning. 
Tree line is defined to be the region in which trees cease to 
appear on the uplands although they may still appear in stream 
valleys. Distance from tree line is measured perpendicularly 
to the meteorological and vegetation gradients. Bars 
represent 90% confidence intervals for the parameter. 
S - Siltaza Lake, R - Rutledge Lake, P - Pilot Lake and 
W- Whirlwind Lake. 
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and Jemison 1943, Geiger 1965). Thus in any relatively small area, 

smooth terrain should have uniform topoclimate, substrate and 

vegetation while rougher ,terrain should have a greater variety. 

A method of measuring terrain roughness by vector dispersion 

was developed by Hobson (1967, 1972). It determines a planar surface 

using the 3-dimensional orientation of three adjacent elevational 

readings. A unit vector is then constructed normal to this surface. 

The dispersion of all such vectors for a sample region is then 

calculated. Large vector dispersion indicates terrain with many 

slopes and aspects while small vector dispersion indicates a relatively 

aniform terrain. 

A grid was laid out on National Topographic Surveys maps at 

1:250,000 over the 4 sampled regions. Elevations were determined 

at 2 km intervals for a total of 36 readings in each region and the 

vector dispersions calculated. 

Figure 7 shows the vector dispersion values plotted against the 

local susceptibility parameter (c). The larger the vector dispersion 

the more varied the terrain and vice-versa. Therefore the rougher 

the terrain the more positively skewed are the intervals between 

fires, and the smoother the terrain the more symmetrical is the 

distribution of intervals between fires. 

Figure 7 can be interpreted as follows. In regions of smooth 

terrain the differences in the environment between sites in the 

population is small. Consequently, the large local susceptibility 

value means that a large number of the sites in the population have 
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FIGURE 7 

Vector dispersion (terrain roughness) and Weibull shape parameter 
(c) (local susceptibility to burning). Large values of vector 
dispersion indicate rougher terrain and vice versa. S - Siltaza 
Lake, R - Rutledge Lake, P - Pilot Lake and W- Whirlwind Lake. 
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similar risks of burning. This results in a hazard of burning. function 

(A) whose shape increases rapidly on either side of the regional 

resistance parameter's value and gives a symmetrical distribution of 

ages between fires. 

On the other hand when the terrain is rough there are larger 

differences in the environment between sites in the populations. 

Consequently the smaller local susceptibility value means that a 

smaller number of the sites in the population have similar risks of 

burning. The outcome of this is a·hazard of burning function (A) 

whose shape increases slowly on either side of the regional 

resistance parameter's value and gives a positively skewed distribution 

of ages between fires. 

In the extreme case (not recorded here), when the environment 

is such that large differences exist between sites in the population, 

a local susceptibility value of one results. This means that the 

point has been reached where the local risks of burning are so 

different between sites that each site's risk is almost unique. 

Uniqueness of risk in a population of sites is the definition of 

randomness. The hazard of burning function (A) wilt reflect this 

by being influenced only by the regional resistance parameter. 

The lag before reburning (a) is different from the other two 

parameters in that it removes the population of sites from risk of 

burning during the time of its operation. It, therefore, delays 

the expectation of burning (A(t». The actual means of removing 
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sites from risk for a lag period could be accomplished by an assortment 

of means most of which are related to vegetation growth, fuel accumula

tion and the local susceptibility. In particular the apparent 

correlation (Figure 8) between the lag parameter (a) and the local 

susceptibility parameter (c) may be helpful in understanding the lag 

in terms of ecological conditions. 

Before attempting such an explanation, it should be emphasized 

that due to particulars of the data used here it is possible that the 

relationship between parameters a andc is an artifact of the parameter 

estimation process. Parameters are estimated cyclicly so that all three 

satisfy their own likelihood equation within $ome assigned tolerance 

(Harter and Moore 1965). It is possible that in order to get the 

maximum likelihood estimate in one parameter, e. g. C, that the estimates 

of parameter a would result in it not making ecological sense. This 

problem can only be resolved with more data than we have here. 

Assuming, however, that the relationship between parameter a. 

and c is not an artifact,the lag parameter could be explained in terms 

of the changes in the susceptibility to burning after a fire. If the 

local susceptibility for a population of sites is high the number of 

potential determinanmof fire will be great. The result could be that 

even a short time after a fire another would be possible. In the 

subarctic I have observed fires burn areas which had been 

burned only two to three years before. This seemed to be particularly 

true on smooth outwash plains. 
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FIGURE 8 

Relationships between estimated Weibull parameters of shape (local 
susceptibility to burning) and lag before reburning can occur. 
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However, where the local susceptibility for a population of 

sites is low the number of potential causes of fire should be low. 

In these regions ,the vegetation recovery after fire could be viewed 

as important in increasing the potential determinants of fires e.g. 

by fuel accumulation. In fact fire prevention as it is usually 

practiced could be viewed as a lag which simply allows the local 

susceptibility to reach very high levels. 

Implications For Vegetation Change 

The monotonic function A(t) is a·key part of the ~odel becaus~

it determines the hazard of burning. A(t) can also be considered 

an environmental selection function which determines in part the 

vegetation composition of a region according to which populations are 

best adapted to the specific fire regime. Selection regimes form 

gradients from r selected (density independent) at one end toK selected 

(density dependent) at the other. Along 'this gradient, life history 

traits (e.g. repro~uctive age, life span, reproductive effort, etc.) 

will have differential successes and consequently populations with 

certain sets of life histories will be better adapted for different 

parts of their gradient. Changes in the parameters of A(t) will 

determine which populations will be better adapted to the fire regime. 

When the local susceptibility is relatively large (say c > 2) 

and parameters a and b are unchanging in values, the chance of burning 

A(t) increases rapidly with time. This should lead to a relatively r 

selected assemblage of populations because of the rapidly increasing 
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chance of mortality as the site ages. If the local susceptibility 

is smaller (say c -= 2) the chance of burningA(t) increases much more 

slowly with time". The resulting assemblage of populations should have 

life history traits which are relatively more K selected. In the case 

in which the local susceptibility is c = 1 the chance of burning A(t) 

is constant with time at an interval determined by the values of the 

parameters a and b. By an argument similar to above, if the regional 

resistance (b) and lag before reburning (a) are large the region will 

be relatively more K selected. 

In the western subarctic, the vegetation near tree line should 

be relatively more K selected (with respect to frequency of fire) 

than vegetation further from tree line (see Figure "S). Indication of 

this changing selection regime can be seen in the behavior of two 

of the prominent trees: white spruce (Picea glauca -(Moench.) Voss.) 

and jack pine (Pinus banksi'Qn"atamb. ~. White spruce is fire sensitive 

with no particular adaptation for reproduction after fire and is 

more shade tolerant than other species. Therefore,it can be considered 

a relatively K selected species. The increase in abundance of white 

spruce towards tree line (e.g. Raup1933) thus may be attributed in 

part to the decreasing frequency of fire. On the other hand, jack 

pine, a more fire resistant tree usually with serotinous cones, term

inates its range well before white spruce. Furthermore, the open 

coned genotype of jack pine increases at the expense of the closed 

coned genotype near its range termination (Johnson, personal observations). 



46

Therefore, jack pine would appear to be not only relatively r selected 

but with natural selection adjusting one of its life history traits 

to a more K selecting environment. 

In review it is important to again stress the hierarchial nature 

of the Weibull parameters. The regional resistance (scale) parameter 

b seems related to the regional climate, landforms and vegetation and 

thus is related to the regional frequency and intensity of fire. 

This regional effect in turn sets the bounds in which the local 

susceptibility (shape) parameter c operates. This parameter reflects 

the modification of the regional situation due to the local environment 

(e.g. slope, aspect, elevation,. vegetation, substrate, etc.) and thus 

rela~ to the local frequency influencing the variation in the fire 

and recurrence from the regional resistance. The lag parameter ~like

the susceptibility parameter, is related to the number of determinants 

of burning and suggests a threshold effect at low susceptibility which 

is surpassed as the vegetation recovers from the burn. 

While we grant that the Weibull distribution can be fitted to 

the data from each region independently, there is presently no method 

for estimating the parameters of the distribution from other variables 

(i.e. distance from tree line, etc.) and thus no totally independent 

verification of the model. However, despite this limitation the 

model is useful as a working hypothesis for increasing our understanding 

of fire frequency. 



V.. FIRE AND VEGETATION ORGANIZATION

Model 

Consider the vegetation of some studiable region to be an 

assemblage of speci~s populations with different life history 

strategies. In order to rationalize these assemblages., consider 

each species population as a random variable whose total variation 

can be partitioned by different environmental selection regimes. 

Each environmental selection regime consists of (i) populations 

ordered by their life history strategies (potential success) and 

(ii) an environmental selection function. The' ordered populations 

can in the narrowest sense be called the r-K continuum (Pianka 1970). 

The environmental selection function transforms a population's 

potential success, its life history strategy, into the population's 

realized success, its actual abundance. 

To construct the r-K continuum, species populations are ordered 

along a real (number) one-dimensiona11 line according to their 

IGenera1ization to more dimensions should be obvious. 

47 
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potential success, from low on the left to high on the right. Potential 

success is a maximum, permanent (from our ecological time viewpoint) 

ability of a population to remain or increase. Each population in 

this ordering will be called an r-K type with the extreme r-types on 

the left and extreme K-types on the right. The ordering on the 

continuum is based on the potential success of a type i.e. its life 

history strategy, relative to other types in the s,tudy. Remember that 

although the complexes of life history traits of populations seem to 

change in an orderly manner along the r-K continuum (Gadgil and 

Bossert 1970, Pianka 1970) it is not these traits but the population's 

potential success which is being ordered. It is easy to forget this 

and think that we are constructing the r-K continuum using different 

life history traits. 

Having ordered the populations along the r-K continuum it 

should be emphasized that this ordering does not change in the rest 

of the model. The r-K types are Borel sets and consequently no 

individual or combination of individuals in a type can be external 

to that type. Therefore arguments such as Nichols et al. (1976) 

for the movement of populations along the r-K continuum in ecological 

,time are impossible. The interpretation of Nichols ~ al. can lead 

to confusion of potential success with realized success. Pianka 

(1970) makes clear in his original formulation of the r-K continuum 

that he meant an ordering based on maximum fitness (what I am calling 

potential success). 

At any time, each r-K type has associated with it a realized

success. In ecological problems this is usually called abundance or
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biomass (e.g. McNaughton 1970). Thus at time t + 1, ina model 

consisting only of the potential and the realized successes of types, 

the realized success of a type 'is the product of the potential success 

and the realized success of that type at time t. 

For example: 

where At is the realized success (abundance) of the r-K type x at· 

time t and ~ is the function which describes the potential success 

i.e. the r-K continuum. 

The model at this stage of elaboration can generate a naive 

view of community dynamics. It is naive because it accounts only 

for the initial distribution of types and their differential potential 

successes. The model ass~es that no addition of new types occur 

after the initial distribution and that the number of r-K types in 

the initial distribution is finite. Furthermore it assumes that 

nothing perturbs the potential successes of the types, i.e. the 

environmental selection function is not explicit in the model. 

The dynamics of this naive model lead, after a sufficient 

period of time, to a distribution of realized successes of the 

initial category of r-K types which reflects their different 

potential successes. If the distribution of realized successes is 

normalized, it then converges to the most K-selected type present 

in the initial distribution of types. Consequently all the populations 

in the community will eventually become extinct except the most 

K-se1ected type originally present. 
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The dynamics described in this naive model are similar to 

what Egler (1954) has· called initial floristic succession. In 

initial floristic succession all the species are present in the 

initial period and they simply act out their different life histories. 

The change in vegetation composition is due to the differences in 

the life histories (e.g. competitive abilities, life spans, etc.) 

of the species- the most potentially successful species present in 

the initial distribution being the most successful after some 

sufficient period. 

This naive model is of limited usefulness because to have any 

meaning it must contain an environmental selection function which 

influences the potential successes of the· r-K types. Without this 

environmental selection function, the dynamics of the types is based 

only on their potential successes. This naively suggests that all 

populations present in a stand are in an environment in which they 

find themselves maXimally successful. 

The introduction of environmental perturbation of the potential 

success of an r-K type is by a function called environmental selection. 

Environmental selection determines the part of the potential success 

of a type which i~ will realize and the influence a type will have on 

the potential success oilts neighboring types. The environmental 

selection is assumed to be the same for all r-K types, and to be the 

same or show a consistent trend over time. 

The environmental selection function acts not on r-K types 

but on the differenClibetween types. For any type, the difference 
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between it and another type determines the effect the first type has 

on the:,pbtential success of the second. Thus the environmental 

selection influences a type through the other types already present. 

Note that this allows the 'invasion' of new types by affecting the 

environment t1favourably" for some types not present. 

For example: 

00 

At+l(x) = f ~(u) S(x-u)dAt(u) 
-00 

where S is the environmental selection function, ~ is the potential 

sU,cces~, At is the reali,zed success of the r-K type at time t, x is 

the r-K type considered and u is each r-K type including x, which 

influence the realized success of type x at time t+l. The equation 

is a generalized Riemann-Stieltjes integral. 

As was true for the initial distribution of types, the environ

mental selection distribution is also assumed to be bounded. This 

means that for any type there is a finite limit to the range of 

other types it can affect,. 

Since environmental selection is bounded, the change in the 

distribution of realized successes after some period of time is less 

and less determined by the initial distribution of types and more 

by the environmental selection (Figure 9). Furthermore, because both 

the initial distributiQn and the environmental selection are bounded, 

the realized success distribution converges to a steady-state. The 

rate of change of the realized success distribution is not dependent 

on either the initial distribution of types or their potential successes 
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FIGURE 9 

Conceptual diagram of the dynamics of a particular environmental 
selection on the distribution of realized successes (abundance, 
biomass, etc.) of populations of different r-K strategists in a 
stand. 
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but is dependent only on the maximum difference of types in the environ~

mental selection i.e. the "shape" of the environmental selection function. 

The steady state is the optimal utilization of the environmental selection 

in terms of realized success (abundance). 

The model offered here portrays community organization as the 

result of evolutionary differences between populations which have 

produced different life history strategies and the contemporary 

environmental selection which assemble these life history strategies. 

It is important to remember that (complete) connnunity organization 

is the result of a combination of different environmental selections. 

Field and Laboratory Methods 

One hundred and forty-one stands of vegetation (Figure 2) 

were sampled using the following selection criteria: 

1. Upland Sites: Vegetation rooted in mineral 

soil and/or no evidence of standing water or water 

permanently in the rooting zone. 

2. Landforms and Vegetation Types: No restriction; 

as many different types as time permitted. 

3. Size and Compositional Homogeneity: Area sampled 

had to. be approximately a minimum of four (4) ha; the 

vegetation composition and physical environment had to 

be visually homogeneous. 

4. Disturbance: Areas burned by forest fires of all 

ages were sampled. Areas disturbed by man (e.g. camp 
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and cabin sites, tree cutting, etc.) were not sampled. 

Stands had to be reasonably uniform in age (see below). 

Most stands were located by boat from four base camps, some 

as far as 25 kIn from the base camp. Other stands were scattered 

throughout the region and were reached by float-plane. 

In each stand the following three categories of information 

were collected: (1) vegetation composition and structure, (2) 

physical environment and (3) age and fire history. 

The vegetation was divided into "trees" (~2 cm diameter at 

breast height, DBll) and "herbs-shrubs-lichens"« 2 cm DBH). Trees 

were sampled using the wandering quarter method (C~ausen 1957, Catana 

1963, Batcheler 1971). Ten to fifteen points (50-75 trees) followed 

by three· distances were sampled in each stand. Herbs-shrubs-lichens 

were sampled for frequency in 10 to 20 0.25 meter square quadrats, 

located regularly along the transect of the wandering quarter method 

in each stand. The larger .number of quadrats was used in the younger 

stands where the abundance of plants was low and where more quadrats 

were needed to reduce the error of the frequency estimation. 

The 31 species used in the analysis are those occurring in 

25% or more of the stands. The "herb-shrub-lichen" abundance is 

defined by frequency and the "trees" by a synthetic index of 

frequency, derisityand basal area. Synthetic indices or Importance 

Values (Curtis ap.d McIntosh 1950, 1951; Lindsey 1956; Goff and Cottam 

1967; Jackson and Petty 1971) have usually combined the individual 
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variables (frequency, density, basal area, height, etc.) in a simple, 

ad hoc manner. The synthetic index used here is a linear combination 

of the three variables (frequency, density, basal area), subject to 

the constraints that the variance of the index be a maximum and that 

the sum of squares correlation between the index and the variables 

also is a maximum (Waugh 1962). 

Stand age and fire history were carefully documented. For 

stands less than 10 years old, exact~dates of fires were obtained 

from Indian and Northern Affairs fire records. For older stands 

the time since fires was determined by dating several of the largest 

tre~s plus the fire scars found on trees in the stand. An examination 

of these dates, and of the stand's structure in the field, allowed 

an estimate of the fire history. The error associated with this method 

of dating is compatible with assumed rates of compositional change. 

YO!J.ug stands in which the,:compositional change rate is high can be 

dated with very great accuracy while old stands in which the composi

tional change rate is low can be dated generally with less precision. 

In all the stands sampled some sign of fire was always found. It 

would appear that very few upland stands escape fire for longer than 

200 years. 

Since a mechanisti.c model of the relation of species to 

environ~nt is not the objective of this study, environmental measures 

are of a.generic nature and are meant only to give a general under

standing of the environmental selection. Environmental measures 

were made on elevation, macro-relief classes, origin and minerology 

of parent material. The moisture regime was evaluated by taking 
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into consideration slope steepness, position on slope, soil water 

retention capac,ity (Wilde and Voight 1955), depth to mottling, gleying 

and bedrock stoniness, amount of bedrock exposed, depth to permafrost 

(if present) and soil texture. 

The nutrient regime was evaluated in the field according to 

texture, humus type (Hoover and Lunt1952) and soil profile charac

teristics; supplementary laboratory analyses were made using 

standard methods for pH, conductivity, % organic content, nitrate, 

available phosphate, calcium, potassium and magnesium by the 

Saskatchewan Soil Testing Laboratory, University of Saskatchewan. 

Soil was sampled for the above tests fro~,~he top 15 cm of 

soil (minus the litter layer) in three pits in each stand. These 

three samples were then mixed, and a final sample removed from this 

mixture. Detailed chemical analysis was performed on 22 stands, 

distributed among ages, compositions and landforms. 

The local climate or energy regime was evaluated using the 

slope, aspect and geographic location to calculate the potential 

direct short wave radiation (cf Furnival et ale 1969, Buffo et ale 

1972). Albedo was measured with a Monteith solarimeter. The relative 

elevation and topographic position were used to determine night 

temperature relations. Other measures such as soil texture and 

moisture, canopy cover, measurements, of. air 8nd.,soi1 ,temperatures~ and 

aerial infra-red thermometer (with Barnes Engineering infra-red 

thermometer) readings of selected stands were also used to help in 

interpretation. Canopy cover was estimated visually over each quadrat. 
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Methods of Analysis and Results 

The first step in the analysis is to separate the individual 

environmental selection regimes from the total selection regime. 

The two selection regimes studied here are fire and habitat. In 

order to partition·the total abundance of the species populations 

the "age of each stand since its last fire" is used as a concomitant 

variable. The removal of the variation related to time since last 

fire from the total species population abundance is accomplished by 

the equation: 

y:ll xr +E 

where! is the nxs matrix of stands (n) by species (8), each element 

being a species abundance in the specified stand. ! is a nxlvector 

of stand ages, r is a lxs vector of regression coefficients and E is 

a nxs matrix of deviations from the regression. The rows (stands) 

of E are assumed to be.independent and the columns (species) to be 

random normal vectors. 

If X and Yare both standardized, their sums of products 

become correlations which may be partitioned as follows: 

XIX X'Y 
- - lxl -- lxs 

<! y)' <! X) =----t----
y'yY'X -- sxl -- sxs 

stand age 
correlation 

= 
species x 
stand age 

correlations 

stand age x 
species 

correlations 

species 
correlations 
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The matrix of regression coefficients is: 

and the matrix of residuals (estimated E) is: 

R = y'y - y'Xr 

the s x s matrix R is a correlation matrix formed from the correlation 

matrices of Y subtracted from the predicted! given the stand ages x. 

Thus R is a species correlation matrix in which the variation due to 

stand age has been removed from the original ! matrix. 

Following a similar argument the residual can be obtained from 

the unstandardized data, in which case a matrix of stands (n) by 

species (s) results in which the variation due to stand ages has 

been removed. The residual in which the stand age variation has 

been removed will be called the habitat selection regime. The 

predicted! given the stand ages Xis the fire selection regime. 

In this latter case a slightly different procedure will actually be. 

used later to give us the predicted 1. 

The second step in the analysis is to construct the r-K 

continuum for each of the environmental selection regimes i.e. the 

habitat and fire selection regimes. Remember that the r-K continuum 

is an ordering of the potential successes of 8pe-c"ies"'pepul«tions 

relative to each other. In this analysis auccess is measured by 

abundance and potential success is the ordering of species populations 

according to their relative importances on the selection regime. The 
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species loadings in principal components analysis (Morrison 1967) are 

used to order species by their potential success. A principal component 

is a linear combination of species abundance each weighted or loaded 

by a coefficient which gives the variance contribution on the component. 

The component thus becomes, by our definition, an r-K continuum because 

it is an ordering of species according to their correlation with the 

component. 

The third step in the analysis is to construct the distribution 

of realized success along the r-K continuum for any stand. This is 

easily done by simply plotting the abundance of each species in a 

stand on an axis orthogonal to the species ordered position on the 

r-K continuum. This will give a distribution for all the species in 

a stand. However, a more compact representation of a stand's distribu

.tion of realized success on the r-Kcontinuum is desired. The stand 

score is this compact representation. It is simply the sum of the 

product of each species loading and abundance in the stand. This 

stand score gives the relative number of r-K types of species in a 

stand in a single value. If stands are then ordered according to 

these scores an r-K continuum of stands which plots the changing selec

tion results. 

Habitat Selection Regime 

Before examining the fire selection regime it is convenient

to discuss the habitat selection regime. Figures 10 and 11 show the
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FIGURE 10

The habitat selection r-K continua. Axis 1 is the heat selection 
regime and axis 2 is the nutrient selection regime. The pattern 
is determined by differences in variation between species due to 
the habitat and not variation related to time since last fire. 
Numbers correspond to species listed below: 

1. Picea glauca (Moench.) Voss. 
2. Betula papyriferaMarsh. 
3. Pinus banksiana Lamb. 
4. Picea mariana (Mill.) Britt., Sterns & Pogg. 
5. Cladonia amaurocraea (Forke.) Schaer. 
6. Cladonia arbuscula (Wallr.) Rabh. 
7. Cladonia coccifera (L.) Wield. 
8. Cladonia cornuta (L.) Hoffm. 
9. Cladonia gracilis (L.) Willd. 

10. Cladoriia mitis Sondst. 
11. Cladonia rangiferina (L.) Wigg. 
12. Stereocaulon paschale (L.) Hoffm. 
13. Cetraria islandica' (L.) Ach. 
14. Cetraria nivalis(L.) Ach. 
15. Peltigera malacea (Ach.) Funck. 
16. Ceratodonpurpureus (Hedw.) Brid. 
17. Dicranum fuscescens Turn. 
18. Dicranumpolysetum Sw. 
19. Hylocomium splendens (Hedw.) BSG 
20. Pleurozium schreberi (Bridg.) Mitt. 
21. Polytrichum juniperinum Hedw. 
22. Polytrichum piliferum Hedw. 
23. Ptilidium ciliare (L.) Hampe. 
24. Picea mariana (Mill.) Britt., Sterns & Pogg. 
25. Geocaulon lividum (Richards) Fern. 
26. Empetrum nigrum L. 
27. Epilobium angustifolium L. 
28. Arctostaphylos uva-ursi (L.) Spreng. 
29. Ledum groenlandicumOeder. 
30. Vaccinium uliginosum L. 
31. Vaccinium vitis-idaea L. 

(seedling) 
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FIGURE 11 

The two habitat selection regimes and the stand scores. Stand 
scores are a characterization of the number of r-K selected species 
populations in a stand. The classification into communities is 
an arbitrary means of dividing up the habitat selection regimes 
for ease of discussion; the divisions are based on the most 
abundant canopy and ground cover plants. 
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principal components analysis of the residual matrix (matrix in which 

variation related to stand ages have been removed). Figure 10.gives 

a two dimensional species r-K continuum and Figure 11 gives a two 

dimensional stand scorer-K continuum. The habitat selection is 

thus interpreted as being. divided at least into two regimes which are 

interpreted here as heat and nutrient regimes. 

Heat Regime 

The r-K continuum of the heat selection regime (1) is shown 

in Figure 10 along with the r-K continuum of the nutrient selection 

regime (2). The continuum orders r (right) and K (left) populations 

according to their best adaptation to what will shortly be interpreted 

with physi.cal environmental measurements and observations as the 

changing energy. budgets which are not related to time since last 

fire. Ther-selected populations will be those ~best adapted to 

warm, dry environments with moderate density effects. The K-selected 

populations will be those best adapted to a more negative energy 

budget with more moisture and higher density effects. Figure 11 again 

shows the heat selection regime (1) along with the nutrient selection 

regime (2) but irt this figure each point represents the stand score 

characterization of the realized success distribution of the species 

in it. 

The stand continuum for heat selectedness runs from: right

"warm", usually horizontal, dry open canopy black spruce and jack 

pine-lichen (Stereocaulon paschale, Cladonia spp. and Cetraria spp.) 
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· Table 4. Suggested heat regime along first gradient of the habitat 
selection regime. Comparisons should be read left to 
right. 

Closed canopy Open canopy 
black & white black spruce

Recently spruce-feather jack pine
burned moss lichen 

Direct short wave 
radiation 

Albedo 

Canopy cover 

Latent heat loss 

Moisture regime 

Sensible heat loss 

Soil heat flux 

Night temperature 

Day temperature 

variable 

lowest 

little or 
none 

low 

variable 

high 

variable 

low 

highest 

lower 

low 

closed 

high 

high 

low 

lower 

low 

low 

higher 

higher 

open 

low 

low 

high 

higher 

high 

higher 
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FIGURE 12 

The average potential direct shortwave radiation (June equinox) 
(top) and average % tree canopy cover (bottom) along division 
of the first gradient (heat r.egime) of the habitat selection 
regime. For % tree..cover in divisions 8, 9, and 10 only stands 
greater than 10 years are used. 
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black bodies to visible radiation, so much so that it is sometimes 

difficult to pick out details on the ground. However with the growth 

of vegetation the albedo increases, with closed canopy black and 

white spruce having the lowest albedo (approx. 10-13% based on 3 readings 

in 4 stands) and open black spruce-lichen higher (approx. 15-20% 

based on 3 readings in 3 stands) [see also Rouse (1976)]. 

The % tree canopy cover increases along the gradient from 

right to left (Figure 12) and consequently the amount of direct short 

wave radiation reaching the ground must also decrease, the exception 

being of course the young burns in division 8, 9, and 10 which were 

not used in the construction of the cover average. 

The input of short wave radiation is balanced by long wave 

radiation, sensible heat, soil heat flux and latent heat losses. 

Mid.,...day surface temperatures measured from the air (300-m above the 

ground) with an infra-red thermometer rank conununities-recent burns 

warmest, open canopy black spruce and jack pine-lichen next and closed 

canopy black and white spruce-feather moss coolest. Midnight screen 

height temperatures are warmest in open canopy black spruce-jack pine

lichen and coolest in closed canopy black and white spruce-feather 

moss and recent burns. The lower night surface temperatures in 

feather moss stands seem to be due to their lower slope position 

(Figure 13). This allows greater cool air drainage into the base 

slope sites (Geiger 1965) despite the compensating effect of the 

canopy on long wave radiation losses. Cool night temperatur~in burns 

are --'due·to long wave radiation losses (see also Rouse 1976). 
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FIGURE 13 

The average slope position on.the first gradient (heat regime) of 
the analysis in which the variation due to the stand age has been 
removed from the original data. .1 represents base slope, .9 top 
of slope, 1.0 is level. 
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Latent heat loss differs along the gradient due mainly to 

changes in the amount of transpiration surface (% tree canopy Figure 

12) and water availability (moisture regime Table 4). The left end 

of the gradient, with the exception of the recent burns, is generally 

wetter. The soils in this segment of the gradient are generally 

mottled, finer in texture and occur in basal slope positions. 

Soil heat flux was not measured along the gradient but the 

suggested relationship is given in Table 4 based on arguments given 

by Rouse and Kershaw (1971). 

Nutrient Regime 

In·this section the nutrient selection r ...K continuum (Figure· 

10, continuum 2) orders species populations according to their 

adaptation to what will shortly be interprete~using physical 

environmental measurements and observations,as different nutrient ion 

levels. The r selected species (bottom of continuum) will be those 

best adapted to low nutrients and moderate competition. K selected 

species (top of continuum) will be those best adapted to higher 

nutrients and higher competition. 

The stand scores (Figure 11) show a continuum running from K 

selected, high nutrient, mesic stands dominated by black and white 

spruce and feather mosses (Pleurozium schreberi, Hylocomium splendens 

and Dicranum spp.) to r selected low nutrient, dry stands dominated 

by jack pine, lichens (Stereocaulon paschale, etc.) and some mosses 

(Polytrichum spp. and Ceratodon purpureus). 
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Figure 14 shows the relationship of average percent organic 

matter~ pH~ conductivity~ available phosphate~ calcium and nitrate 

for 23 samples spread along the nutrient regime (gradient 2). The 

feather moss communities are located in Division 1 and 2 and show the 

much higher nutrient budget with high organic content in the surface 

15 em, higher nitrate, phosphate, calcium concentration, conductivity 

and pH. Evidently their generally basal slope position and higher water 

movement leads to a better supply of nutrients and their higher 

exchange capaci"ty to the retention of more nutrients. 

At the other end of the gradient the soil is not as loamy but 

more sandy. The stands consequently have low pH and conductivity and 

relatively low nutrients. These communities are dominated by jack 

pine and the slightly more fertile sites by black spruce and jack 

pine but both are always found with a ground cover of lichens. Notice 

that the" stands in quadrant II and part of I of Figure 11 are on sites 

higher in nutrients and moisture and those in quadrant IV are poorer 

in. this regard. 

Continuous versus Discrete Selection Regimes 

Habitat selection is not often considered today in discussion 

of vegetation dynamics. This is because of the general abandonment 

of the ideas of landform evolution as it was incorporated into 

traditional succession (Drury and Nisbet 1971, Wright 1974). The 

recovery of vegetation after discrete events which have resulted in 

large mortality or necrosis of the populations is the most familiar 

kind of succession recognized (Horn 1974). 
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FIGURE 14 

Substrate characteristics across the second gradient (nutrient 
regime) of the habitat selection regime. The divisions in the 
regime run from top to bottom on gradient 2 in Figure 11 i.e. 
divisions 1 and 2 include the closed spruce-feather moss forests. 
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The affect of continuous selection (e.g. moisture) on 

vegetation organization does not seem to have the pronounced and 

la~gely unidirectional selection (on the r-K continuum) that discrete, 

destructive selection does! Instead it seems to produce minor changes 

which move the vegetation composition and abundance back and forth 

on the r-K continuum. 

Habitat selection seems to produce the most pronounced changes 

in vegetation on sites subject to severe habitat stress. Grasslands 

offer the best examples of significant habitat selection and forests 

are perhaps the worst. Ayyad and Dix (1964) give an excellent 

example of the changes in grassland vegetation due to habitat selection. 

They found that, for anyone site, relatively mesic species increased 

in abundance in wet 'years and in dry years relatively more xeric 

species increased in abundance. With respect to the model of the r-K 

continuum,the habitat selection (moisture) in grasslands would be a 

slow, small, continuous oscillation along 'the r-K continuum of the 

realized success (abundance). The oscillation would move towards the 

K end in wet years and towards the r end in dry years. 

In vegetation which is more K selected than grasslands with 

respect to a continuous event, the oscillation on the r-K continuum 

will be small. Consequently in the subarctic oscillation in abundance 

due to habitat selection should be small and generally difficult to 

, detect without careful study. Figure 11 which gives the r-K selected

ness of stands, will not be useful for discussion of stand dynamics 
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since change will be small and on the scale of the sampling error. 

Thus Figure 11 best demonstrates stands on the r-K continuum as if 

they were in steady state. 

Fire Selection Regime 

The method of constructing the r-K continuum for the fire 

selection regime is to take the difference between the principal 

components analysis'of the habitat selections and the unpartitioned 

data. However, before the difference of these two principal 

components can be taken the habitat selection analysis is rotated 

onto the unpartitioned analysis. The rotation ensures the best 

congruence between the two analyses. 

The linear transformation (rotation) of the habitat species 

loadings onto the unpartitioned species loadings used was: 

H'
where S is a matrix of transformation coefficients, ~ is a matrix 

u
of components by species for the habitat partitioned loadings andL 

is a matrix of species by components for the unpartitioned loadings. 

By mUltiplying the habitat species loading by the transformation 

coefficients, the rotated species loadings of the habitat partitioned 

data are obtained. 

"H
where L is the matrix of species by components for the rotated habitat 
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species loadings. A correlation coefficient of 0.93 (significant at 

a. = 1%) for both cpmponents between the rotated habitat partitioned 

species loadings and the unpartitioned species loadings indicates 

.the efficiency of the transformation and also their configurational 

similarity. This large similarity indicates the greater importance 

of the habitat selection regime than the fire selection regime. 

The rotated habitat species loadings minus the unpartitioned 

species loadings gives the species loadings due to the frequency of 

disturbance. 

F "H 
LUL = L -

where J1 is the species loadings of the fire selection regime. These 

species loadings when plotted give essentially a one dimensional line 

(Figure 15) which will be called the fire selection r-K continuum. 

In order to aid in the interpretation of this figure, the chrono

sequences of some species have been inserted. A more complete set 

of chronosequences is shown in Figure 16. 

These chronosequences are constructed from the stands found 

in each community type in the habitat analysis (Figure 11). In order 

to place the stands less than 10 years old into a community, stands 

are assumed to regenerate to approximately the composition as before 

the fire (Keever 1950, Egler 1954, Niering & Engler 1955, Hack & 

Goodlett 1960, Sigafoos & Henricks 1969, ·Ohmann & Ream 1971). In 

mo&t'cases the prefire composition could be determined and thus stands 

were. easily placed in the appropriate community. An assortment of 
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FIGURE 15 

The fire selection r-K continuum, calculated from the differences of 
the principal components analysis in which the variation due to the 
age of the stand has bee-n removed (habitat selection) and the principal 
components analysis in which differences due to stand ages are still· 
present (unpartitioned data). Numbers on the chronosequences corres.... 
pond to the following connnunities: . 

1. Open Black Spruce-Lichen 
2. Open Jack Pine-Lichen 
3. Open Black Spruce-Glandular Birch-Lichen 
4. Open Black Spruce-White Birch-Lichen 
5. Closed Black and "White Spruce-Feather Moss 
6. Closed White Spruce-White Birch 

The numbers beside the points correspond to species: 

1. Picea glauca (Moench) Voss. 
2. Betula papyriferaMarsh. 
3. Pinus banksiana Lamb. 
4. Picea mariana (Mill.) Britt., Sterns &Pogg. 
5. C1adonia amaurocraea (Forke.) Schaer. 
6. Cladonia arbuscula (Wallr.) Rabh. 
7. Cladonia coccifera (L.) Wield. 
8. Cladonia cornuta (L.) Hoffm. 
9. Cladonia gracilis (L.) Willd. 

10. Cladonia mitis Sondst. 
11. Cladonia rangiferina(L.) Wigg. 
12. Stereocaulon paschale (L.) Hoffm. 
13. Cetraria islandica ( L.) Ach. 
14. Cetraria nivalis (L.) Ach. 
15. Peltigera ma1acea (Ach.) Funck. 
16. Ceratodon purpureus (Hedw.) Brid. 
17. Dicranum fuscescens Turn. 
18. Dicranum polysetum Sw. 
19. Hylocomium splendens (Hedw.) BSG 
20. Pleurozium schreberi (Bridg.) Mitt. 
21. Polytrichum juniperinum Hedw. 
22. Polytrichum piliferum Hedw. 
23. Ptilidium ciliare (L.) Hampe. 
24. Picea mariana (Mill.) Britt., Sterns & Pogg. 

.25. Geocaulon lividum (Richards) Fern. 
26. Empetrum nigrum L. 
27. Epilobiumansustifo1ium L. 
28. Arctostaphylos uva-ursi (L.) Spreng. 
29. Ledum groenlandicum Oeder. 
30. Vaccinium uliginosumL. 
31. Vaccinium vitis-idaea L. 

(seedling) 
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FIGURE 16 

Chronosequences of species abundance in different communities. If a 
species has not been found in more than a few stands in one community 
it was not plotted for that type. An assortment of computer fitted 
functions were used to give the best least squares fit to the points 
for these graphs. 

1. Open Black Spruce-Lichen 
2. Open Jack Pine-Lichen 
3. Open Black Spruce-Glandular Birch-Lichen 
4. Open Black Spruce-White Birch-Lichen 
5. Closed Black and White Spruce-Feather Moss 
6. Closed White Spruce-White Birch 
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computer fitted functions were used to give the best least squares 

fit to the points for these graphs. 

It is evident that in Figure 15 the species on the upper right 

are adapted to recover rapidly after fire but then decrease in 

abundance when density affects 'increase. These are considered 

r-selected. Species on the lower left of the figure are adapted 

to increase slowly after fire and reach a peak in old stands where 

density affects are greater. These are considered to be K-selected. 

In order to visualize the vegetation organization ~ssociated

.with a stand on the fire selection regime the r-K continuum (Figure 

15) was arbitrarily divided into 30 units for the 31 species along it 

and the species abundance (realized success) in these units smoothed 

by averaging in groups of six sequential divisions (Figure 17). Each 

distribution represents a stand. Note in Figure 17 that as the 

age after fire of different stands increases the mode of the distribu

tion of realized successes migrates towards the K selected end of the 

continuum and the shape of the distribution stabilizes as we have 

come to expect it to from the model and Figure 9. The mode of these 

distribut~ons give an indication of the most adapted populations and 

the populations below and above the mode are respectively more r 

select.edand more K selected. 

For ·fire selection the steady state distribution seems to be 

generally positively skewed. The realized success can potentially 

continue moving towards the K end of the continuum forever. however. 
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FIGURE 17 

The change in realized success (frequency) along the fire selection 
r-K continuum. The age of each stand is given above the distribu
tion. The distribution for each stand was constructed by di~iding
up the continuum in Figure 16 and averaging the species frequency 
in groups of' 6 sequential divisions. Note that the mode of the 
distributions movesto the K end of the continuum with age and in 
'accordance with theory as summarized by Figure 9. 
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the recurrence of fire at predictable age intervals will stop this 

movement·consistently in the same general region of the r-K continuum 

time after time. Consequently environments for more K selected 

populations than this will rarely occur. This suggests an explanation 

in part for the decrease in species number often observed in very old 

(since last disturbance) stands (e.g. Loucks 1970, Auclair and Goff 

1971, Peet 1976). TIle decrease in species number is due to two 

consequences of a stand age surpassing the expected recurrence time 

of disturbance: (1) the more r selected species are becoming extinct 

because of their shorter life span and less adaptation to density 

affects and (2) few species are adapted to conditions more K selected 

than those usually occurring at the disturbance's expected recurrence 

because of the small probability of stands of these ages existing. 

Figure 18 shows apparent decreases of species number (richness) 

in stands of great age. This loss seems to occur after the expected 

recurrence time of ca. 100 years and in the part of the fire frequency 

distributions which have a very low probability of having escaped 

fire for that long. The limitation to this explanation is that the 

sample of very old stands is small and the suggested decrease in 

species number, therefore, is subject to large.r error. 

The r-K distributions of Figure 17 are particularly difficult 

to deal with if many stands are to be compared, and for this reason 

stand scores were calculated so that a vector could be used to compare 

stands. Stand scores are calculated in the same manner as the species 
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FIGURE 18 

Relation of species number (richness) and canopy cover with age for 
the different connnunitiesrecognized in Figure 11. The accumulation 
of species in the first SO·years after fire is approximately the 
same for all communities. However, in mesic communities (e.g. 
closed black spruce and white spruce-feather moss) the species 
richness continues to increase after 50 years until the stands are 
approximately 100 years old. In some cases very old stands seem to 
show a slow decrease in species number although the number of old 
stands is so small that a firm conclusion cannot be reached. The 
species richness indicates that as the sites have better nutrient 
and water regimes the number of species increases. The peak in 
canopy coverage at about 50 years sem in mostcomnlunities is due 
to the rapid growth and cloning of white birch and subsequent die 
back. 
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loadings that is, as a difference between the stand scores from the 

rotated habitat partitioned data and unpartitioned data. Figure 19 

shows the continuum of stand scores for the fire selection regime. 

A stand's position in this continuum is determined by the relative 

number of r-K populations present in it. Consequently the continuum 

in Figure 19 reflects the changing shape of the realized success in 

stands due to the fire selection function as was the case for 

individual species in Figure 17. Stands in quadrant III of Figure 19 

have skeweddistributionsof abundance with predominately r-se1ected 

species. Stands in quadrant I have distributions skewed in the other 

direction so that the predominate abundance accumulates over K

selected species. The vegetation dynamics traced in Figure 19 gives 

the direction and form of "succession" due to fire selection. It 

does not predict the exact temporal sequence of a stand since to know 

this the other selection regime.(s) would have to be included. 

Vegetation Change Af~er Fire 

The dynamics of ecological systems may be divided into 

resistance and resilience to change (Holling 1973). The names are 

descriptive with resistance implying the ability of the system to 

resist perturbation with little change and resilience implying the 

speed of recovery from perturbation. Of the two environmental 

selection regimes investigated here the species populations exemplify 

resistance to change in abundance for the habitat selection, an~

resilience to change in abundance for fire selection. 
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FIGURE 19 

The fire selection regime and the stand scores. Stand scores 
are a characterization of the number of r-K selected species 
populations in a stand. The small figures graphically display 
the distribution of realized successes (abundance) of species 
in a typical stand for that region of the regime. 
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If an environmental selection is discrete in its effect, has 

a relatively long periodicity and causes high mortality, then the 

community will consist of populations which are adapted "to a 

resilience type response. That is, the community is adapted so that 

if the steady state of one of its selection regimes is perturbed it 

will "regenerateU the abundance distribution of this steady state 

rapidly. 

If an environmental selection is continuous in its effect, has" 

a relatively short periodicity and causes low mortality, then the 

community will consist of populations which are adapted to a 

resistance type response. That is, the community is adapted so as 

to minimize the perturbation of its steady state distribution of 

abundance by generally enclosing the oscillation of the environmental 

selection within its individual population's tolerances. This results 

in little or no change in the abundance distribution. 

Resistance and resilience are part of the same process of 

minimizing the changes in the steady state distribution of abundance 

of a community. The steady state is the optimal distribution of 

abu~dance between r-K populations for aspeclfic selection regime. 

The variety of responses from extremely resistant to extremely resilient 

offers a diversity of possible adaptatiQnsto a diversity of selection 

regimes. 

In the following paragraphs the observed phenomenon of 

vegetation recovery after fire is considered in the framework of the 
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model of Chapter V and the habitat and fire selection regimes. In 

this way the success of this hypothesis in illuminating the observed 

aspects of vegetation dynamics compared to more traditional views 

(Maikawa and Kershaw 1976, Kershaw 1977) should become apparent. 

1Of the r-selected species which respond qUickly after fire (see 

Figure 16) many regenerate vegetatively. Of the woody shrubs 81% 

have some means of vegetative reproduction. The three which occur 

in more stands than any other vascular plants (Ledum groenlandicum 

57% of the stands, Vaccinium uliginosum 43% and y..:- vitis-idaea 93%) 

all have efficient means of vegetative reproduction after fire. Of 

the six major "trees" half reproduce vegetatively after fire. These 

species are Betula papyrifera, ~ glandulosa and Alnus crispa. Black 

spruce (Picea mariana)also reproduces vegetatively but not after 

fire. All of these woody vascular species with the exception of 

black spruce show a quick response after fire with either a decline 

or a constant abundance for some years after (Figure 16). 

Among the bryophytes Ceratodon purpureus and Polytrichum spp. 

are the most efficient at vegetative reproduction. These species 

show effective sprouting and spread from underground rhizome-like 

structures after their tops have been destroyed or buried (Leach 

1931, Marsh & Koerner 1972). They also have an ability to conduct 

water up from the substrate at fairly low soil water potentials 

(Bowen 1931, 1933). These species show responses in time similar to 

their vascular counterparts. However, their smaller stature prevents 

In this section when "r or K selected species" are used·it will be 
with respect to the fire selection regime unless otherwise noted. 

1
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them from maintaining their high post-fire abundance in older stands. 

In this respect their smaller stature and rapid response pattern 

(Figure 16) makes them more r-selected than vegetatively reproducing 

woody vascular species. 

It is important to remember that in Figure 15 the r-K continuum 

is constructed without reference to a species physiognomy. Consequently 

trees and shrubs are compared with lichen and mosses on the basis only 

of their relative abundance. Thus the r-K continuum cannot discriminate 

the more K-selectedness of the trees and shrubs from the more r

selectedness of the lichens and mosses with respect to their sizes. 

Vegetative reproduction need not necessarily always represent 

an r-selected strategy. A comparison of some of the life history 

traits of white birch and black spruce in Table 5 demonstrates this.· 

White birch uses vegetative reproduction along with rapid growth to 

recover rapidly after fire and before competition with other trees 

becomes great. In this way it can retain its position in the stand 

until.the next fire. Black spruce t a more K-selected species, 

reproduces exclusively by seed after fire and grows slowly. It uses 

layering to maintain and increase its density only in older stands. 

Between the sprouting species after a fire t areas are open to 

colonization. lnold stands these spaces are filled with lichens and 

a few herbaceous and woody species. Plants that produce abundant t 

light seeds (e.g. Epilobium spp., Corydalis spp., Carex spp., 

Calamagrostis spp., f2! glauca, Agrostis scabra) invade this open 

habitat early. These species have rapid growth rates. They mature, 
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Table 5. Relative comparison of white birch (Betula 
papyrifera) and black spruce (Picea mariana) 
according to certain life history characteristics. 

Vegetative reproduction 

Age of stand in which 
vegetative reproduction 
is predominant 

Mean seed weight 

Means of recovery after 
fire 

Growth rate 

Shade tolerance 

White Birch 

root sprouts 

younger stands, 
<60 years 

light 

mostly sprout 
but some seed 

rapid 

less 

Black Spruce 

layering 

older stands 

heavy 

only seed 

slow 

greater 
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flower and fruit and die out or are greatly reduced in number after 

5 to lOyears. As a group these species can stand little competition. 

and thus are present only for the brief low competition (and higher 

available nutrient) period immediately after fire. These r-selected 

species are often called fugitive species (cf. Hutchinson 1953) because 

as a population they have short life spans and produce a large number of 

light seeds which increase their chances of finding sites with low 

competition and thus "escaping" (as a population) their original site 

before the competition becomes too great. 

K-selectedspecies which are abundant in older stands but do 

not reproduce vegetatively after fire usually invade within a short 

time after fire. Their life history characteristics which result" in 

slower invasion and growth rates make them less able. to capitalize 

on the low competition and available nutrients after fire. However" 

they generally have greater competitive ability. 

Most ground lichens seem to invade in the first years after 

fire by thallus fragments (Fink 1917, Ridley 1930, Yarranton 1975) 

or soredia (Bailey 1966,1968, Rudolph·1970). Their differences in 

recovery seem to be. due to substrate requirements, growth rates 

(Andreev 1954, Scotter 1963, Karen1ampi 1970) and dispersal mechanisms. 

This can be inferred by comparing the recovery rates from fast to slow 

of Cladonia cornuta (dispersed by soredia) ~ coccifera, (granius), 

~ mitis (fragmentation) and ~ rangiferina (fragmentation) in Figure 

16. Ground lichens can be considered as both r-se1ected types e.g. 
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Cladonia cornuta and ~ gracilis and K-selected types (C.' mitis, C. 

amauroeraea and ~ rangiferina). 

Viable seeds buried in the soil in many ecosystems play an 

important role in speeding the recovery of the vegetation after distur

bance; they qUickly germinate, live for a short time, and produce 

another set of seeds to be buried in the soil until the next disturbance. 

However, buried viable seeds seem to playa relatively unimportant 

role in this part of the subarctic (Johnson 1975). Seeds were present 

in the soil but most proved to be nonviable. This almost complete 

lack of viable-germinable seeds appears to be part of a northward 

decline in.the buried viable seed populations which follow the northward 

decrease in the length of the growing season. The shortened growing 

season probably selects seeds that germinate rapidly as soon as 

conditions are favourable so that seedlings can make full use of the 

short growing season. Such a strategy may lead to the observed 

decrease in viable buried seeds. 

The serotinousand "retained" cones of jack pine and black 

spruce respectively are justifiably considered as a form of "buried" 

viable seeds. However unlike seeds buried in the soil which germinate 

on an environmental signal caused by disturbance (see e.g. Marks 1974) 

these two trees shed their seeds on the stimulus of heat from a forest 

fire. Seeds are then shed onto the soil surface which after the fire 

is suitable fo'r ,their germination. The control system operating in 

both buried seeds and serotinous and retained cones is similar. There

fore, 'the serotinous and retained cone habit of these trees make them 
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very successful at reinvading burned stands. Only in exceptional 

casests" there a failure of regeneration of these species in stands 

within 5 years after fire. 

Habitat selection is often confused with fire selection 

especially in older (tlclimax") communities. Regional precipitation 

and habitat moisture and energy budgets are important in understanding 

the drying of the lichen mat and in turn the assimilation and growth 

rate of lichens (Ahti 1959,Ahti and Hepburn 1967, Kershaw and Rouse 

1971 and Kershaw 1977). For example, C1adonia rangiferina (Figure 16) 

grows best in mesic environments which on upland sites are closed spruce

feather moss. Furthermore the recovery rate and maximum abundance of 

~ ranSiferina in different communities shows this habitat influence. 

The abundance of some ground lichens, such as Stereocau10n 

pascha1e has been attributed to caribou grazing (Ahti and Hepburn 1967, 

Ritchie 1959, Scotter 1964). Unfortunately in the western subarctic 

direct observation of grazing effects are limited. rtis my opinion 

that, except in local habitats during the spring thaw little severe 

grazing occurs (see also Bergerud1974, Miller 1972,1977). It is, 

therefore, difficult to ascribe either the large areas covered with 

Stereocau1on pascha1e to heavy caribou grazing or the very limited 

areas covered with C1adonia a1pestris and £i. rangiferina to light 

caribou grazing. It is simpler to suggest that the behavior of these 

lichens is due primarily to their environmental habitat requirements. 

The feather mosses (Hy10comium splendens, Dicranum spp. 

P1eurozium schreberi) usually appear in stands 30 to 50 years after 



fire in mesic-higher nutrient habitats and quickly become the most 

abundant ground cover. Their occurrence in old, closed canopy, mesic 

stands which are rich in species has led many to the conclusion that 

these stands represent the climax stage. Hustich (1949) has stated 

the hypothesis clearly when he said It ••• if there is any such thing 

as climax forests in nature, the spruce-feather moss forest is 

certainly one of them". 

However, another interpretation of the occurrence of feather 

mosses involving the importance of the habitat selection is possible. 

The closed canopy and species richness of the stands in which feather 

moss occurs can be explained by the better water and nutrient regimes 

of the site~ due to their topographic positions. It is true that 

feather mosses·are found only in older stands, but they do not 

necessarily occur in the oldest. 

Tamm (1953, 1964) has shown that the feather-moss Hylocomium 

splendens' distribution is determined by the need for shade, moderate 

but abundant water and high nutrient levels. Feather mosses are not 

"rooted" in the substrate like Polytrichum and Ceratodon. Consequently, 

they are nearly independent of the substrate's nutrient and water 

supply. This explains why feather mosses quickly dry up and die when 

the canopy cover is not adequate to prevent high evaporation •. Also, 

because they absorb little nutrient from the substrate they are dependent 

on rain drip from the canopy for nutrients. Thus good site quality 

is necessary to assure a high nutrient level in the canopy foliage and 

a richer rain leachate for the moss on the ground to absorb. After 
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fire, with canopy cover lacking, invasion by feather moss is prevented. 

Furthermore, the lack of attachment to substrate prevents vegetative 

regeneration from a surviving below ground portion, as in species like 

Polytrichum juniperinum. 

However, given a shady, humid, high nutrient environment as is 

found in the cool, basal slopes of black and white spruce-feather moss 

stands, the feather mosses are very effective competitors against 

other species. They can quickly spread over and weaken or eliminate 

other ground plants such as lichens (except the nitrogen fixing and 

faster growingPeltigera species) and Polytrichum mats. Feather mosses 

thus seem to be K-hapitatselected because of their slow growth, good 

competitive ability and more exacting habitat requirements. 

From this viewpoint, feather moss stands do not represent a 

climax in the sense of a terminal stage in a sequence of community 

replacement. Instead,certain stands provide a habitat for a group 

of mosses with "exacting" environmental specifications, i.e. a mesic, 

shady, high-nutrient environment. This environment occurs but only on 

certain sites and then only after canopy closure at about 50 years. It 

is pertinent to note that feather mosses grow even in dry, nutrient

poor, open black spruce-lichen stands when suitable microhabitats 

exist in the shade of clones of birch or black spruce, where rain 

drip is enriched by canopy leachate. From either an ecological or 

geomorphological viewpoint it is unlikely that feather-moss stands 

will ever become widespread in this part of the subarctic, as is 

suggested by the traditional succession view. 
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VI. CONCLUSIONS 

The dynamics and stability of vegetation are the basis around 

which the hypothesis of traditional succession has grown. In this 

thes~s vegetation dynamics and stability have been redefined so that 

they are not primarily taxonomic descriptions of conspicuous (sic) 

patterns in the vegetation but the result of processes in which 

populations with different adaptations are selected by the environment. 

An hypothesis on the probability of fire recurrence for a 

population of sites was first formalized in order to discuss environ~

mental selection. This demonstrated how the probability of recurrence 

is controlled by a function called the hazard of burning. The function 

overcomes the traditional view of fire as simply the creator of bare 

areas for secondary succession by stressing the recurrent nature of 

fire. Thus, fire can take its place along with moisture or nutrients 

in having the potential to induce a predictable pattern in vegetation, 

and explicitly elucidate~ how selection and adaptation of species and 

therefore in vegetation, to fire is possible. 

Dynamics and stability are defined for each of the selection 

regimes, i.e. habitat and fire, which make up the total environment 

of a site. The dynamics are the temporal changes in realized 

successes (abundances) along a continuum of populations ordered by 

their potential successes (the r-K continuum). The dynamics result 

from the different adaptations of the populations to the environmental 

selection function. For a particular selection regime the distribution 

of realized successes between the ordered potential successes {r-K 
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continuum) will converge to a steady state. This steady state is 

the distribution (shape) of the realized successes, and is not related 

to any specific section of the continuum of·ordered poterltial successes. 

Thus stability is considered in terms of a distribution of realized 

successes which describes the best adaptation to the environmental 

selection function. The flexibility of this view of vegetation 

dynamic over that of Clements is that the steady state does not require 

any specific species composition to utilize the environment optimally. 

All populations and, therefore, plant communities resist certain 

changes in their steady state. If the environmental selection is 

continuous,as heat and nutrient regimes are, the population will attempt 

to internalize the adaptation to the selection regime within the 

individuals' physiological tolerance. If, however, -the selection is 

"severe" enough that individuals cannot contain it within their tolerance, 

mortality or necrosis will occur. This result gives the temporal 

changes in abundance:usually associated with traditional succession. 

In the subarctic, fire is a "severe" selection \-lhich perturbs the 

steady state. Habitat selection seems to be internalized in the 

individuals' morphology and physiology so that little perturbation of 

the steady state occurs (due tc> habitat). Fire selection obviously 

indirectly affects the habitat selection of a population as any regime 

which causes death or necrosis must. Cc>nsequently the habitat selection 

function for a stand probably has a trend in it which, for example, 

allows the stands less than 10 years old to move along this selection 

regime as they age (cf Figure 11). 
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The general conclusion of the model in Chapter V allows for trends in 

an environmental selection function. 

A stand will appear to be undergoing compositional change 

("succession") if any of its selection regimes are not in steady 

·state. Thus if one selection regime is perturbed it will influence 

all the remaining selection regimes. The more severe the selection 

for any regime the less resistant the stand's populations and the 

more the resulting perturbation will appear like traditional succession. 

The process of community organization described here gives 

reasons why communities are so adaptable and resilient in responding 

to different.selection.regimes. For example in terms of the fire 

selection regime, regions .with short periods between fires would have 

more r-selected populations in the steady state and vice versa. 

Therefore, the steady state distribution is "adapted" to the disturhance 

frequency by the relative number of r to K types. No metaphysical 

implication is necessary for this "adaptation"; it is simply a result 

of the life history traits e.g. survivorship, life span, etc. 

Consequently the "speed" of recovery to the steady state is determined 

by the relative number of r to K types which in turn is related to 

the selection function. It is almost trivial to state that communities 

dominated by more r-selectedpopulations will return to steady state 

faster than communities dominated by K-selected populations. 

This· "adaptation" o.f a conmlUnity to its habitat and fire 

selection regimes has implications for the understanding of environ

mental impacts. For example, environmental modification such as 
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ionizing radiation (Woodwell 1970) is primarily a habitat selection 

change while fire prevention is primarily a fire selection change. 

It is important to note that the steady state distribution 

of r-K types (species) does not mean the cessation of compositional 

change as the" Clementsian climax does. Thus for a given habitat and 

fire selection regime the "terminal" distribution of r-K types is not 

predetermined but dependent on the invasion of new r-K types. If 

the invasion of K types can be prevented either artificially or 

naturally, the terminal distribution is determined by this. This 

redefinition of the terminal or final stage in terms of arbitrary 

external conditions explains the observations (e.g. by Niering and 

Goodwin 1974) that several terminal compositions are possible on 

sites which are apparently identical. 

One serious practical difficulty in traditional succession 

has been the need· to construct temporal sequences, ideally from long 

term records or more usually from stands ordered according to some 

dating of the surfaces they occur on. This is necessary because in 

the traditional theory of succession sequenes between the intial 

stages and climax are reasonably woel! defined and thete is no equi

finality. 

Conceptualizing vegetation change as a Markov process resulting 

from an environmental selection function confers distinct analytical 

advant~ges over traditional succession. First, community organization 

is the result of a current process not an historical one, and second, 

the steady state ~hichis determined by the selection function is 

independent of any particular initial stage. 
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The analyses reported here have attempted to demonstrate 

that the model of vegetation organization presented is reasonable and 

is supported by empirical data from the subarctic. The vegetation 

organization model allows prediction of the result of environmental 

selection, explanation of why the organization is both resistant 

and resilient to perturpation and also why it is adaptable. The 

model is general enough that it can apply. to other vegetation types 

yet specific enough that. it can be useful for suggesting the outcome 

of specific environmental impacts. And last, it suggests a research 

program for studying vegetation change which involves both genetic 

and physiological level problems in addition to ecosystem level 

problems. 
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