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1 Introduction
Today, land management is expected to maintain biodiversity and ecological functions of
ecosystems while allowing a sustainable use of these ecosystems at the same time.
Therefore an important theme in forest management policy and forest science is that
harvesting and other management practices in forest ecosystems should be designed to
imitate natural disturbance regimes (Delong, 1998).
The underlying assumption of this management objective is that forest ecosystems are
adapted to the conditions created by natural disturbances. Thus they should cope more
easily with ecological changes associated with timber harvest and other management
practices if the patterns created resemble those of natural disturbances (Hunter, 1993;
Swanson et al., 1993; Bunnell, 1995; Delong & Tanner, 1996). Natural disturbances
maintain plant and animal diversity over time and space by maintaining structural
complexity within stands and by influencing their size, distribution, edge characteristics,
and dispersion across the landscape (Zackarisson, 1977; Hansen et al., 1991; Hessburg
et al., 1994). To be able to manage forest ecosystems in a way that generates and
maintains patterns that are similar to those created and maintained by natural
disturbances, we need a good understanding of the natural disturbance regimes in these
ecosystems (Swanson et al., 1993; Kipfmueller & Baker, 1998).
In forests dominated by Pinus contorta Dougl. ex Loud. var. latifolia Engelm. (hereafter
referred to as Pinus contorta) in western North America, where this study took place, fire
is one of the major natural disturbance agents (Lotan et al., 1984; Kipfmueller & Baker,
1998). Even the largest forest fires rarely kill all forest vegetation within their perimeter
(Turner et al., 1989; Delong & Tanner, 1996), thus burned landscapes typically represent
a complex landscape mosaic of burned and unburned patches due to variations in fire
severity and intensity during a fire. The vegetation patches left by fire constitute the on-site
resources available for rehabilitation of the disturbed area and possibly have impacts on
other resources including wildlife (Eberhart & Woodard, 1987), water and soil.
In order to manage these ecosystems similar to their natural disturbance regime,
landscape management should imitate this pattern by leaving forest remnants (hereafter
called remnants) within clear cuts. The rotation age of these artificial remnants should be
similar to the length of the naturally fire free interval of remnants left by fire. Therefore it is
important whether remnants got ever burned. In case they did, it is important to know how
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long their fire free interval was. The fire free interval is defined as “the number of years
between two successive fires documented in a designated area” (Romme, 1980).
Studies on remnants left by fire only have begun within the last two decades, and include
investigations about patch size and/or shape (Foster, 1983; Eberhart & Woodard, 1987;
Turner et al., 1989; Delong & Tanner, 1996; Stuart-Smith & Hendry, 1998), their
distribution across the landscape (Rowe & Scotter, 1973; Heinselmann, 1981; Romme,
1982; Foster, 1983; Eberhart & Woodard, 1987; Delong, 1998) and factors influencing this
distribution (Quirk & Sykes, 1971; Camp et al., 1997; Kushla & Ripple, 1997). Although
many studies investigate the mean fire interval or the fire history of forests or whole
landscapes (e.g. Baker, 1989; Romme & Despain, 1989; Morrison & Swanson, 1990;
Parminter, 1991; Finney & Martin, 1992; Mann et al., 1994; Arno et al., 1995; Everett et
al., 2000), few studies deal with the fire history of individual remnants left by fire.
Vera (2001) did not find any forest islands that never got burned in her study area in
central British Columbia, but found that most remnants only burned less severe than the
surrounding forest that got ‘replaced’. The longest period that a remnant stayed fire free
was found to be 165 years. Vera’s study (2000) took place in forests representing the dry
end of the ecological amplitude of Pinus contorta dominated forests, however.
Goal of my study was to determine the longest naturally fire free interval of remnants left
by fire in Pinus contorta dominated forests in British Columbia, Canada. Assuming that at
the “wetter end” of the humidity gradient it is more likely to find long fire free intervals, or
even remnants that never got burned, the study areas were located at this end of the
ecological amplitude of the investigated forest type. In the study areas, the landscape
mosaic comprises islands of old forest stands surrounded by young forest. Besides of the
higher tree age, these islands differ in species composition and stand structure from the
surrounding forest (hereafter called matrix): While the forest islands have a lower tree
density and usually are dominated by Abies lasiocarpa (Hook.) Nutt. and Picea
engelmannii Parry ex Engelm. x glauca (hereafter referred to as Picea engelmannii),
Pinus contorta clearly dominates the dense matrix (Appendix 8). For the investigation of
these structures it was important to ensure that one was dealing with fire generated
patterns. Therefore the first hypothesis of this thesis was:
“The forest surrounding the selected remnants (= the matrix) was initiated by fire.”
Afterwards it could be questioned, if or how long the remnants did not burn. The second
hypothesis was:
“Remnants exist because these sites always were saved from forest fires.”

1. Introduction

-3-

In case of denial of this hypothesis, detailed investigations on the duration of the fire free
interval of remnants could be attached.

2 Study areas
The following sections characterize the two study areas with respect to their geographic
location and their location in the biogeoclimatic zones as well as their climatic, geologic
and pedologic situation. Vegetation and fire, settlement history and industrial forest
exploitation were considered further important aspects with respect to the study areas.

2.1 Geographic location
British Columbia belongs to the cordillera physiographic region of Canada and can be
divided into six physiographic regions itself (fig. 1). Both study areas are located on the lee
side of the Coast Mountains: The first one is situated at 51° 05’ N; 122° 45’ W in the
Tyaughton Creek drainage northwest of the town Lillooet, at the eastern boundary of the
Coastal Mountain system. Elevations in this study area range between 1418 m and 1509
m. The second one is located in the Okanagan Highlands at 49° 30’ N; 119° 15’ W east of
the town Penticton, in the southern part of the Intermontane system. The elevational range
of this study area extends from 1310 m to 1767 m.

2.2 Location of study areas in the BC System of
Biogeoclimatic Zones
A short overview about the biogeoclimatic classification system in British Columbia is
given in Appendix 1. In this section only the biogeoclimatic zone within which the study
areas are located is described.
Biogeoclimatic zones represent landscape types with a broadly homogeneous natural
vegetation and climate. Both study areas are situated in the Montane Spruce
biogeoclimatic zone (MS). The distribution of this zone is shown in Appendix 2. The MS is
one of the two biogeoclimatic zones in British Columbia, where Pinus contorta is
especially widespread and abundant. It is divided into five subzones (Hope et al., 1991),
and some subzones are further divided into variants. These subdivisions represent a even
more homogeneous climate and landscape (Pojar et al., 1991).
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The study areas are located in the two wettest subzones of the MS, where Pinus contorta
dominated forests reach the wetter end of their ecological amplitude. While the Tyaughton
study area is located in the (relatively) dry, cold MS subzone (MSdc), the Okanagan study
area is situated in the Okanagan variant of the (relatively) dry, mild MS subzone (MSdm1).
In the Kamloops Forest Region, the MS occurs at elevations between 1100 and 1600m in
the dry and very dry climatic regions. It occupies an elevational band above the Interior
Douglas-Fir (IDF) and below the Engelmann Spruce Subalpine Fir (ESSF) biogeoclimatic
zone (fig. 3, fig. 4; Loyd et al., 1990). Climate, geology, geomorphology, soils, vegetation
and fire in the MS with respect to the study areas are described in the following sections.

2.3 Climate
Climatic conditions at the eastern boundary of the Coast Mountain system and in the
Intermontane system of southern British Columbia vary primarily with its topography and
its proximity to the Pacific Ocean.
While the Rocky Mountains restrict the westward flow of cold continental arctic air masses
from central Canada, the Coast Mountains represent a barrier for the moisture-laden west
winds. This setting results in a west-east gradient in precipitation and continentality as well
as in a marked luv-lee effect. In addition, precipitation varies with elevation, dropping from
>1500mm mean annual precipitation at 2500m above sea-level to less than 300mm in the
valley bottoms (150m height) [derived from Farley (1979) and Pojar et al. (1991)]. Mean
annual temperature drops from 9.6 ºC in the valley bottoms to 1.1 ºC at 2500m height
[derived from Farley (1979) and Pojar et al. (1991)].
Due to a similar position with respect to the mountain ranges and a similar elevation, the
climates of both study areas are comparable. Peachland Brenda Mines (fig. 2) is one of
the few high-elevation stations in British Columbia with long-term weather observation. It
is located ca. 55 km northwest of the Okanagan study area. According to Hope et al.
(1991) this station shows a climate typical for the MS: cool, continental, characterized by
cold winters with moderate snowfall and moderately short, warm summers. The growing
season, according to Schultz (1995) defined as “months with a mean temperature equal to
or above 5 ºC”, lasts from May to October (fig. 2) and is sufficiently warm and dry that
moisture deficits can occur (Hope et al., 1991). Frost is common in the growing season
(fig. 2), especially in late June and late August (Loyd et al., 1990; Hope et al., 1991).
Precipitation is predominantly falling during the cold time of the year (fig. 2), because a
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large, semi-permanent high pressure
center in the Pacific dominates the
region

during

summer

(Weischet,

1988).
According to Köppen (1936), the
climate of both study areas is a
perhumid boreal climate (Dfc) since
the mean temperature of the warmest
month is above 10 °C but below 18 °C
(August:14.2 °C) while the mean
temperature of the coldest month is
below –3 °C (January: - 7.8 °C), and
Fig. 2. Climatic data for the station Peachland
Brenda Mines. Data are based on 30-years
Canadian Climate Normals (1971-2000). Data
source: Environment Canada, 2002.

four or less than four months show a
mean temperature above 10 °C.

2.4 Geology and Geomorphology
In this section the bedrock as well as the physiographic history of the two study areas are
described.
Except for one remnant in the Okanagan study area that is situated on Cenozoic bedrock,
the investigated remnants are all located on Mesozoic bedrock (Tempelman-Kluit, 1989;
Schiarizza & Gaba, 1993). The Tyaughton study area is dominated by Mesozoic
sedimentary rocks such as different types of sandstone, siltstone, layered chert,
greenstone, argillite and shale (Schiarizza & Gaba, 1993). Plutonic (e.g. gabbro) and
metamorphic rocks (e.g. serpentinite) are present as well (Schiarizza & Gaba, 1993). In
the Okanagan study area, Mesozoic and Cenozoic intrusive magmatic rocks such as
granite, granodiorite and diorite (Tempelman-Kluit, 1989) prevail. Metamorphic rocks such
as the Monashee Gneiss, a granodiorite gneiss, occur as well (Tempelman-Kluit, 1989).
For detailed information on the geological units on which the remnants are located consult
Appendix 3.
The uplifting of the North American Cordillera and accredition of terranes due to plate
tectonic movements at the western edge of the North American Plate took place in the
second half of the Mesozoic and early Tertiary (Press & Siever, 1995; Ryder, 2002).
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Phases of orogenesis and accredition of terranes involved widespread folding and
faulting, metamorphism, volcanism and the intrusion of granitic batholiths. During the
Tertiary period, the North American Cordillera experienced a long interval of erosion that
resulted in a landscape of moderate relief (Farley, 1979). Rejuvenation of the orogenesis
in the late Tertiary and Quaternary (Press & Siever, 1995) led to a differential uplift of the
Tertiary surface, resulting in higher mountain ranges west and east of the Intermontane
system. Uplift rejuvenated the erosive power of the streams and later ice, incising and
dissecting the Tertiary erosion surface in varying degrees (Holland, 1964). In the study
areas the degree of dissection is fairly high and the flat and gently sloping upland surfaces
are small and at middle elevations (Appendix 9). In the Quarternary, at least six
Pleistocene glaciations, during which all but the highest peaks in British Columbia was
covered by ice modified the landscape and left their traces (Scally & Turchak, 1998).
Except for rock outcrops, lava cliffs, and steep, rocky slopes above the entrenched rivers,
thick deposits of glacial drift cover virtually the entire surface and thus the bedrock of the
two study areas (Pojar & Meidinger, 1991).

2.5 Soils
Soils are classified according to the Canadian System of Soil classification (Soil
Classification Working Group, 1998).
In the two study areas, loamy to clayey morainal deposits are prevalent (Hope et al.,
1991). In the Okanagan study area these deposits are derived largely from volcanic
bedrock (Farley, 1979; Hope et al., 1991). Soils in this area predominantly belong to the
great group Gray Luvisols (Farley, 1979), indicating imperfectly to well drained sites and
sandy loam to clay, base-saturated parent materials (Soil Classification Working Group,
1998). In the Okanagan study area, they develop under coniferous forest in which
Pseudotsuga menziesii var. glauca (Beissn.) Mayr. (hereafter referred to as Pseudotsuga
menziesii) and Pinus contorta are abundant (Farley, 1979).
In the Tyaughton study area, morainal deposits are largely derived from sedimentary and
volcanic rocks. Soils belonging to the great group Dystric Brunisols dominate the soil
landscape (Farley, 1979; Hope et al., 1991), indicating parent material of low base status
such as quartzofeldspatic sandstone, and well-drained sites (Soil Classification Working
Group, 1998). Dystric brunisols are acid brunisolic soils of which the parent material has
only been slightly changed by moderate soil weathering (Soil Classification Working
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Group, 1998). They occur in wetter environments under relatively open coniferous forest
(Farley, 1979).
Besides these two dominant soil great groups, soils belonging to the great groups Eutric
Brunisols and Humo-Ferric Podzols occur within the two study areas (Loyd et al., 1990;
Hope et al., 1991). In contrast to Dystric brunisols, Eutric brunisols occur mainly on parent
material of high base status, such as Gabbro, on drier sites with little leaching (Pojar &
Meidinger, 1991; Soil Classification Working Group, 1998). Soils belonging to the great
group Humo-Ferric Podzols typically are associated with coarse- to medium-textured, acid
parent materials under dense coniferous forest on well-drained sites (Farley, 1979; Soil
Classification Working Group, 1998). These soils are generally strongly acid and have
less than 50% base saturation; leaching within these soils is extreme (Soil Classification
Working Group, 1998).
For information on the taxonomic correlation between the Canadian System of soil
classification and the Food and Agriculture Organization (FAO) system of soil
classification consult tab. 1.
Table 1. Taxonomic correlation between the Canadian system of soil classification and the Food and
Agriculture Organization (FAO) system of soil classification at the Canadian order and great group level
(only the nearest equivalents are indicated).
Canadian order
Canadian great group
Brunisolic
Dystric Brunisol
Eutric Brunisol
Luvisolic
Gray Luvisol
Podzolic
Humo-Ferric Podzol

FAO major soil groupings
FAO soil units
Cambisol
Dystric Cambisol
Eutric Cambisol, Calcic Cambisol
Luvisol
Albic Luvisol, Gleyic Luvisol
Podzol
Orthic Podzol
after Soil Classification Group (1998)

2.6 Vegetation and Fire
Vegetation
The two study areas are situated in an orobiom of the temperate zone of North America
(Müller-Hohenstein, 1981; Schultz, 1995; Barbour & Billings, 2000). According to the
ecological classification of continents of Walter & Breckle (1999), the study areas belong
to the orobiom of the Rocky Mountains (Loris, 1991). According to the maps of Barbour
(2000), the study areas are located between the ‘Pacific Northwest Forests’ and the
’Rocky Mountains forests and alpine vegetation – zone’. However, none of the relevant
diagrams showing the elevational zonation of vegetation (Walter & Breckle, 1999; Barbour
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& Billings, 2000) fit the conditions in the study areas. Therefore diagrams showing the
natural vegetation units valid for the two study areas were constructed based on Loyd et
al. (1990). These figures (fig. 3, fig. 4) show the major tree species of mature successional
stands for the study areas as well as for the elevation belts above and beneath the study
areas. Due to the limited amount of information and the complex situation in the study
areas, these diagrams can only be considered as a first approximation.
The major shade tolerant climax trees are Picea engelmanii and Abies lasiocarpa on wet
to zonal sites (fig. 3, fig. 4). Only on dry sites, mature successional stands consist of Pinus
contorta and Pseudotsuga menziesii. In the Okanagan study area, Picea engelmanii
occurs as minor component on these sites as well (fig. 4).
However, young and maturing successional stands of Pinus contorta that have formed
following wildfire occupy much of the landscape in the two study areas. Another tree
species that occurs as a successional species in zonal ecosystems is Pseudotsuga
menziesii. In the Okanagan Highlands Larix occidentalis Nutt. frequently occurs as
successional species after fire as well (Loyd et al., 1990; Hope et al., 1991).
Although Pinus contorta is known as an aggressive pioneer species, it can occur as
topoedaphic climax on sites with gentle terrain, droughty soils and frequent summer frosts
(Despain, 1983; Schmidt & Alexander, 1984). For ease of writing and reading, I will refer
to Pinus contorta as a pioneer species as long as no sites with topoedaphic climax stands
are concerned.
Tyaughton study area

Biogeoclimatic units:

MSdc

IdFdk2

1600

1800
Bl,Se

Bl,Se (Pa,Pl)

Pa,Bl/
Pl

1600

1400

1400

1200

1200

1000

1000

800

800

600

600

400

400
wet
Site category

zonal

dry

Elevation (m)

1800
ESSFdv

Fig. 3. Elevational zonation of
mature successional forests in the
Tyaughton study area. Only the
elevational belts above and
beneath the study area are
presented. The figure is based on
information from Loyd (1990).
Species in brackets represent
minor stand components.
Legend:
Bl: Abies lasiocarpa
Ep: Betula papyrifera
Cw: Thuja plicata
Fd: Pseudotsuga menziesii var. glauca
(referred to as Pseudotsuga menziesii)
Lw: Larix occidentalis
Pa: Pinus albicaulis
Py: Pinus ponderosa
Pl: Pinus contorta var. latifolia
(referred to as Pinus contorta)
Se: Picea engelmannii
Sxw: Picea engelmannii x glauca
(referred to as Picea engelmannii)
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Okanagan study area
2000

1800

1800

1600

1600

MSdm1 1400

1400

1200

1200

1000

1000

800

800

600

600

ESSFdc1

IdFdm1

400

400
wet

zonal

Site category

Dry

Elevation (m)

Biogeoclimatic units:
2000

Fig. 4. Elevational zonation of
mature successional forests in the
Okanagan study area. Only the
elevational belts above and
beneath the study area are
presented. The figure is based on
information from Loyd (1990).
Species in brackets represent
minor stand components.
Legend:
Bl: Abies lasiocarpa
Fd: Pseudotsuga menziesii var. glauca
(referred to as Pseudotsuga menziesii)
Lw: Larix occidentalis
Py: Pinus ponderosa
Pl: Pinus contorta var. latifolia
(referred to as Pinus contorta)
Se: Picea engelmannii
Sxw: Picea engelmannii x glauca
(referred to as Picea engelmannii)

Fire
According to the Forest Practices Code Biodiversity Guidebook (BC Ministry of Forests,
1995), the MSdc and MSdm1 subzones belong to the natural disturbance type 3 (NDT 3)
“ecosystems with frequent stand-initiating events” with a mean disturbance interval of 150
years. Natural fires in these ecosystems range from small spot fires to fire sizes often
exceeding 100 000 ha and sometimes even 200 000 ha. The largest fires in British
Columbia occur within this disturbance type (BC Ministry of Forests, 1995). Fires usually
leave unburned patches of mature forest and therefore create a landscape mosaic of
even-aged stands of varying size. Frequent outbreaks of defoliating insects, the mountain
pine beetle (Dendroctonus poderosae) and an extensive presence of root diseases
caused by Armillaria and Phellinus are characteristic for this natural disturbance type as
well (BC Ministry of Forests, 1995).
Due to its thin bark Pinus contorta is relatively fire susceptible and therefore easily killed
by fire (Agee, 1993; Miller, 2000). It is an aggressive pioneer species, however, and
readily establishes itself on most burned-out areas. Only Larix occidentalis approaches
Pinus contorta in agressively restocking burned areas (Lotan & Critchfield, 1990). The
ability of Pinus contorta to regenerate at the expense of other species is due to its cone
serotiny, seed viability, germination energy and rapid juvenile growth. Seeds can
accumulate in the serotinous cones for decades (Lotan & Critchfield, 1990) before they
are released all at one time upon a freshly prepared seedbed by fire. Prolific seed
production and the ability to survive a wide variety of microsite and soil situations are other
biological assets (Lotan, 1974). Without periodic fire Pinus contorta tends to be replaced
by the more shade-tolerant species Picea engelmannii and Abies lasiocarpa. In the MS,
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fire interrupts this succession and initiates another stand of Pinus contorta. In mixed
stands, the proportion of Pinus contorta will increase with each recurring fire (Lotan,
1974). This is due to the fact that Picea engelmannii and Abies lasiocarpa are very fire
susceptible (Agee, 1993; Miller, 2000) and depend on remnants surviving the fire and on
trees at the edge of the fire as seed source. Thus regeneration after fire heavily depends
on the size and shape of the fire, although these tree species germinate best on mineral
seedbed as well. Large Larix occidentalis and Pseudotsuga menziesii often survive fire
due to their high fire resistance (Agee, 1993; Miller, 2000). They represent a on-site seed
source for the reestablishment of these species after a fire.

2.7 Settlement history
The area of what is British Columbia today, has been inhabited by aboriginal people since
the last retreat of Pleistocene glaciers ca. 13 000 to 9 000 years BP (Borden, 1979; Scally
& Turchak, 1998). The first fur traders reached British Columbia at the end of the 18th
century (Lenz, 1988).
Although the Tyaughton study area was not settled by aboriginal people, the nomadic
Chilcotin from the North and the Lillooet Indians from the Fraser River passed through to
forage for roots, berries and to hunt game (Tyax Mountain Lake Resort, 2000). The study
area itself has never been settled permanently, and today settlement is still restricted to a
few, not permanently inhabited huts near Spruce Lake, in the southwestern corner of the
study area (BC Ministry of Forests, 1999b; Tyax Mountain Lake Resort, 2000). From the
1930’s till 1986, the closest permanent settlement was Gold Bridge (2001: 43 inhabitants)
that is located at the head of Carpenter Lake, ca. 25 km northwest of the study area.
Since 1986 a holiday resort is situated at the shore of Tyaughton Lake, ca. 20 km north of
the study area (Tyax Mountain Lake Resort, 2000).
Concerning the Okanagan study area, settlements and human activities have been
restricted mainly to lower elevations west (Okanagan Valley) and east (Kettle River Valley)
of the study area, while the study area itself is located at middle elevations. Here,
settlements are still limited to a few houses near Allendale Lake and Idabel Lake in the
northeastern corner. Only a few single houses and one mine exist within the study area,
and those are located at a distance of at least four kilometers from investigated forests
stands (BC Ministry of Forests, 1999a; BC Ministry of Forests, 2000). The closest larger
settlements are Penticton (2001: 33,000 inhabitants) in the east (The City of Penticton,
2000), and Beaverdell (2001: 280 inhabitants) in the west (Town of Beaverdell, 2001).
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Thus it can be concluded that settlement never has had a large impact on the forests
within the study areas.

2.8 Industrial forest exploitation
Systematic forest exploitation started in the temperate coastal rainforests of British
Columbia after the middle of the 19th century (Vogelsang, 1993). Between the time logging
began in British Columbia and 1997, about 95,000 km2 were logged (Drushka, 2000).
Today, forestry is still one of the most important economic sectors. In 2001, forest export
products accounted for 46 % of the total provincial exports (BC Ministry of Forests, 2002).
In 2001, Pinus contorta accounted for 31.7% of the annual cut of 72.0 million m3
(McDougall, 2002).
Since both study areas are located in the Interior of British Columbia at middle elevations,
the industrial exploitation of the forests within them started relatively late. In the valleys of
the Tyaughton Creek drainage, that were investigated for this study, forest companies
started clear cutting only in the late 1980’s or early 1990’s (BC Ministry of Forests, 1999b).
In the Okanagan study area, industrial forest exploitation in the valleys under
investigations started in the 1970’s, and most of them were only reached in the 1980’s or
1990’s by the forest industry (BC Ministry of Forests, 1999a; BC Ministry of Forests,
2000). Although until today large scale wood exploitation within the study areas only has
taken place for a maximum of 30 years (see above), the mentioned harvest numbers let
easily imagine that vast areas have already been clear cut, making it difficult to find
suitable forest stands to study. By selecting forests with a stand age of at least 60 years, it
was ensured that all forests under investigation were primary forests. However, the fast
exploitation of the primary forests of British Columbia is in sharp contrast with the need to
increase the still very limited knowledge of their natural disturbance regimes.

3 Methods and Materials
Goal of this study was to determine the longest naturally fire free interval of remnants left
by fire in Pinus contorta dominated forests in British Columbia. In order to increase the
chance of finding long fire free intervals, study areas located at the wetter end of the
ecological amplitude of this forest type were chosen. Within the study areas remnants
were selected according to specific criteria, and investigated according to fixed rules. An
overview about parameters recorded and samples taken in remnants and matrices, and
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about the analysis process of this study is given in fig. 5. Its principle steps are described
in the next paragraph.
The matrices were examined for fire indicators and species composition to ensure that
remnants were left by fire and not by other large scale disturbances. In order to determine
the longest fire free interval within investigated remnants it was tested first, whether they
got ever burned. Since all investigated remnants were found to have burned at some point
of time, the question evolved how long their fire free interval was. Dendrochronological
methods were used to address this question. Due to the large amount of time involved in
dendrochronological analyses, five out of twelve remnants were selected. Selection was
based on species composition, site category and the presence and type of fire indicators
in order to approach the longest fire free interval of remnants within the study areas. First
it was tested, whether the selected remnants got burned by the most recent (= the matrix
initiating) fire. For those remnants that did not get burned by the most recent fire, further
investigations were carried out to approximate the duration of their fire free interval.

3.1 Criteria for the selection of study areas
It was necessary to extend the investigations to two biogeoclimatic subzones due to the
small number of suitable study sites within both of them in the Kamloops Forest Region.
The MSdc and MSdm subzones were chosen for the following reasons:
•

They are part of the MS, where Pinus contorta is especially widespread and
abundant.

•

They represent the wetter end of the ecological amplitude of Pinus contorta
dominated forests. This increased the chance to find remnants that never got
burned.

•

They belong to the Natural Disturbance Type 3 “ecosystems with frequent standinitiating events” (mostly fire). This increased the chance to find suitable study
sites.

The Tyaughton and Okanagan study areas were selected according to the following
criteria:
•

Located in the MSdc respectively MSdm1 (see above).

•

Located in the Kamloops Forest Region. The Kamloops Forest Region is situated
relatively close to Vancouver and has relatively good road access.

evidence of fire

Stand parameter

fire
scars

Fig. 5. Parameters recorded, samples taken, and principle steps of analysis in this study.
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3.2 Sample design
The following two sections describe the selection of remnants and the sample design used
for the investigation of these remnants.

3.2.1

Remnant selection

Within the two study areas all potential remnants within Pinus contorta dominated forests
were located by means of forest cover maps (scale 1:20 000; BC Ministry of Forests,
1999b; BC Ministry of Forests, 1999a; BC Ministry of Forests, 2000), biogeoclimatic zone
maps (scale 1:100 000; BC Ministry of Forests, 1989; Lees, 2000) and aerial photographs
(BC Ministry of Forests, 1993; BC Ministry of Forests, 1997). The two research areas
cover ca. 480 km2 in the Tyaughton study area and ca. 1119 km2 in the Okanagan study
area, giving a total of 1599 km2 that were checked for potential remnants. Remnants were
considered as potential remnants when they met the following criteria:
•

Remnant size greater or equal to 300m2. This size was considered the minimum
size to get enough data to characterize a remnant.

•

Matrix dominated by Pinus contorta.

•

Significantly higher stand age as the matrix. An age difference of at least 40 years
was considered necessary to avoid that stands with larger trees but of the same
age than the matrix could be mistaken as a remnant in the field.

•

Easily accessible. That means located two km or less from a road and within a
walking distance of less than half an hour.

Stand age and species composition indicated on the forest cover maps were used to
locate patches of older forest surrounded by younger Pinus contorta dominated forest.
Aerial photographs were used to confirm the forest cover maps and to ensure that
adjacent clear cuts were not connected to remnants. This was necessary to avoid that a
remnant left by logging could be mistaken for a remnant left by fire. After this preliminary
work was completed, all 25 potential remnants were visited by foot and trees were cored
to confirm the stand age indicated on the forest cover maps. Seven ‘remnants’ had to be
excluded from the study because their stand age differed from the one indicated on the
forest cover maps, suggesting that `remnant‘ and matrix were of the same age class or
only one age class apart. Six other ‘remnants’ had to be excluded from the study because
the only trees that were older than the matrix were scattered, large Larix occidentalis
which had survived the fire, while the second canopy layer beneath them belonged to the
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same age class as the matrix. The remaining twelve remnants were finally investigated by
locating one or two plots within the remnant, and locating four plots in the matrix.

3.2.2

Plot set up within remnants and matrices

Each remnant was visited by foot to set up a 20m x 20m square plot. Two plots were set
up, if a remnant appeared to be very heterogeneous. The plot set up is shown in fig. 6.
Plots were located within the remnant according to fixed rules: A bearing that lead to the
center of the remnant was taken from the easiest access point on the road. The midpoint
of the first plot-side was determined by following this bearing for a predetermined distance
from the remnant boundary into the remnant. The plot-side was set up rectangular to the
access bearing. In case a second plot was set up, the midpoint of its first plot-side was
reached by taking a random bearing at the center of the first plot and following this bearing
for a predetermined distance into the remnant. The first side of the second plot was set up
rectangular to the bearing.
The

corresponding

matrix

was

characterized by four systematically
located 20m x 20m square plots.
One plot was set up in each of the
four major bearings (N, E, S, W) to
ensure

a

representative

and

unbiased sample. To locate the
matrix plots, the bearing was taken
at the center of the remnant plot.
The midpoint of the first plot-side
was

reached

by

following

the

bearing 30m in the matrix after
Fig. 6. Location of remnant and matrix plots. Schematic.

having

crossed

boundary. This plot-side was then set up rectangular to the bearing (fig. 6).

the

remnant
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3.2.3 Selection of remnants for dendrochronological
analysis
Investigation of the twelve remnants and their corresponding matrices revealed that all
matrices had initiated after fire and that all remnants had burned at some point of time.
Therefore the question evolved how long they did not have burned (fig. 5). This question
was addressed using dendrochronological methods. Due to the large amount of time
involved in dendrochronological analyses, five out of twelve remnants were selected. In
order to increase the chance to analyze remnants that did not get burned by the matrix
initiating fire and thus to approximate the longest fire free interval within forests remnants
in the study areas, the selection criteria were:
•

Picea engelmannii or Abies lasiocarpa dominated remnants, because these
species are considered late successional species within the study areas (Hope et
al., 1991; Uchytil, 1992) (fig. 3, fig. 4).

•

Zonal and wetter sites because these are considered to burn less often than dry
sites (e.g. Delong & Tanner, 1996; Camp et al., 1997).

•

No charcoal was found on top of the forest floor.

•

No burnt coarse woody debris was found.

•

Two or more remnants located relatively close to each other in order to increase
the chance to obtain a large set of comparable increment cores. This increases
the quality of dendrochronological analyses.

As will be shown in chap. 4, remnants 8-R1 and 8-R2 met the criteria mentioned above
best. They were selected in order to investigate Abies lasiocarpa dominated remnants.
Remnants 7-R1, 7-R2 and 7-R3 were selected in spite of burnt coarse woody debris was
found, because they were the only Picea engelmannii dominated remnants that met all
other criteria (chap. 4). Both groups of remnants (7-R1 to 7-R3, and 8-R1 to 8-R2) are
located in the Okanagan study area.
First it was tested, whether the selected remnants got burned by the most recent (= the
matrix initiating) fire. For those remnants that did not get burned by the most recent fire,
further investigations were carried out to approximate their fire free interval. An overview
about the dendrochronological methods used for this analysis will be given in section 3.6.
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3.3 Data acquisition
The following two sections describe which data and samples were recorded respectively
taken in the field, how the samples were prepared and measured in the tree-ring
laboratory to gain dendrochronological information, and how fire scars were differentiated
from scars caused by other agents.

3.3.1

Field data and samples

Since the selection of remnants for dendrochronological analysis was based on results of
fieldwork and analysis of stand data (fig. 5), data and samples were recorded respectively
taken for all twelve investigated remnants.
Fieldwork was pursued from end of May till mid of August 2001. For each plot,
topographic parameters, stand parameters, site parameters and evidence of fire were
recorded, and samples for dendrochronological analysis were taken as follows. The
geographic location of remnants (UTM coordinates) was determined using Forest Cover
Maps (scale 1:20 000) (BC Ministry of Forests, 1999b; BC Ministry of Forests, 2000).
Site parameters of remnant plots
Table 2. Site parameters of remnant plots recorded in the field.
Site parameter
[unit]
Elevation
[m above sea-level]
Slope [%]
Aspect [degree]
Site category
[qualitativ]

Measurement
Measured with an altimeter that was calibrated every morning at a point of known
altitude; verified with topographic maps (Canada Centre For Mapping, 1992;
Surveys and Mapping Branch, 1978).
Measured with a clinometer
Measured with a compass
Qualitatively assessed in the field according to site identification keys (Loyd et al.,
1990)

Site parameters were used to characterize remnants. The site category was used as one
of the criteria to select five of the twelve remnants for dendrochronological analysis (fig. 5).
Evidence of fire in remnant and matrix plots
Evidence of fire (tab. 3) was recorded in matrix and remnant plots to find out whether the
matrices initiated after fire respectively whether the remnants got ever burned (fig. 5).
If charcoal was found in the soil, the depth was recorded. If charcoal was not found in the
forest floor near the soil pits, additional pits were dug in the forest floor throughout the plot.
Data about fire scars and charcoal on trees were collected to be able to identify fire scars
according to the criteria mentioned in section 3.3.2. Burnt coarse woody debris (CWD)
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was defined as pieces of burnt wood >10 cm. A size of >10 cm was chosen to reduce the
risk of misinterpretation of blown in burnt pieces.
Table 3. Evidence of fire in remnant and matrix plots recorded in the field.
Evidence of fire
Charcoal

Method
Searched for on top of the forest floor, in
the forest floor and in the mineral soil

Fire scars and charcoal on
trees

Estimated height and location on the tree
were recorded.

Amount
- in six soil pits per remnant plot
- in four soil pits per matrix plot
- looked for on all trees within
remnant and matrix plots

Burnt Coarse Woody Debris
(CWD)

Searched for pieces >10 cm.

- within remnant and matrix plots

Stand parameters of remnant and matrix plots
For remnant plots, stand parameters were recorded and samples were taken in the field
as shown in tab. 4. Stand parameters were used to characterize remnants, while samples
were used for dendrochronological analyses (fig. 5). Species composition of remnants
was one of the criteria used to select five out of twelve remnants for dendrochronological
analysis. For matrix plots, only species composition was recorded, and samples for the
dendrochronological analysis of stand age were taken (tab. 5, fig. 5). Species composition
of matrix plots was used to determine whether the matrix initiated after fire (fig. 5). It was
estimated visually because only the dominance of Pinus contorta was important according
to the study objective (chap. 1).
In this study, I will differentiate between matrix trees, remnant trees, and suppressed
remnant trees. For ease of writing and reading suppressed remnant trees will be referred
to as ‘suppressed trees’ (as opposed to ‘remnant trees’).
Table 4. Stand parameters of remnant plots and samples for dendrochronological analysis taken in the
field.
Stand parameters and
samples for
dendrochronological
analysis
Diameter at brest height
(=1.3m) [cm] and
Tree species of trees >1.3m
Tree species of trees <1.3m
(=regeneration)
Samples for age
Samples to date the last fire
Samples for age of
suppressed trees

Method

Amount

Measured with calipers;
- all standing trees >1.3m height within the plot
Visually assessed
Visually assessed

Increment core taken at 50
cm above ground
Tree discs with scars cut
with a chain saw
Discs of suppressed trees
cut with a hand saw close
to ground (<10cm above
ground)

- all standing trees <1.3 within the plot; if those
trees were very abundant, subsamples were
taken (fig. 6)
- at least 5 of the trees with largest dbh per
species within the remnant
- if possible 5 tree discs with scars per remnant
- at least one tree disc per remnant plot
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Table 5. Stand parameters of matrix plots and samples for dendrochronological analysis taken in the
field.
Stand parameter and samples for
dendrochronological analysis

Method

Amount

Samples for age

Increment core taken at
50 cm above ground
Visually estimated

- at least 2 of the trees with largest dbh
were cored per species

Tree species of trees >1.3m

- only qualitative check if Pinus contorta
clearly dominates

Two categories of trees were sampled for age:
1. Remnant trees and matrix trees: Of each tree species present within a remnant, at least
five of the trees with largest dbh were cored to allow determination of the stand age.
Coring of trees was not limited to trees actually standing in the remnant plot but to trees
located within the whole remnant in order to core the trees with the largest dbh of each
species. In matrix plots at least two of the trees with largest dbh of each species were
cored for age, resulting in a total of eight cores per species and matrix. To core the largest
trees of a stand increases the chance to identify the oldest tree (Kipfmueller & Baker,
1998). In case a species was represented by less trees than planned for coring, the
maximum number possible was cored. Trees were cored at 50cm above ground to
minimize the error in age due to the time a tree needs to reach coring height.
2. Suppressed trees: In addition suppressed trees of the shade-tolerant species Abies
lasiocarpa and Picea engelmannii were cut in remnant plots in order to find small but
(very) old trees. Lichen growth on small trees was used as criteria to identify the oldest
small trees. These trees were cut at <10cm above ground to minimize the error in age due
to the time the tree needs to reach cutting height. The suppressed trees were cut to
ensure that even no (light) surface fire had passed through the remnants. The underlying
assumption was, that trees of very fire susceptible species with a small dbh (usually less
than 8 cm) and branches to the ground would get killed even by a light surface fire (Crane,
1982; Uchytil, 1992). Thus their age allows to estimate the time the remnant has stayed
fire free at least.

3.3.2

Dendrochronological data

Dendrochronological data were gained for the five selected remnants (section 3.2.3). The
goal of dendrochronological analyses was to determine the stand age of remnants and
matrices, as well as to determine the age of suppressed trees and to date the fire scars.
Age data and fire dates were key data for the determination of the fire history of remnants
and matrices (fig. 5). Before a dendrochronological analysis could be performed, field
samples (increment cores and tree discs) had to be prepared for measurement, and
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ringwidths had to be measured. The following two sections describe the preparation and
measurement methods used in this study. The third section describes which criteria were
used to differentiate fire scars from scars caused by other agents.
Preparation and measurement of increment cores
After coring the trees with an increment borer (SUUNTO, inner diameter 5mm) the cores
were put into labelled straws for transport and stored in freezers to prevent them from
going mouldy during field trips.
Back at university, the increment cores were mounted in wooden core trays where they
were fixed with wood glue. Mounting was done in a way that the upper core surface shows
the cross-sectional view of the tracheid-cells; this ensured that wood-cells and thus treering boundaries were visible as clear as possible. Cores were sanded by hand with
increasingly finer sandpaper (Phipps, 1985) up to 600 or 1000 grid. If narrow rings were
still not visible clearly enough, cores were moistened and cut with razor blades just before
measurement. In these cases chalk was rubbed onto the freshly cut surface to increase
the visibility of tree-ring boundaries (Elling, 1966; Iseli & Schweingruber, 1989). Thus the
interior of the cut wood cells is filled with chalk and appears white while the cell walls stay
dark.
Measurement of tree-rings was done under a binocular (up to 40-fold magnification) in
combination with a digital positioning table for tree-ring analysis (standard resolution of
1/100 mm) and a source of light. Measurements were transferred directly to a personal
computer running the program-system TSAP (Rinn, 1989-1996) respectively CATRAS
(Aniol, 1983).
In case the pith of the tree was not directly hit by the increment borer but close enough
that the rings are arcing, three additional measurements were made (fig. 7). The additional
measurements allow to calculate the distance to pith and to estimate the corresponding
number of rings missing to pith according to Duncan’s method (Duncan, 1989).
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Preparation and
measurement of tree
discs
Tree discs were dried 2-3
weeks

before

they

were

sanded up to 400 grid with an
electrical belt sander in the
Fig. 7. Additional measurements made for increment cores
that did not hit the pith but have arcing rings; according to
Duncan’s method (Duncan, 1989). 1. H: height of the last
ring, 2. L: length of the last ring, 3. X: width of the three
innermost complete rings. Since increment cores are
measured from bark to pith, the last ring of the increment
core is the ring closest to pith.

wood laboratory. If tree-ring
boundaries
visible

were

clearly

still

not

enough,

portions of the tree discs
were sanded up to 600 grid
by hand. The fire scarred

discs often had to be cut with razor blades and treated with chalk near the fire wounds to
ensure the scar could be assigned to the right tree-ring. The suppressed trees had to be
cut with razor blades and treated with chalk because rings were very narrow. The
measurement procedure for tree discs was the same as for increment cores (see above).
Identification of fire scars
Scars on trees can be due to a variety of agents, e.g. fire, bears, the mountain pine beetle,
Armillaria mellea (a fungus) infections, porcupines, red squirrels, sunscald etc. (Molnar &
McMinn, 1960; Mitchell et al., 1983; Stuart et al., 1983; Agee, 1994; Gutsell & Johnson,
1996). While most of the scars caused by other agents than fire can be easily
distinguished from fire scars because they are not located at the base of the tree, bear
scars and mountain pine beetle scars on Pinus contorta can strongly resemble fire scars
50-80 years after scar initiation (Stuart et al., 1983; Agee, 1993).
Fires scars are usually triangular shaped basal scars and more likely to occur on the lee
side of a tree, since this side of the tree is more likely to receive higher heat loads at the
bark surface (Molnar & McMinn, 1960; Mitchell et al., 1983; Stuart et al., 1983; Agee,
1994; Gutsell & Johnson, 1996). Fire scars are also more likely to occur on the upslope
side of a tree, due to preheating of fuels ahead of the fire by radiation and convection
(Agee, 1993).
Beetle scars mostly occur on the north, northeast and east sides of a stem (Mitchell et al.,
1983; Stuart et al., 1983), and trees may show pitch tubes, beetle emergence holes,
beetle galleries, blue stain, retained bark on the scar surface or an orange or red
discoloration around healthy sapwood (Agee, 1993). 50-100 years after scar initiation,
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beetle galleries on the exposed sapwood erode and the blue stain fades, making the
differentiation of the scar source more difficult (Stuart et al., 1983; Agee, 1993). Bear
scars sometimes show branches sticking out of the scar surface (Molnar & McMinn,
1960), which is not the case for fire scars, where branches got burned. And they do not
show any pattern with respect to the aspect they are facing. Dated bear and beetle scars
rather reflect a period of 2-5 years of stripping (Agee, 1993) respectively several years of
beetle outbreak (Stuart et al., 1983).
Therefore a combination of criteria visible in the field such as charcoal on the bark
surface, scar location on the tree, scar shape, presence or absence of beetle galleries,
and exact dating of the scars was used to differentiate fires scars from scars caused by
bears or the mountain pine beetle.

3.4 Data processing and statistical analysis
The following two sections describe the processing of data recorded during fieldwork and
obtained through measurement of increment cores and tree discs. Processed
dendrochronological data were then statistically analyzed as described in the following
third section. Except for fire scarred discs of dead trees used for dendrochronological
analysis, data processing and statistical analysis were based on living trees.

3.4.1

Processing of field data

Stand data were the only field data that had to be processed. They were organized in
spreadsheets before calculating the following parameters, that are given either in
percentage or on a per ha basis to allow comparison between remnant plots. Stand
parameters were calculated for trees >1.3m, because only established trees were
supposed to be analyzed in this study. Trees <1.3m were classified as regeneration and
were only considered for the calculation of regeneration density. For remnants with two
plots, stand parameters were calculated separately for each remnant plot to take into
account the heterogeneity within those remnants. The word “tree” hereafter refers to a
living tree >1.3m height if not otherwise stated.
Tree species composition
Tree species composition was calculated as proportion that each species contributes to
the tree density (Appendix 4).
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Dbh distribution
In order to get a better overview of measured diameters at brest heights (dbh), a
frequency distribution was calculated. Therefore nine dbh classes were delimited (tab. 6).
The proportion that each dbh-class contributes to the number of trees within a plot was
calculated (Appendix 4). To facilitate access to information such as which proportion of
trees has a dbh smaller or equal to 10cm, the cumulated frequency of trees [%] was
calculated.
Table 6. Diameter-at-brest-height (dbh) classes delimited for analysis of dbh distribution.

Dbh classes
[cm]
0.1-5.0
5.1-10.0
10.1-15.0
15.1-20.0
20.1-25.0
25.1-30.0
30.1-35.0
35.0-40
>40

Species composition of dbh classes
Considering only the dbh distribution without knowing the species
composition of dbh classes results in an important loss of
information in mixed stands where pioneer species and late
successional species occur together as it is the case in the two
study areas. Whether dominants and small trees of a stand belong
to a pioneer species such as Pinus contorta, or to a late
successional species such as Abies lasiocarpa or Picea engelmannii
was considered an important information. Therefore the species
composition of dbh-classes was calculated (Appendix 4).

Basal area, tree density and regeneration density
Basal area represents the area per hectare [m2/ha] occupied by tree-stems in 1.3m height.
Basal area and tree density are measures of site occupancy. Both were calculated on a
per ha basis (Appendix 4). Trees <1.3m were classified as regeneration; their density was
calculated on a per hectare basis as well (Appendix 4).

3.4.2

Processing of dendrochronological data

This sections describes the processing of data obtained through measurement of
increment cores and tree discs. Except for discs of dead, fire scarred trees, samples stem
from living trees.
Processing of ringw idth measurements of increment cores
Ringwidth measurements of increment cores were processed in order to obtain tree ages
at coring height as accurate as possible, and in order to develop mean curves to allow
dating of fire scars.
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First, raw tree-ring curves were plotted and synchronized on the light-table (Dittmar,
1999). The goal of synchronization is the construction of a mean curve that is obtained by
arithmetically averaging synchronous curves. The mean curve is then used as reference
for remaining difficult curves, and allows to identify missing rings, double rings or
measurement mistakes. Once all curves have been synchronized carefully, absolute dates
are assigned to each tree-ring. This procedure is called 'crossdating’ (Phipps, 1985). In
case a core could not be crossdated, the age of the tree was not considered for age
analysis.
Crossdated mean curves were synchronized with tree-ring series from the International
Tree-ring databank (Briffa & Schweingruber, 2001; Parish, 2001a; Parish, 2001b; Parish,
2001c; Parish & Small, 2001a; Parish & Small, 2001b; Schweingruber, 2001) on the light
table to crossdate them with mean curves gained independently from my study.
Since the increment growth of a tree varies among other things with its species, age and
site (Fritts & Swetnam, 1989), the described procedure was pursued separately for each
of the five tree species present in the study areas (Pseudotsuga menziesii, Larix
occidentalis, Picea engelmannii, Pinus contorta and Abies lasiocarpa). Increment cores
contributing to the same mean curve form a ‘collective’. Sometimes more than one
collective per species had to be formed per site, e.g. when the age of the matrix trees and
the remnant trees of one species differed a lot.
Processing of ringw idth measurements of tree discs
Ringwidth measurements of tree discs were processed in order to date the fires (firescarred tree discs) respectively to determine the age of suppressed trees as accurate as
possible (discs of suppressed trees).
After measurement, curves were plotted and visually crossdated on the light table with
beforehand developed mean curves of increment cores. This allowed to assign exact
dates to rings of fire scarred trees even if they were cut from dead trees. Often several
measurements had to be done on scarred tree discs and on discs of suppressed trees to
be able to crossdate them, because these two categories of trees frequently show
important distortions in their increment growth (Appendix 7). These distortions
occasionally obscure ring patterns and make crossdating difficult (Madany, Swetnam &
West, 1982). Some tree-ring series from scarred discs could not be crossdated or their
exact scar dates not be determined for the following reasons:
•

Impossible to assign scar to one specific tree-ring.

•

Tree discs too rotten to allow clear identification of tree-rings.
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•

Tree-ring series too short for accurate crossdating.

•

Tree-rings to distorted to allow crossdating.

•

More than half of the tree got burned -> scar does not indicate the fire year but
any tree-ring where the fire stopped burning the tree.

In case a tree disc could not be crossdated, it was not considered for fire date analysis.
Data processing for tree age analysis
Ringwidth measurements of increment cores and suppressed trees were used for age
analysis. For those increment cores, that did not hit the pith but have arcing rings, the
number of rings missing to pith was calculated according to Duncan’s method (Duncan,
1989; section 3.3.2; Appendix 4). This was done in order to get an age estimate as
accurate as possible for those cores as well.
For tree age analysis, only crossdated increment cores that hit the pith or that missed the
pith by a maximum of ten years as estimated according to Duncan’s method (Duncan,
1989) were considered for reasons of age data accuracy. Only ages of suppressed trees
were considered for age analysis even if they could not be crossdated. Since generally
dominant or codominant trees are cored for dendrochronological analysis (Stokes &
Smiley, 1996), it was not surprising that some of these heavily suppressed trees showed
growth patterns too individual to allow crossdating. Analysis of the whole tree disc allowed
the identification of false rings and thus ensured that ages of suppressed trees were not
overestimated, however.
Tree ages at coring height conservatively estimate total tree age. If age corrections for
coring height were applied, these were conservative estimates as well because they were
based on the minimum time required to reach coring height (Hegyi et al., 1979). This
method has been applied only in verbal discussion and is explicitly mentioned. All other
tree ages given in the text or shown in figures and tables are given for coring height
(=50cm) respectively for suppressed trees for cutting height (<10cm).
The number of dated trees per species does not necessarily correspond to the proportion
that a tree species contributes to the stand, because at least five cores were taken per
tree species if possible, no matter if it dominated the stand or not. Less than five
determined ages per tree species commonly are due to the following reasons:
•

too few trees of the species present within the remnant or matrix

•

tree rings too narrow to identify them clearly (on the increment core)

•

ingrown branches close to pith (on the increment core)
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•

pith missed by more than 10 rings as estimated according to Duncan’s method
(on the increment core)

•

cores could not be crossdated due to too individual growth patterns of trees

3.4.3

Statistical analysis of dendrochronological data

Crossdating of tree-ring series, dating of scars and the measurement accuracy of tree-ring
series were statistically checked. This was done using the program COFECHA (Holmes,
1983). The following paragraphs describe the principles of the procedure, that is shown in
fig. 8.
First data processing step: COFECHA transforms the tree-ring series to remove all or
most low-frequency trends and to emphasize high-frequency variations. This is useful
because in most temperate regions, year-to-year (high-frequency) variations in ringwidths
are more important for successful crossdating than low-frequency, longer-term trends
(Grissino-Mayer, 2001). Since the age-trend usually is a low-frequency trend, the
transformation facilitates correlating and thus crossdating of different aged trees.
Second data processing step: COFECHA averages the values of all transformed series to
give an arithmetic mean value function which is called the master dating series (Holmes,
Adams & Fritts, 1986). Each transformed series is tested against the adjusted master
dating series (= master dating series with the tested series temporarily removed) to avoid
comparing the series against itself (Grissino-Mayer, 2001). A correlation coefficient is
calculated and indicates whether crossdating is correct. If not, the increment core has to
be reexamined for statistically indicated mistakes. Measurement accuracy of tree-ring
series is assessed simultaneously. COFECHA detects ‘outlier’ ring measurements and
indicates them in the output so that one can check whether the original measurement is
correct or has to be adjusted (Grissino-Mayer, 2001).
Third data-processing step: The number of collectives could be reduced by merging those
collectives of the same tree species and site that showed a high correlation.
Fourth data processing step: A ‘final’ mean curve was constructed for each of the ‘final’
collectives by selecting twelve trees. Selection criteria were: 1. degree of correlation with
master-dating series, 2. length of the tree-ring series. ‘Final’ mean curves were then
checked against tree-ring series from the International Tree-Ring Databank (Briffa &
Schweingruber, 2001; Parish, 2001a; Parish, 2001b; Parish, 2001c; Parish & Small,
2001a; Parish & Small, 2001b; Schweingruber, 2001) using COFECHA in order to get
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further proof that tree-ring series were crossdated correctly and thus calculated ages at
coring height are accurate. Final mean curves are shown in Appendix 5.
Fifth data processing step: ‘Final’ mean curves were used to crossdate difficult tree-ring
curves and curves of fire-scarred tree discs.

1

raw tree-ring series belonging to one collective
removing of low-frequency trends and emphazising of high frequency variation
1. detrending of curves by fitting a spline function
2. detrending of curves through autoregressive modeling
3. log-transformation of curves

2

calculation of arithmetic mean value function (= master dating series)

testing each curve against the adjusted master dating series
2. Indication of outliers?

1. Calculation of correlation coefficients
indicating that crossdating is correct

indicating a crossdating mistake

Yes

No

check the increment core
adjustment of original measurement

original measurement is correct

all correctly crossdated tree-ring series of one collective
reducing the number of collectives by merging collectives of the same species and site
after testing their correlation with COFECHA

selection of twelve tree-ring series for construction of 'final' mean curve according to

3
4

1. degree of correlation with master-dating series
2. Length of tree-ring series

testing the 'final' mean curve against mean curves from the International Tree-ring Databank
crossdating of difficult tree-ring curves and curves of fire-scarred trees
against the 'final' mean curves

Fig. 8. Flowchart: Steps of the statistical analysis of tree-ring series using the program COFECHA
(Holmes, 1983).

5
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The described procedure was pursued for each of the fourteen respectively eight ‘final’
tree-ring series collectives.

3.5 Software
Tree-ring measurements were done with CATRAS (Aniol, 1983) and TSAP Version 3.0
(Rinn, 1989-1996). File formats of dendrochronological programs were converted using
CONVERT5 Version 2.0 and YUX Version 6.0 (Grissino-Mayer, 2002). Statistical analysis
of tree-ring series was performed with COFECHA Version 6.0 (Grissino-Mayer, 2001).
Word processing was done using MS Word 2000. Graphs and tables were generated with
SigmaPlot 2000 and MS Excel 2000. Images were enhanced and processed using Adobe
PhotoShop 6. Figures were constructed using Corel Draw Version 9 and Macromedia
FREEHAND Version 10.

3.6 Fire history analysis using dendrochronological
methods
The following section will give an overview about the fire history analysis of the five
selected remnants.
Fire history analysis w ith regard to the matrix initiating fire
First, the matrix initiating fire was dated using fire scars. In case no fire scars were found,
ages of matrix trees were used to approximate the fire date. Using the establishment date
of the post-fire generation is a common method to date fires, where stand-replacing fires
are common and fire scars are not found (e.g. Tande, 1979; Romme & Despain, 1989;
Bergeron, 1991).
Then it was tested whether the remnants got burned by the matrix initiating fire at all. For
that ages of suppressed trees and remnant tree ages were analyzed (fig. 5). As described
in section 3.3.1, ages of suppressed trees allow to determine the time a remnant stayed
fire free at least because they are small with branches to the ground. Thus they would
have been killed by any even light surface fire.
Fire free interval of forest remnants
Those of the selected remnants that did not get burned by the matrix initiating fire were
analyzed for the duration of their fire free interval (fig. 5). For that the age range of the
oldest trees within the remnants was analyzed. This allowed to determine whether the
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remnants represent postfire cohorts. If this was the case, the establishment date of the
postfire cohorts was used to date the remnant initiating fire.
Estimates given for the fire free interval are conservative, because they are based on the
oldest of the cored trees. This might not be the oldest tree of the post fire cohort, however.
Although coring the largest trees of each species increases the likelihood of getting the
oldest remnant tree (= the first tree that regenerated after fire) (Kipfmueller & Baker,
1998), the length of the fire free interval is underestimated if this was not the case.

4 Results
Twelve remnants were investigated in the field, giving a total of eighteen remnant plots
because six of the remnants were considered too large and too heterogeneous to be
represented by only one remnant plot. Four matrix plots per remnant (fig. 6), resulting in a
total of 48 matrix plots, were investigated. Data recorded and samples taken within these
plots were analyzed with the following results.

4.1 Characteristics of remnants and matrices
The following sections characterize the remnants with respect to their geographic location,
site and stand characteristics. Matrices are only characterized with respect to their stand
characteristics.
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4.1.1
Geographic location and site characteristics of
remnants
Table 7. Geographic location and site characteristics of remnants. Remnants were labeled as follows:
Area-no.-’R’ (for remnant) Remnant-no.(/Plot-no.). Site parameters are mentioned once per remnant
because a more detailed differentiation on the plot level was not considered necessary for the
characterization of remnants; only the site category is mentioned per remnant plot because this
parameter was considered for the selection of remnants for dendrochronological analysis. The
prevalent site category is expressed by the first word of the term, while the second word shows
towards which direction the site tends.
Remnant ID

4-R1
4-R2/1
4-R2/2
5-R1/1
5-R1/2
6-R1
7-R1
7-R2
7-R3
8-R1/1
8-R1/2
8-R2/1
8-R2/2
9-R1
10-R1/1
10-R1/2
11-R1/1
11-R1/2

UTM coordinates
Elevation
Aspect
Slope
[m]
West
North
[degree]
[%]
Tyaughton study area (MSdc biogeoclimatic subzone)
511800
5659900
1417
60
15
511550

5659000

1509

103

15

517000
5656400
304
1494
24
511450
5662550
1417
250
15
Okanagan study area (MSdm1 biogeoclimatic subzone)
336500
5478500
1310
312
16
336650
5478250
1310
350
42
336200
5478500
1310
357
8
328000

5487500

1767

171

19

327250
327550

5486650
5478500

1722
1539

175
318

15
9

325700

5479100

1523

261

9

323450

5486200

1570

113

18

Site category
[qualitativ]
zonal
zonal-dry
zonal
zonal-wet
zonal-wet
dry-zonal
wet-zonal
zonal-wet
zonal-wet
zonal-dry
zonal-dry
zonal-dry
zonal-dry
zonal-wet
zonal-dry
zonal-dry
zonal
zonal

Remnants 4-R1 to 6-R1 are located in the Tyaughton study area while remnants 7-R1 to
11-R1 are situated in the Okanagan study area. The elevational range between
investigated remnants is larger for the Okanagan study area (tab. 7). Mean elevations of
remnants 8-R1 and 8-R2 (MSdm1) are ca. 170m respectively 120m higher than elevations
given for the MSdm1 by (Loyd et al., 1990). However, elevations of subzones vary
according to local conditions, and their elevational range given by Loyd et al. (1990) is
based on means. Therefore it is not surprising to find some areas at higher elevation that
still belong to the MSdm1. Slope of remnant plots lies within a range of 8-24% except for
remnant 7-R2 that has a slope of 42%. Relative location of remnants with respect to their
species composition and site is shown in fig. 9 and 10. Most remnants are situated on
zonal sites or on sites slightly deviating from zonal conditions; only two remnants are
located on sites where the ‘zonal characteristics’ do not dominate.
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Biogeoclimatic units:
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Fig. 9. Tyaughton study area:
Relative location of investigated
remnants in the elevational
vegetation belts with respect to
their species composition and site
category.
Legend:
Bl: Abies lasiocarpa
Ep: Betula papyrifera
Cw: Thuja plicata
Fd: Pseudotsuga menziesii var. glauca
(referred to as Pseudotsuga menziesii)
Lw: Larix occidentalis
Pa: Pinus albicaulis
Py: Pinus ponderosa
Pl: Pinus contorta var. latifolia
(referred to as Pinus contorta)
Se: Picea engelmannii
Sxw: Picea engelmannii x glauca
(referred to as Picea engelmannii)

Fig. 10. Okanagan study area:
Relative location of investigated
remnants in the elevational
vegetation belts with respect to
their species composition and site
category.
Legend:
Bl: Abies lasiocarpa
Fd: Pseudotsuga menziesii var. glauca
(referred to as Pseudotsuga menziesii)
Lw: Larix occidentalis
Pa: Pinus albicaulis
Py: Pinus ponderosa
Pl: Pinus contorta var. latifolia
(referred to as Pinus contorta)
Se: Picea engelmannii
Sxw: Picea engelmannii x glauca
(referred to as Picea engelmannii)

Stand characteristics of remnants and matrices

As described in section 3.3.1, stand parameters of remnants were recorded to
characterize them and to allow selection of remnants for dendrochronological analysis.
For the matrices only the species composition was recorded and used as evidence for an
initiation after fire.
Tree density, basal area and dbh distribution of remnants
Tree density, basal area and dbh distributions of remnants are presented to give an
impression of site occupancy and stand structure. Tree density varies highly between
remnant plots, no matter whether they belong to the same remnant (e.g. 8-R2/1 and 8R2/2) or not (e.g. 6-R1 and 9-R1) (fig. 11). This is similar for basal area (fig. 11); its
variation is smaller, however. For information on regeneration density of remnants and for
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descriptive statistics of the structural characteristics mentioned in this paragraph consult
Appendix 6.
Dbh distributions of remnants are shown in fig. 13 to 30 as black columns. Dbh distribution
varies largely between remnants (e.g. fig.13, fig. 14) as well as within remnants (e.g. fig.
24; fig 25). Most of the remnant plots tend towards a negative exponential dbh distribution
( e.g. fig.13; fig. 17), sometimes with a minor second ‘peak’ (e.g. fig. 15; fig. 30). Other
remnant plots show higher tree densities for smaller dbh classes as compared to larger
dbh classes, but the decrease does not tend to be negative exponential (e.g. fig. 22; fig.
24). Remnant plots 6-R1 (fig. 14) and 9-R1 (fig. 26) nearly show a bimodal dbh
distribution.
The black thin line in figure 13 to figure 30 represents the cumulative frequency
distribution of trees. For the majority of remnant plots more than 40% of the trees have a
dbh less or equal to 5 cm. And except for three remnant plots, at least 55 % of the trees
have a dbh less or equal to 15 cm.

number of trees [stems/ha]

Tree density of remnant plots
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4000

2000

0
2
1/
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11 1/2
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Fig. 11. Tree density of remnant plots.

Basal area [m2/ha]

80

Basal area of remnant plots

60
40
20
0
2
1/
-R
11 1/ 1
-R
11 1/ 2
-R
10 1/ 1
-R
10
R1
9- / 2
R2
8- / 1
R2
8- / 2
R1
8- / 1
R1
8R3
7R2
7R1
7R1
6- / 2
R1
5- / 1
R1
5- / 2
R2
4- / 1
R2
4R1
4-

Remnant plot

Fig. 12. Basal area of remnant plots.
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Figures 13 to 18. Species composition of dbh classes, and dbh class distribution of remnant plots.
Coloured columns show the species composition of each dbh class. Black columns show the
distribution
of remnant
The thin and
blackdbh
line distribution
represents the
frequency
Fig. 13.dbh
Species
composition
of plots.
dbh classes
of cumulated
remnant plot
4-R1.distribution
of trees. The word "trees" refers to living trees >1.3m.

Fig.13. 4-R1

Fig.14. 6-R1
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Fig.18. 5-R1/2

100

0

0.1 5.1 10 15 20 25 30 35 >4
-1 .1- .1- .1- .1- .1- .1- 0
-5
0
15 20 25 30 35 4 0
Fig.16. 4-R2/2 dbh class [cm]

0

dbh class [cm]

0.1 5.1 10 15 20 25 30 35 >4
-1 .1- .1- .1- .1- .1- .1- 0
-5
0
15 20 25 30 35 4 0

dbh class [cm]
Abies lasiocarpa [%]
Pinus contorta [%]
Picea engelmannii [%]
Pseudotsuga menziesii [%]
Larix occidentalis [%]
trees per dbh class [%]
cumulated frequency of trees [%]

4. Results

- 35 -

trees per dbh class [%], proportion of species [%]

Figures 19 to 21. Species composition of dbh classes, and dbh class distribution of remnant plots.
Coloured columns show the species composition of each dbh class. Black columns show the
dbh distribution of remnant plots. The thin black line represents the cumulated frequency distribution
of trees. The word "trees" refers to living trees >1.3m.
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Fig. 20. 7-R2
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Fig. 21. 7-R3
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trees per dbh class [%], proportion of species [%]

Figures 22 to 25. Species composition of dbh classes, and dbh class distribution of remnant plots.
Coloured columns show the species composition of each dbh class. Black columns show the
dbh distribution of remnant plots. The thin black line represents the cumulated frequency distribution
of trees. The word "trees" refers to living trees >1.3m.

Fig. 22. 8-R1/1

Fig. 23. 8-R1/2

100

100

80

80

60

60

40

40

20

20

0

0. 1

>
3
3
2
2
1
1
5
-5 .1-1 0.1- 5.1- 0.1- 5.1- 0.1- 5.1- 40
15 20 25 30 35 40
0

0

0.1 5.1 10 15 20 25 30 35 >4
-1 .1- .1- .1- .1- .1- .1- 0
-5
15 20 25 30 3 5 40
0

trees per dbh class [%], proportion of species [%]

dbh class [cm]

dbh class [cm]

Fig. 24. 8-R2/1

Fig. 25. 8-R2/2

100

100

80

80

60

60

40

40

20

20

0

0. 1

5
1
1
2
2
3
3
>
-5 .1-1 0.1- 5.1- 0.1- 5.1- 0.1- 5.1- 40
0
15 20 25 30 35 40

dbh class [cm]

0

0.1 5.1 10 15 20 25 30 35 >4
-5
-1 .1- .1- .1- .1- .1- .1- 0
0
15 20 25 30 3 5 40

dbh class [cm]

Abies lasiocarpa [%]
Pinus contorta [%]
Picea engelmannii [%]
Pseudotsuga menziesii [%]
Larix occidentalis [%]
trees per dbh class [%]
cumulated frequency of trees[%]

4. Results

- 37 -

trees per dbh class [%], proportion of species [%]

Figures 26 to 30. Species composition of dbh classes, and dbh class distribution of remnant plots.
Coloured columns show the species composition of each dbh class. Black columns show the
dbh distribution of remnant plots. The thin black line represents the cumulated frequency distribution
of trees. The word "trees" refers to living trees >1.3m.
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Fig. 27. 10- R1/1

Fig. 28. 10- R1/2
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Fig. 29. 11- R1/1

Fig. 30. 11- R1/2
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Species composition of remnants and matrices
As described in section 3.3.1, tree species composition was used to characterize
remnants and to select five out of twelve remnants for dendrochronological analysis. Tree
species composition varies between remnants as well as within remnants e.g. 8-R2/1 and
8-R2/2 (fig. 31). Abies lasiocarpa, Picea engelmannii and Pinus contorta occur in varying
proportions within all remnant plots except for two, where Pinus contorta is missing. The
majority of remnant plots (11 plots) is dominated by more than 60% Abies lasiocarpa,
while the remaining remnant plots are dominated by Picea engelmannii (4 plots) or Pinus
contorta (3 plots) (fig. 31). In the Okanagan Highlands study area four plots contain
Pseudotsuga menziesii and Larix occidentalis as additional species.
In addition to variation in site conditions and probably in the length of the fire free interval,
one explanation for the high variation in species composition between forests remnants is,
that the MS is characterized as a transitional zone between the IDF (below) and the ESSF
(above) (Hope et al., 1991). Thus species composition of forest stands also varies
depending on their location relative to these two zones (fig. 9, fig. 10).

All investigated matrices were clearly dominated by Pinus contorta; some contained minor
proportions of Picea engelmannii and Abies lasiocarpa. In the Okanagan study area,
Pseudotsuga menziesii and Larix occidentalis occurred in minor proportions in some
matrices as well.
Species composition of remnant plots

proportion of species [%]
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Pl : Pinus contorta
Se: Picea engelmannii
Fd : Pseudotsuga menziesii
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Fig. 31. Species composition of remnant plots. Remnants 4-R1 to 6-R1 are located in the Tyaughton study
area, while remnants 7-R1 to 11-R1 are located in the Okanagan study area.
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Species composition of dbh classes of remnants
Species composition of dbh classes is shown in fig. 13 to fig. 30 (coloured columns). It is
presented to give an impression which tree species dominate which diameter classes. In
most remnant plots small diameter classes and thus the understory are dominated by the
shade-tolerant tree species Picea engelmannii (7-R1, 7-R2), Abies lasiocarpa (4-R1, 6R1, 8-R1, 8-R2) or a mixture of them (7-R3, 9-R1, 11-R1), nearly to the exclusion of all
other tree species. This result agrees with literature (Peet, 1981; Romme, 1982). Only
remnant 6-R1 (fig. 14) shows a relatively large proportion of Pinus contorta in its
understory. This finding can be explained with its low tree density (fig. 11) and its Pinus
contorta dominated and thus relatively open canopy (Lotan & Perry, 1983) (fig. 14).
Pseudotsuga menziesii occurs in the understory of some remnant plots (7-R1, 7-R3, 10R1/1) which agrees with literature as well. It is known as shade-tolerant species within the
study areas (Hermann & Lavender, 1990; section 2.6) but occurs on zonal and moister
sites only as a minor component (fig. 3, fig. 4). Small diameter classes of remnant plots
10-R1/1 and 10-R1/2 are dominated by shade-intolerant species Larix occidentalis
(Schmidt & Shearer, 1990) and/or Pinus contorta (Lotan & Critchfield, 1990). This can be
explained with the low site occupancy of these sites that is expressed by their low tree
density (fig. 11) in combination with a low basal area (fig. 12).

4.2 Evidence of fire in remnants and matrices
In the following two sections investigated remnants and their corresponding matrices are
described with respect to evidence of fire. Then a more detailed fire history as determined
through dendrochronological analyses is described for five of the twelve remnants, that
were selected according to the criteria mentioned in section 3.2.3.

4.2.1

Evidence of fire in matrices

In all matrix plots evidence of fire was found in form of charcoal as well as in form of burnt
snags and logs (tab. 8). In addition, all investigated matrix stands were clearly dominated
by Pinus contorta, indicating regeneration after fire (Hope et al., 1991).
Fire scars were only found in matrix plots of remnants 7-R1, 7-R2 and 7-R3 (tab. 8). Here,
large Larix occidentalis survived the matrix generating fire due to their high fire resistance
(Agee, 1993; Miller, 2000). Apparently some of them also survived an earlier fire as
indicated by two successive fire scars on the same tree. As described in section 3.3.2,
scars were identified as fire scars through shape, presence of charcoal on the bark of the
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tree and their location on the tree (Molnar & McMinn, 1960; Mitchell et al., 1983; Stuart et
al., 1983; Agee, 1994; Gutsell & Johnson, 1996). All scars were basal scars of triangular
shape. They were located on the upslope side of the tree, facing SE to SW. In the
matrices of all other remnants, no large surviving trees and therefore no fire scars were
found.
Table 8. Evidence of fire in matrix plots.
Matrix of
remnant
4-R1
4-R2
5-R1
6-R1
7-R1
7-R2
7-R3
8-R1
8-R2
9-R1
10-R1
11-R1

4.2.2

Fire scars facing
[aspect]
SE and SSE (upslope side of tree)
SE (upslope side of tree)
S and SSW (upslope side of tree)
-

Burnt snags
and/or logs

Charcoal on top of forest floor
and in mineral soil

Evidence of fire in remnants

Charcoal was found within all remnant plots (tab. 9). Its vertical distribution from top of the
forest floor to the mineral soil varied, however. While charcoal was found on top of and
within the mineral soil in most of the soil pits, it was found more seldom within the organic
layer and only relatively rarely on top of the organic layer (tab. 9) in contrast to the matrix
(tab. 8). Burnt coarse woody debris was found in all but four remnant plots. A fire scar,
identified as such by the criteria mentioned in 3.3.2., was only found in remnant plot 7-R2.
The presence of fire indicators revealed that all investigated remnants got burned at some
point of time. However, vertical distribution of charcoal from top of the forest floor to the
mineral soil, and the fact that neither burnt coarse woody debris nor fire scars were found
in all remnants, suggest that some of them did not get burned in the most recent (=the
matrix regenerating) fire but long time ago. Thus the question evolved how long the
remnants did not get burned.
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Table 9. Evidence of fire in remnant plots.

Remnant
Plot

4-R1
4-R2/1
4-R2/2
5-R1/1
5-R1/2
6-R1
7-R1
7-R2
7-R3
8-R1/1
8-R1/2
8-R2/1
8-R2/2
9-R1
10-R1/1
10-R1/2
11-R1/1
11-R1/2

on top of
the
organic
layer

Charcoal found
within the on top of
the
organic
mineral
layer
soil

within
the
mineral
soil

in [no. of soil pits] out of six soil pits
1
3
6
6
1
1
6
3
0
2
6
6
0
3
3
4
2
3
6
6
0
0
6
5
0
5
6
6
0
2
6
6
0
3
5
6
0
1
3
6
0
0
5
6
2
0
1
6
1
0
3
6
0
0
5
4
0
1
1
4
0
1
5
6
0
2
6
6
0
1
3
4

Burnt
CWD*

Fire scar
within
remnant;
facing
[aspect]

-

-

SW
-

* CWD: coarse woody debris (pieces >10cm size)

4.3 Fire history analysis of selected remnants
With respect to the selection criteria mentioned in section 3.3.2, five remnants were
selected for a more detailed dendrochronological analysis. Results of this analysis are
presented in the following sections. First, fire history results with respect to the matrix
initiating fire are given before the fire free interval of remnants is approached. Picea
engelmannii dominated remnants (7-R1, 7-R2 and 7-R3) and Abies lasiocarpa dominated
dominated remnants (8-R1 and 8-R2) are treated separately. The fire history of the
selected remnants that will be presented in the following sections is summarized in fig. 42
and fig. 43.
As mentioned in section 3.4.2, tree ages are given for coring height (=50cm) respectively
for suppressed trees for cutting height (<10cm). This applies to text, figures and tables. If
age corrections for coring height were applied this is explicitly mentioned.
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Fire history analysis of remnants 7-R1 to 7-R3

Results of the fire history analysis that will be presented in sections 4.3.1.1 and 4.3.1.2 are
summarized in fig. 42.
4.3.1.1

Matrix initiating fire of remnants 7-R1 to 7-R3

To test whether remnants 7-R1 to 7-R3 got burned by the matrix initiating fire, the date of
this fire was determined. Then ages of suppressed trees and remnant trees were
analyzed to find out whether they suggest that remnants did not get burned (fig. 5).
Date of the matrix initiating fire as indicated by fire scars
Results presented in the next paragraphs indicate that the matrix initiating fire of remnants
7-R1 to 7-R3 happened 1926.
Fifteen scarred discs had been collected at the boundary of remnants 7-R1, 7-R2 and 7R3. Nine of them were identified as fire scarred according to the criteria mentioned in
section 3.3.2. They could be crossdated and their exact scar dates determined. All nine
discs show a scar in 1926 (fig. 32). Two of the scarred discs show one additional scar
before respectively after 1926 that could not be identified as fire scar according to the
criteria mentioned in section 3.3.2. Tree discs stem from the following tree species: Pinus
contorta (5 discs), Pseudotsuga menziesii (3 discs) and Larix occidentalis (1 discs).

Scar dates belonging to remnants7-R1, 7-R2 and 7-R3
7-R3 D7 Pl

Tree disc label

7-R3 D9 Lw
7-R3 D6 Fd
7-R3 D5 Fd
7-R2 D5 Fd
7-R1 D5 Pl
7-R1 D4 Pl

7-R1 D1 Pl

1860

1880

1900

1920

1940
Year

1960

1980

2000

2020

Scar
Pith respectively bark

Fig. 32. Crossdated fire scar dates determined for the different tree discs that were cut at the
boundary of remnants 7-R1, 7-R2 and 7-R3. Tree disc label as follows: Area No.- ‘R’ (for remnant)
Remnant No. ‘D’ (for disc) Disc No. Species code (for species codes, see list of abbreviations).
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Growth release of the nine fire scarred trees after the 1926 fire
1926: matrix initiating fire

Ringwidth (mm)

7

1

0,1
1850

1875

1900

1925

Year

1950

1975

2000

Fig. 33. Unstandardized, crossdated tree-ring series of fire scarred discs that were cut at the
boundary of remnants 7-R1 to 7-R3. Y-axis is log-scaled.

All nine fire scarred trees show a growth release after 1926 (fig. 33). An abrupt and
sustained increase in radial growth typically occurs when a tree is exposed to a much
higher light intensity after being suppressed by larger trees or even crowded on the sides
by other trees of similar size (Lorimer, 1985). Since fire scarred trees were cut at the
remnant boundary, this explanation seems plausible.
Although the large Larix occidentalis found in the matrix (section 4.2.1) would have given
a longer fire history record due to multiple fire scars they were not cut. Besides the fact
that scientific interest might not justify cutting these large scattered Larix occidentalis that
managed to survive more than one fire, it was too dangerous to cut them due to their large
size.
Date of matrix initiating fire as indicated by matrix tree ages
Results presented in the next paragraphs indicate that matrices of remnants 7-R1, 7-R2
and 7-R3 all initiated after the 1926 fire.
Ages of pioneer species Pinus contorta and Larix occidentalis in matrices of remnants 7R1 to 7-R3 (fig. 34 - 36) lie within a range of 11 years or less (tab. 11). The narrow age
ranges support that the matrices initiated after fire (Loope & Gruell, 1973; Volland, 1984;
Hope et al., 1991) as indicated by charcoal and fire scars on matrix trees (tab. 8). Even if
all tree species, including late successional Picea engelmannii and Abies lasiocarpa, are
considered, it is still relatively narrow (22 years for 7-R1 and 7-R2; tab. 11) since all
species show similar ages (fig. 34, fig. 35). In the matrix of remnant 7-R3 only Pinus
contorta was present and cored (fig. 36).
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Maximum tree ages obtained for pioneer species in matrices of 7-R1, 7-R2 respectively 7R3 are 69, 66 respectively 69 years at coring height (tab. 10). The fire scar dates indicated
a fire in 1926, thus 74 years ago. According to (Hegyi et al., 1979) trees of the pioneer
species present in the matrices need at least 3 years to reach 50 cm of height (=coring
height). Thus maximum ages obtained for matrix trees match with fire scar dates and
support that present matrices initiated after the 1926 fire. Matrix tree ages also suggest
that regeneration within the matrices took place within the first few years after fire.
The fact that maximum ages of the different matrices lie within a range of only three years
(tab. 10) and that absolute age ranges are similar (tab. 11) indicates that matrices of
remnants 7-R1 to 7-R3 initiated after the same fire (fig. 42) as already indicated by fire
scar dates (see above).
Table 10. Maximum tree ages obtained in matrices of remnants 7-R1 to 7-R3.
Tree species

Larix occidentalis
Pinus contorta
Picea engelmannii
Abies lasiocarpa
Pseudotsuga menziesii

Maximum tree ages in Maximum tree ages in Maximum tree ages in
matrix of remnant 7-R1 matrix of remnant 7-R2 matrix of remnant 7-R3
[years]
[years]
[years]
69
66
67
65
69
61
56
57
53
60
-

Table 11. Age range and absolute ages of different tree species in matrices of remnants 7-R1 to 7-R3.
Tree species

Larix occidentalis
Pinus contorta
Picea engelmannii
Abies lasiocarpa
Pseudotsuga menziesii
Total age range
(including all species)

Age range (and
absolute ages) in
matrix of
remnant 7-R1
[years]
7 (62-69)
7 (60-67)
7 (54-61)
10 (47-57)
- (60)
22 (47-69)

Age range (and
absolute ages) in
matrix of
remnant 7-R2
[years]
- (66)
9 (55-64)
12 (44-56)
- (53)
22 (44-66)

Age range (and
absolute ages) in
matrix of
remnant 7-R3
[years]
4 (65-69)
4 (65-69)

Effects of the matrix initiating fire on remnants 7-R1, 7-R2 and 7-R3 as
indicated by ages of suppressed trees and remnant trees
Results presented in the next paragraphs suggest that remnants 7-R1 to 7-R3 did not get
burned at all by the matrix initiating fire. As explained in section 3.3.1, ages of suppressed
trees allow to determine the time a remnant stayed fire free at least. The oldest
suppressed trees in remnants 7-R1 and 7-R3 count 103 respectively 81 years at cutting
height (fig. 39, fig. 41).
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Figure 34. Tree ages in matrix of remnant 7-R1.
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Figure 35. Tree ages in matrix of remnant 7-R2.
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Figure 36. Tree ages in matrix of remnant 7-R3.
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Figure 37. Tree ages in matrix of remnant 8-R1.
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Figure 38. Tree ages in matrix of remnant 8-R2.
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Figure 39. Ages of suppressed trees and remnant trees in remnant 7-R1.
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Figure 40. Ages of suppressed trees and remnant trees in remnant 7-R2.
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Figure 41. Ages of suppressed trees and remnant trees in remnant 7-R3
supp. Sxw
supp. Bl
Lw

Fd
Sxw
Pl
Bl
0

10

20

30

40

50

60

70

80

90

tree age [years]
Bl: Abies lasiocarpa
Pl: Pinus contorta
Sxw: Picea engelmannii
Fd: Pseudotsuga menziesii
Lw: Larix occidentalis
supp. Bl: suppressed Abies lasiocarpa
supp. Sxw: suppressed Picea engelmannii

100

110

4. Results

- 47 -

This means that they had germinated before the most recent fire, that happened 74 years
ago (1926). At the time of this fire, they were by far smaller than 5m (a height that they
had just reached in 2001), with branches to the ground and thus would have been easily
killed by any even (light) surface fire (Crane, 1982; Uchytil, 1992). Further support that the
inner part of those two remnants did not get burned by the 1926 fire is the fact, that no fire
scars were found within the remnant itself. Trees with fire scars (that were dated; see
above) were found at the boundary of these two remnants, where the fire was still hot
enough to scar trees but not hot enough to kill them.
While evidence that the 1926 fire did not burn remnants 7-R1 and 7-R3 was more
obvious, it was also found for remnant 7-R2. The suppressed tree cut in 7-R2 counted
only 65 years at 3 cm cutting height (fig. 40), making it very unlikely the tree had
germinated before 1926, because 10-year old seedlings usually are at least 15-20cm tall
even under heavy shade (Alexander & Shepperd, 1984). In addition, one fire scar was
found on a Larix occidentalis within the remnant itself (tab. 9). Although it cannot be
excluded that this scar is due to the 1926 fire because its date was not determined, 2001ages of the largest remnant trees (109-126 years; fig. 40) suggest, that this is not the
case. The youngest of them were 35 years old at coring height at the time of the 1926 fire.
Since fire susceptible trees such as Picea engelmannii (Agee, 1993; Miller, 2000) would
probably have been scarred in case they survived a fire at this age (Uchytil, 1992), it is
very unlikely that the inner part of this remnant got burned in 1926.
Ages of suppressed trees (7-R1, 7-R3) and remnant trees (7-R2) in combination with fire
scar dates suggest that these remnants did not get burned at all by the matrix initiating
fire.
4.3.1.2
Fire free interval of remnants 7-R1 to 7-R3 as
indicated by ages of remnant trees
As concluded in section 4.3.1.1, remnants 7-R1, 7-R2 and 7-R3 very probably did not get
burned by the matrix initiating fire (1926). Thus the question evolved how long these
remnants did not get burned (fig. 5).
Results presented in the next paragraphs suggest a conservative estimate of 129 years
for the fire free interval of remnants 7-R1 to 7-R3.
Cored trees of all species present in remnants 7-R1, 7-R2 and 7-R3 show very similar
ages at coring height (fig. 39-41). Except for one Pseudotsuga menziesii (7-R1) and one
Pinus contorta (7-R3), tree ages of the largest trees within those remnants lie in a range of
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only 20 years. The narrow age ranges indicate that remnants 7-R1, 7-R2 and 7-R3
themselves initiated after fire (Day, 1972; Loope & Gruell, 1973; Lotan, 1974; Volland,
1984; Hope et al., 1991; Johnson & Miyanishi, 1991), as supported by charcoal, burned
coarse woody debris (tab. 9) and the fact that all tree species were concerned. Thus they
represent postfire cohorts. The fire happened at earliest 129 years ago since the oldest
trees within these remnants reached 126 years at coring height and pioneer tree species
present, need at least 3 years to reach 50 cm height (Hegyi et al., 1979). In addition, large
Larix occidentalis with two fire scars, indicating two subsequent fires within the life span of
the scarred tree, were found in the matrices (section 4.2.1). A fire ca. 129 years ago could
also explain the fire scar found on a Larix occidentalis in the inner part of remnant 7-R2
(section 4.3.1.1). Unfortunately this tree could neither be cut nor cored because it was too
large to cut and its inside too rotten to get an increment core to allow an age
determination.
Ages of remnant trees of fire susceptible species Abies lasiocarpa and Picea engelmannii
(fig. 39-41) indicate that remnants 7-R1 to 7-R3 did not get burned between the remnant
initiating and the matrix initiating fire. Since they were present during this period they
would probably have been at least fire scarred if not killed even by a (light) surface fire
(Crane, 1982; Uchytil, 1992).

'old' matrix:
initiated after a fire
approx. 99 years ago
(1901)
8-R1

'young'

8-R2

matrix:
initiated after a fire
approx. 74 years ago
(1926)

remnant 8-R1:
initiated after a fire approximately 234 years ago (1766)
remnant 8-R2:
initiated after a fire approximately 309 years ago (1691)

Fig. 42. Fire history of remnants 7-R1 to 7R3 and their corresponding matrices as
determined by fire date and as estimated by
remnant initiation dates. Schematic.

Fig. 43. Fire history of remnants 8-R1 and 8R2 and their corresponding matrices as
estimated by stand initiation dates.
Schematic.
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Fire history of remnants 8-R1 and 8-R2

The structure of this section follows the structure of section 4.3.1. The fire history of
remnants 8-R1 and 8-R2 and their corresponding matrices is summarized in fig. 43.
4.3.2.1

Matrix initiating fire of remnants 8-R1 and 8-R2

Date of the matrix initiating fire as indicated by fire scars
No scarred trees were found in remnants 8-R1 or 8-R2 or their corresponding matrices.
Therefore it was tested whether the age range of matrix trees supports an initiation after
fire. Matrix tree maximum ages were then used to approximate the matrix initiation and
thus the fire date.
Date of the matrix initiating fire as indicated by matrix tree ages
Results presented in the next paragraphs suggest that matrices of remnants 8-R1 and 8R2 all initiated after fire. A conservative estimate of the fire date is 1926 for the matrix of
remnant 8-R2 and for the matrix south and east of remnant 8-R1. A conservative estimate
of the fire date for the matrix north and west of remnant 8-R1 is 1901.
Tree ages of cored Pinus contorta in the matrix of remnant 8-R2 lie within a range of 12
years (fig. 38), while they lie within a range of three years (fig. 37) in the matrix south and
east of remnant 8-R1. Narrow age ranges of Pinus contorta support a matrix initiation after
fire (Loope & Gruell, 1973; Volland, 1984; Hope et al., 1991), as indicated by charcoal and
burned logs (tab. 8). Similar absolute ages in matrices south and east of 8-R1 (64-67
years; tab. 12) and in matrices of 8-R2 (59-71 years; fig. 38) suggest that matrices of both
remnants initiated after the same fire. This fire is estimated to have happened at earliest
74 years ago because the maximum age obtained was 71 years (tab. 12), and three years
were added as minimum time required to reach coring height (Hegyi et al., 1979).
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Figure 44. Ages of suppressed trees and remnant trees in remnant 8-R1.
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Figure 45. Ages of suppressed trees and remnant trees in remnant 8-R2.
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In the matrix plots north and west of remnant 8-R1, ages of Pinus contorta ranged from 92
to 96 years (tab. 12). The narrow age range of four years in combination with charcoal and
burned logs (tab. 8) indicates an initiation after fire as well. Maximum ages differ by 29
respectively 25 years from those found in the matrix plots south and east of remnant 8-R1
respectively in the matrix of remnant 8-R2, however. Three possibilities might explain the
difference found in matrix ages:
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•

The ‘older’ matrix initiated after an earlier fire.

•

The ‘younger’ matrices were initiated by the same fire as the ‘older’ matrix but
trees within them regenerated only 20-30 years later.

•

We did not succeed to core the oldest trees in the ‘younger’ matrices.

The first possibility could be explained by overlapping patches of forest stands with a
different stand history. According to Everett et al. (2000) and Johnson & Miyanishi (1991),
each fire creates a new vegetation disturbance patch or patches that overlay previous
vegetation patches. The second possibility is unlikely according to literature (Day, 1972;
Volland, 1984; Johnson & Miyanishi, 1991), because Pinus contorta usually regenerates
immediately after fire due to a large amount of seeds released from its serotinous cones.
The third possibility seems quite unlikely as well because in all matrix plots the largest
trees were cored, and because ‘older’ trees (92-96 years) were not scattered among
cored trees of all matrix plots but limited to two of them, in which none of the cored trees
was younger than 92 years. Thus the first possibility was considered the most likely one.
This means that the ‘older matrix’ was apparently not effected by the fire that initiated the
‘younger matrix’, but had already initiated after an earlier fire, ca. 99 years ago (96 years
maximum age + 3 years age correction for coring height) (fig. 43). Based on this
assumption conservative estimates for the initiation date of the matrix are given separately
for the ‘younger matrix’ (of remnant 8-R2 as well as south and east of remnant 8-R1; see
above) and the ‘older’ matrix (north and west of remnant 8-R1):
•

The conservative estimate for the initiation date of the ‘younger’ matrix is 1926 (74
years ago).

•

The conservative estimate for the initiation date of the ‘older’ matrix is 1901 (99
years ago).

Table 12. Maximum tree ages and absolute ages obtained in matrices of remnant 8-R1and 8-R2.

Pinus contorta
Abies lasiocarpa

Maximum tree ages (and
absolute ages) in matrix of
remnant 8-R1 [years]
67 (64-67) (south & east of 8-R1)
96 (92-96) (north & west of 8-R1)
70

Maximum tree ages (and
absolute ages) in matrix of
remnant 8-R2 [years]
71 (59-71)
-

Effects of the matrix initiating fire on remnants 8-R1 and 8-R2 as
indicated by ages of suppressed trees and remnant trees
Results presented in the next paragraphs suggest that remnants 8-R1 and 8-R2 did not
get burned by the matrix initiating fire(s).
Ages of suppressed trees range from 110 to 121 years in remnant 8-R1 (fig. 44) and from
92 to 124 years in remnant 8-R2 (fig. 45). This means that these trees existed already at
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the time of the matrix initiating fire(s), that are estimated to have happened 74 years
respectively 99 years ago (see above). Since they would have been killed even by any
(light) surface fire (Crane, 1982; Uchytil, 1992), their ages indicate that the inner part of
the remnants did not get burned. Tree ages of ‘remnant’ Abies lasiocarpa (fig. 44-45)
support that remnants 8-R1 and 8-R2 did not get burned by the matrix initiating fire: 74
years respectively 99 years ago the youngest of the cored trees were only 20 respectively
one year old in 8-R1 and 49 years old in 8-R2 at coring height. Abies lasiocarpa of that
age probably would have been killed or at least scarred even by surface fires as
mentioned in section 4.3.1.1. In addition, no fire scars were found within the two remnants
(tab. 9), further supporting that they did not get burned during the matrix initiating fire.
4.3.2.2
Fire free interval of remnants 8-R1 and 8-R2 as
indicated by ages of remnant trees
As concluded in section 4.3.2.1, remnants 8-R1 and 8-R2 very probably did not get
burned by the matrix initiating fire(s), that are conservatively estimated to have happened
99 respectively 74 years ago. Thus like for remnants 7-R1 to 7-R3, the question evolved
how long these remnants did not get burned (fig. 5).
Although two remnant plots were set up in remnant 8-R1 respectively 8-R2, tree ages are
given for each remnant as a whole because coring of trees was not limited to the plot itself
(section 3.3.1).
Fire free interval of remnant 8-R1 as indicated by ages of remnant
trees
Results presented in the next paragraphs suggest that remnant 8-R1 did not get burned
for at least 234 years.
In remnant 8-R1 the two species cored belong to two distinct age groups, each with a
range of ca. 30 years: Pinus contorta with absolute ages from 196-231 years represents
the older group, while Abies lasiocarpa forms the younger group with ages ranging from
96-124 years (tab. 13, fig. 44). The ‘age gap’ between the youngest cored Pinus contorta
and the oldest cored Abies lasiocarpa amounts to 70 years (tab. 13). No ages could be
determined for large Picea engelmannii that only play a minor role in the stand (fig. 22-23).
The narrow age range of cored Pinus contorta and the fact that this pioneer species
represents the oldest trees of the remnant, suggests that the remnant itself regenerated
after a fire, as supported by charcoal found within the plots (tab. 9). Ages and species
composition of remnant 8-R1 (fig. 44, fig. 31) suggest that the stand of Pinus contorta that
cannot reproduce in the shade of its own canopy (Day, 1972; Pfister & Daubenmuir, 1973;
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Fahnestock, 1974; Lotan & Perry, 1983) broke up and was replaced by Abies lasiocarpa.
As can be seen in fig. 44, Abies lasiocarpa established ca. 105 years after the first Pinus
contorta had established after fire. Although a narrow age range of trees was used as
evidence for an initiation after fire in previous sections, the narrow age range of Abies
lasiocarpa (fig. 44) is not considered such an evidence for remnant 8-R1. This has several
reasons and will be discussed in chap. 5. Due to the assumption that the narrow age
range of Abies lasiocarpa does not indicate an initiation after fire, the conservative
estimate of 234 years for the fire free interval is based on the oldest cored tree, a Pinus
contorta of 231 years (tab. 13). Three years were added as minimum time required to
reach coring height (Hegyi et al., 1979).
Fire free interval of remnant 8-R2 as indicated by ages of remnant
trees
Results presented in the next paragraphs suggested that remnant 8-R2 did not get burned
for at least 309 years.
Three tree species were present and cored in remnant 8-R2 (fig. 45). Cored trees belong
to two ages groups with a ‘age gap’ of 90 years between them (tab. 13). Abies lasiocarpa
and Picea engelmannii form the younger group of cored trees with ages ranging from 123
to 158 years (tab. 13). The older group of cored trees with ages ranging from 248-306
years consists of Pinus contorta and Picea engelmannii (fig. 45; tab. 13). Although the age
range of the older ‘age group’ is relatively large (58 years; tab. 13), the narrow age range
of pioneer species Pinus contorta within this group (34 years; fig. 45) suggests that
remnant 8-R2 initiated after a fire, as supported by charcoal, found within the plots (tab.
9). Possible explanations for the large age range of 50 years (fig. 45) between the oldest
Pinus contorta and the oldest Picea engelmannii will be discussed in chap. 5.
As for remnant 8-R1 (see above), ages and species composition of remnant 8-R2 (fig. 45,
fig. 31) suggest that the stand of Pinus contorta, began to broke up and was replaced by
Abies lasiocarpa. Picea engelmannii plays a minor role within the stand (fig. 31). As can
be seen in fig. 45, Abies lasiocarpa established under the Pinus contorta canopy ca. 148
years after the first (=oldest) cored Pinus contorta (tab. 13) had initiated after fire. Like for
remnant 8-R1, it is assumed that the narrow age range of the younger age group
(consisting of Abies lasiocarpa and Picea engelmannii) does not indicate an initiation after
fire. Reasons for this assumption will be discussed in chap. 5. Based on this assumption
the conservative estimate for the fire free interval of remnant 8-R2 amounts to 309 years:
It is based on the oldest cored tree, a Pinus contorta of 306 years (fig. 45). Three years
were added as age correction for coring height (Hegyi et al., 1979).
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According to these estimations, remnants 8-R1 and 8-R2 initiated after different fires,
while their matrices were initiated by the same fire. Only the matrix north and west of
remnant 8-R1 probably initiated after a different fire, ca. 99 years ago.
Table 13. Remnants 8-R1 and 8-R2: Age range and absolute ages of age groups.
Age range of
younger age group
(and absolute ages)
[years]
Remnant 8R1
Remnant 8R2

4.3.3

‘Age gap’
between
age groups
[years]

Difference in maximum
ages between age
groups
[years]

32 (94-126)

Age range of
older age group
(and absolute ages)
[years]
35 (196-231)

70

105

35 (123-158)

58 (248-306)

90

148

Maximum ages of Pinus contorta

Although the investigation of maximum ages of tree species itself was not goal of this
study, the maximum ages obtained for Pinus contorta were found to be remarkable
according to literature. Maximum ages obtained for Pinus contorta of 231 years in remnant
8-R1 and especially of 306 years in remnant 8-R2 (tab. 13) are high for this tree species,
that is considerd to be short-lived, with maximum ages up to 200 years (Uchytil, 1992;
Farrar, 1996). Only the Yellowstone National Park is known to contain Pinus contorta with
maximum ages up to 400 years (Lotan & Critchfield, 1990). In contrast to the study areas,
the stands in Yellowstone National Park are topoedaphic climax stands (Romme & Knight,
1982).

5 Discussion
The following discussion reflects whether the hypotheses mentioned in the introduction
could be verified or falsified (section 5.1 and 5.2). Results concerning the fire history
analysis of selected remnants will be discussed in section 5.3. Methods for fieldwork and
data processing are evaluated and suggestions for further investigations are made.

5.1 Evidence of fire in matrices
The first underlying hypothesis of this study was:
“The forests surrounding the remnants (= the matrices) were initiated by fire.”
This hypothesis was supported by the presence of charcoal, burned snags and/or logs in
all matrices and by fire scars in some of them (section 4.2.1). The principle difficulty in
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using charcoal as evidence for stand initiation after fire is that little is known about how
long charcoal might persist in the soil or in the forest floor (Lorimer, 1985). Lertzman et al.
(2002) for example found over 10 000 year-old charcoal in forest soils of coastal
temperate rainforests. Although charcoal tends to oxidize on the surface (Lorimer, 1985),
little is known at which rate this process takes place.
Therefore the presence of dense, even-sized, clearly Pinus contorta dominated stands,
that are known to typically regenerate after fire (Lotan et al., 1984; Volland, 1984; Lotan &
Critchfield, 1990; Hope et al., 1991; Uchytil, 1992) was used as key fire indicator.
Regeneration of forest stands after other large scale disturbances than fire that might
occur in the study areas, such as insect outbreaks, do not generate stands as dense,
even-sized and clearly dominated by Pinus contorta (Veblen, Hadley & Rebertus, 1989),
because no large amounts of seeds are released from serotinous cones. By selecting
matrices of an age of at least 60 years as indicated on forest cover maps a matrix
‘initiation’ due to a clear cut could be excluded, because large scale logging in the study
areas only started in the 1970’s or later (section 2.8).
For those remnants selected for a more detailed dendrochronological analysis, further
support that the matrix initiated after fire was given by fire scar dates (fig. 32) and/or by
the narrow age range obtained for Pinus contorta and for other tree species in the matrix if
present (sections 4.3.1.1 and 4.3.2.1).
It can be concluded that methods used to test whether the matrices initiated after fire gave
agreeing results, and that the first underlying hypothesis “The forest surrounding the
remnants (=the matrices) initiated after fire.” was strongly supported by the results of this
study.

5.2 Evidence of fire in remnants
The second hypothesis of this thesis was:
“Remnants exist because these sites always were saved from forest fires”.
During a visual examination of remnants and their corresponding matrices, evidence of
fire was found in all of them in form of at least one of the following fire indicators: charcoal,
burned coarse woody debris, burned logs, fire scars (tab. 9). Since the questions was,
whether the remnants got ever burned, the problem that little is known about how long
charcoal might persist in and on top of the soil (section 5.1) did not matter in this case.
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Since charcoal was found in the inner parts of the remnants and always in several spots
and soil depths (tab. 9), often even in layers, it is considered very unlikely that all of these
pieces were blown in from outside the remnant during a fire. Instead it is considered more
likely that the remnant sites got burned several times, leading to charcoal pieces or even
layers in several soil depths. In addition, burned coarse woody debris, that is even less
likely to have been blown in due to its size (section 3.3.1), was found in most of the
remnants (tab. 9). It can be concluded that methods used to determine whether remnants
got ever burned were suitable. The second hypothesis “The forests remnants exist
because these sites always escaped fire” was found to be false for all investigated
remnants within both study areas. Thus even at the wetter end of the ecological amplitude
of Pinus contorta dominated forests, no remnants were found that never got burned.
Results agree with literature about drier regions than the study areas (Camp et al., 1997;
Stuart-Smith & Hendry, 1998; Vera, 2001). Vera (2001) investigated 26 remnants in Pinus
contorta dominated forests in the very dry, cold Sub-Boreal Pine-Spruce biogeoclimatic
subzone (SBPSxc) in west central British Columbia and found no forest islands that never
got burned, either. Stuart-Smith & Hendry (1998) found fire scarred trees in remnants left
by fire in their study in the East Kootenays (southeastern British Columbia) and Camp et
al. (1997) state that fire refugias in their study area in the dry forests of the Wenatchee
Mountain Range in central Oregon (only) burned less frequent than the surrounding forest.
No studies were found for regions with comparable climate.

5.3 Fire history analysis of selected remnants
In the following sections, error sources of methods used for the fire history analysis of
selected remnants will be discussed. Their relevance for the results of this study will be
pointed out.

5.3.1

Dating fires using fire scars

Problems related to fire scar analysis include the identification of fire scars, the
determination of the exact scar date and the fact that not every fire is recorded by fire
scars.
In this study the identification of fire scars was ensured by using identification criteria
mentioned in literature, and especially by crossdating scars (section 3.3.2), and thus being
able to assign an exact year to the scar (Agee, 1993). Crossdating of scarred trees with
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master tree-ring chronologies is considered to be the best technique for accurately dating
disturbances by means of tree-ring analysis, because it accounts for locally absent or
false rings (Swetnam, 1983). Crossdating of fire scarred trees and the fact that the nine
tree discs showed the exact same scar date (1926) give high confidence that scars were
caused by fire (Gara et al., 1986; Agee, 1993) and that the fire date determined for
matrices belonging to remnants 7-R1 to 7-R3 (section 4.3.1.1) is correct (Swetnam, 1983).
Together with the fact that Larix occidentalis and Pseudotsuga menziesii showed the
same scar date as Pinus contorta (fig. 32), this allowed to exclude that these scars are
due to the mountain pine beetle or other agents.
Fire scar analysis is not exact with respect to the number of fires that occurred in an area,
however. Not every fire is recorded by fire scars, and a previous fire scar may be lost from
subsequent fires or by weathering (Agee, 1993). This problem was solved by using tree
ages of suppressed trees to ensure that no fire happened in the time span 1926 (year of
dated fire) to 2001 (year of field data collection) in remnants 7-R1, 7-R2 and 7-R3 (section
4.3.1.1). Thus it can be concluded that in the case of the 1926 fire and the following period
till 2001, fire scar analysis was exact for these three remnants.
Sometimes it is not possible to date fires by means of fire scar analysis, however: No fire
scars could be sampled to date the stand initiating fire of remnants 7-R1 to 7-R3 (section
4.3.1.2), and no fire scars were found to date the matrix initiating and stand initiating fires
of remnants 8-R1 and 8-R2 (sections 4.3.2.1, 4.3.2.2). In these cases, a different
approach was chosen to determine fire dates. They were approximated based on postfire
cohort age.

5.3.2

Dating fires using postfire cohort age

Using the establishment date of the post-fire generation is a common method to date fires
where stand-replacing fires are common and fire scars cannot be sampled (e.g. Tande,
1979; Romme & Despain, 1989; Bergeron, 1991). Fire years can be approximated by
coring the successional tree-species that regenerates after fire near the base of the tree
(Arno & Sneck, 1977). This was done by coring pioneer species Pinus contorta and Larix
occidentalis at 50 cm height. However, there are several problems related to using postfire
cohort ages to date fires. The different sources of dating error and their relevance for the
results of this study will be discussed in the next few paragraphs.
Dating errors result from age corrections for coring height, from estimating the pith date of
incomplete cores, from the time lag between fire and tree establishment, and from not
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having cored the oldest tree of the postfire cohort (=matrix) (Dunwiddie, 1983; Kipfmueller
& Baker, 1998).
It was tried to minimize the error due to age correction for coring height by coring trees of
pioneer species Larix occidentalis and Pinus contorta, that are known to grow fast in their
youth and to usually establish under open conditions (Crane, 1990; Uchytil, 1992). For
these trees, the minimum time required to reach coring height was estimated using site
index equations from Hegyi et al. (1979) (section 3.4.2). Late successional species show a
higher variation than pioneer species in the time they need to reach coring height,
because they can establish in the open as well as in the shade of other trees and be
suppressed for many years before their growth is released (Alexander et al. 1984;
Alexander & Shepperd, 1984). Therefore it was not considered sensible to apply an age
correction for coring height to late successional species. Instead, only maximum ages of
pioneer species were used to estimate stand initiation dates.
The error due to the estimation of the pith date of incomplete cores was limited by
considering only those increment cores for age analysis that were estimated to have
missed the pith by ten years or less (section 3.4.2), because the error increases with
distance to pith (Duncan, 1989). It is not possible to determine how large the error is,
however, because this depends on the tree species, growth pattern and distance missing
to pith (Duncan, 1989).
The third error source mentioned above is due to the unknown time-lag between fire and
tree establishment. Although there is no possibility to determine the time lag, it was at
least minimized by basing regeneration estimates on pioneer species Pinus contorta and
Larix occidentalis that are known to generally establish in postfire years one and two
(Kipfmueller & Baker, 1998; Crane, 1990).
The fourth error source for dating fires based on postfire cohort age is related to the
problem of identifying the oldest tree within a stand. This becomes increasingly difficult
with stand age (Kipfmueller & Baker, 1998). Commonly 5-10 tree ages are collected to
date stand initiation (e.g. Romme & Knight, 1981; Romme & Despain, 1989). This was
also done in this study for most of the matrices and remnants (section 3.3.1). Kipfmueller
& Baker (1998) investigated the number of increment cores required to identify the oldest
tree within their study area in subalpine forests in the Medicine Bow National Forest
(Rocky Mountains). They concluded that in the absence of fire scars, the most effective
method to date stand-replacing fires is to date at least the 10 largest trees in young forests
(ca. 120 years old) and at least the 15 largest trees in comparatively older forests (>250
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years old). They also found that the standard deviation of the mean maximum age
increased with stand age. Concerning the results of this study this means:
- with respect to the matrix initiating fire of remnants 7-R1 to 7-R3 (section 4.3.1.1):
•

Comparing results of fire scar analysis and postfire cohort method for remnants 7R1 to 7-R3 shows that the postfire cohort method gives a conservative estimate of
the fire date. This was the goal. Based on the maximum ages obtained (section
4.3.1.1), the matrix-initiating fire would have been dated 1928 (7-R1 and 7-R2)
respectively 1931 (7-R2) compared to 1926 (fire scar date).

•

Matrix trees belonging to remnants 7-R1 to 7-R3 were found to have regenerated
quickly after fire (section 4.3.1.1). This result is of high confidence, because at
least seven trees of pioneer species per matrix were analyzed for age (fig. 34, fig.
35, fig. 36). Considering that the stand age of the matrix is only ca. 70-75 years
and that the standard deviation of the mean maximum age decreases with lower
stand age (Kipfmueller & Baker, 1998), this sample size should be sufficient.
Fast establishment after fire agrees with Day (1972) and Johnson & Miyanishi
(1991), who found that in the Rocky Mountains Pinus contorta and Picea
engelmannii usually regenerate at the same time immediately after fire. Results
for Larix occidentalis agree with Lotan (1974), who mentions this tree species as
an aggressive pioneer on burned areas, establishing in postfire years one and two
(Crane, 1990).

•

The result that matrices of remnants 7-R1, 7-R2 and 7-R3 initiated after the same
fire (1926) as indicated by fire scar dates (fig. 32) would have been found with the
postfire cohort method as well.

- with respect to the stand initiating fire and fire free interval of remnants 7-R1 to 7-R3
(section 4.3.1.2):
•

The estimated remnant initiation date that corresponds with the fire free interval of
remnant 7-R1 to 7-R3, is based on only few tree ages of pioneer species (fig. 3941). Thus it can easily be underestimated by 10 years, but is unlikely to be
underestimated by more than 20 years because it is based on postfire cohort
ages. 10 years was the largest difference found between maximum ages of
pioneer species and maximum ages of late successional species within a matrix
of these remnants (7-R2; tab. 10).

5. Discussion

- 60 -

- with respect to the matrix initiating fire of remnants 8-R1 to 8-R2 (section 4.3.2.1):
•

The estimated matrix initiation date related to remnant 8-R2 is of high confidence,
because it is based on eight tree ages of pioneer species for a stand age of 70-75
years. It has to be emphasized, however, that the given date (1926) is a
conservative estimate that probably underestimates the true matrix initiation date
as was shown for matrices of remnants 7-R1, 7-R2 and 7-R3.

•

The estimated matrix initiation date of the ‘young’ matrix of remnant 8-R1 is only
based on four tree ages for a stand age of 70-75 years. Thus it might be relatively
inaccurate.
The hypothesis “The ‘young’ matrix of remnant 8-R1 and the matrix of remnant 8R2 initiated after the same fire” is based on this estimation. Therefore it has to
stay a hypothesis although it is supported by the small spatial distance between
these matrices.
The interpretation that the ‘older’ matrix of remnant 8-R1 regenerated after an
earlier fire than the ‘young’ matrix has to stay an hypothesis for the same reasons,
although plausible support was found in literature (Johnson & Larsen, 1991;
Everett et al., 2000).

- with respect to the stand initiating fire and fire free interval of remnants 8-R1 and 8-R2
(section 4.3.2.2):
•

The estimated remnant initiation date of remnant 8-R1 is probably relatively
accurate because it is based on ages of 18 of the largest Pinus contorta within the
remnant (fig. 44). It is still conservative due to the conservative age correction for
coring height, however.

•

Based on the assumption that the young age group in remnant 8-R1 (fig. 44) did
not initiate after fire, the remnant initiation date allows a relatively accurate
estimation of the fire free interval of remnant 8-R1. The assumption will be
discussed below.

•

The estimated remnant initiation date of remnant 8-R2 is likely to be
underestimated because it is only based on 9 ages of the largest Pinus contorta
within the remnant (fig. 45) for a stand age of ca. 300-310 years.

•

Based on the assumption that the young age group in remnant 8-R2 (fig. 45) did
not initiate after fire, the remnant initiation date allows an estimation of the fire free
interval of remnant 8-R2. This interval is likely to be underestimated for the same
reasons as the remnant initiation date of 8-R2.

•

The statement of Kipfmueller & Baker (1998) that standard deviation of mean
maximum age increases with stand age (Kipfmueller & Baker, 1998), supports
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that remnant 8-R2 initiated after fire although the age range of the older age group
was found to be relatively large (tab. 13, fig. 45).
Day (1972) found that Picea engelmannii seedlings continued to establish 30
years after fire while this was not the case for Pinus contorta seedlings. This
supports that remnant 8-R2 initiated after fire in spite of the relatively large age
range of the older age group due to Picea engelmannii. In addition it is easily
possible that we did not manage to core the oldest Picea engelmannii considering
the small sample size of five tree ages for this species for a stand age of ca. 300
years (fig. 45).
•

Remnant 8-R1 and 8-R2 were found to have initiated after different fires. This
result is of high confidence, because it could only be wrong if the stand age of
remnant 8-R1 was underestimated by >70 years. This is very unlikely because it
is based on 18 tree ages of the largest Pinus contorta. Results are based on the
assumption that the younger age groups in these remnants did not initiate after
fire. The assumption will be discussed below.

•

Although the estimates of fire free intervals of remnant 8-R1 respectively 8-R2 are
conservative, it is unlikely that they are underestimated by more than 10
respectively 20 years because their postfire cohort ages are based on 9
respectively 18 tree ages of a pioneer species that quickly regenerates after fire
(see above).

The level of accuracy of the results has to be adjusted to the methods used and their
potential sources of error. This was taken into account by dating fires using fires scar
analysis and by only giving conservative estimates for stand initiation dates using the
postfire cohort method.
Related to the postfire cohort method was the use of narrow age ranges as evidence for a
stand initiation after fire (e.g. sections 4.3.2.1, 4.3.2.2). This was suggested by literature
(Day, 1972; Loope & Gruell, 1973; Volland, 1984; Hope et al., 1991; Johnson & Miyanishi,
1991). The confidence that can be placed on the age range mainly depends on three
factors: First on the sample size, second on whether it is based on pioneer, late
successional species or a on mixture of them, and third on the establishment conditions of
the sampled trees (in the open or under a canopy).
A large sample size increases the confidence on the age range. The two other factors
have an indirect impact on the confidence of the age range: They influence the potential
error due to age correction for coring height (see above).
This potential error is smallest for pioneer species that established under open conditions
and largest for late successional species that established under a canopy (see above).
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Since pioneer species Larix occidentalis and Pinus contorta usually do not establish under
a canopy (Lotan & Perry, 1983; Crane, 1990), a mixture of pioneer and late successional
species is very likely to indicate establishment under open conditions (Hope et al., 1991).
In contrast, this cannot be assumed for age ranges that are based only on late
successional species. Therefore these age ranges bare the high risk that similar ages at
coring height (= 50cm) do not correspond to similar total tree ages. Concerning the results
of this study this means:
- with respect to remnants 7-R1, 7-R2, 7-R3 and their matrices:
•

Age ranges based on a mixture of pioneer and late successional species are
narrow in matrices of remnant 7-R1 and 7-R2 (tab. 11). These matrices are known
to have initiated after fire (section 4.3.1.1). Thus results support that a narrow age
range based on a mixture of pioneer and late successional species indicates
establishment under open conditions.

•

Age ranges obtained for Pinus contorta in matrices 7-R1, 7-R2 and 7-R3 were 7,
9 and 4 years (tab. 11). Considering the absolute ages (tab. 11) and the fire date
(1926), results agree with Volland (1984) who found that in the Rocky Mountains
Pinus contorta stands typically established within 10-20 years after fire.

•

The narrow age range in remnants 7-R1 to 7-R3 (ca. 20 years) was considered as
evidence for an initiation after fire, because it was based on a mixture of pioneer
and late successional species (section 4.3.1.2). This was supported by the fact
that the matrix of 7-R1, that is known to have initiated after fire (section 4.3.1.1),
shows a similar age range size (22 years; tab. 11).

- with respect to remnants 8-R1, 8-R2 and their matrices:
•

Based on the assumption that the old matrix of 8-R1 initiated after an earlier fire,
the age ranges found for the old respectively the young matrix of remnant 8-R1
(section 4.3.2.1) are narrow and thus agree with Volland (1984).

•

The age range found for matrix of remnant 8-R2 (section 4.3.2.1) is narrow and
thus agrees with Volland (1984).

•

The old age group in remnant 8-R2 has a relatively large age range (tab. 13). This
may be due to a large difference in time needed to reach coring height between
Picea engelmannii and Pinus contorta. Pinus contorta is known to quickly overtop
any Picea engelmannii seedlings that may have established at the same time
(Uchytil, 1992), and these can be suppressed for many years (Uchytil, 1991b).

•

The narrow age range of the young age group in remnant 8-R1 respectively 8-R2
(tab. 13) was not considered to indicate an initiation after fire, because it is based
only on late successional species (mainly Abies lasiocarpa). In addition, these
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trees are very likely to have established under a Pinus contorta canopy as
indicated by the high age of Pinus contorta (fig. 44-45). Thus the age range of
Abies lasiocarpa that seems narrow at coring height (fig. 44-45) is likely to be
much larger if total tree ages could be determined.
Besides the hypothesis that the age range of the young age groups in remnants 8-R1 and
8-R2 are likely to be much larger for total tree age, other reasons support that these
groups did not initiate after fire. They will be discussed in the next section.

5.3.3
Using tree ages and succession to ensure remnants
stayed fire free since their establishment
While fire scar analysis and postfire cohort method were used to date stand initiating fires
of remnants and matrices, ages of suppressed trees and remnant trees were used to
ensure that no surface fire had passed through the remnants since their establishment
(e.g. sections 4.3.1.1, 4.3.1.2, 4.3.2.2). Where tree ages alone were not considered
sufficient to cover the complete length of the fire free interval, information from literature
on succession was consulted.
Ages of suppressed trees gave very high confidence that the spot where the suppressed
tree was growing did not get burned since its germination. An extrapolation on the
remnant level was difficult, however, because samples of suppressed trees were not cut
within the whole remnant. To minimize this problem, tree ages of the youngest cored trees
and the absence of fires scars, that are usually formed when a surface fire passes through
a stand (Agee, 1993), were considered as well (e.g. sections 4.3.1.2, 4.3.2.2).
Concerning remnants 8-R1 and 8-R2, the remnant initiating fire was estimated to have
happened 234 respectively 309 years ago (section 4.3.2.2). To support that these
remnants did not get burned for such a long time, literature on succession in Pinus
contorta dominated stands was consulted.
The succession from Pinus contorta dominated stands to stands dominated by shadetolerant associates, such as Abies lasiocarpa, has been described by many authors
(Pfister & Daubenmuir, 1973; Lotan & Perry, 1983; Volland, 1984; Lotan & Critchfield,
1990). The time this succession needs, varies with type of disturbance, disturbance
severity, site, and species composition of an area (Uchytil, 1991a). Usually Pinus contorta
stands break up between 100 and 200 years of age and are eventually replaced by
shade-tolerant conifer associates (Day, 1972; Fahnestock, 1974; Lotan & Critchfield,
1990). This succession is typical for stands where no fire occurred to initiate a new stand
of Pinus contorta (Uchytil, 1992). As can be seen in fig. 44, Abies lasiocarpa established
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under the Pinus contorta canopy ca. 105 years after Pinus contorta had initiated in
remnant 8-R1. This agrees with Peet (1981) and Romme (1982) who found that Abies
lasiocarpa usually establishes under the canopy of dense Pinus contorta stands within
100 years after fire, and attains dominance as the Pinus contorta stands break up. In
remnant 8-R2, Abies lasiocarpa established ca. 148 years after Pinus contorta had
initiated (fig. 45). Compared with literature (Peet, 1981; Romme, 1982), this is relatively
late. Since Abies lasiocarpa established under the canopy, it is likely, however, that the
cored trees needed a relatively long time to reach coring height and establishment took
already place earlier (Alexander et al., 1984). At this point it has to be emphasized again,
that the young age group in remnants 8-R1 respectively 8-R2 is unlikely to represent a
postfire cohort although they show a similar age at coring height (fig. 44, fig. 45), because
the time needed to reach coring height is likely to vary largely between trees as discussed
above.
If a (light) surface fire that did not kill the Pinus contorta would have passed through the
remnants ca. 140-100 years ago, it would probably have left fire scars as were found by
Vera (2001) and Stuart-Smith (1998) in remnants that survived a fire but got burned, and
as were found at the boundary of remnants 7-R1 to 7-R3 (section 4.3.1.1).
For these reasons I hypothesize that remnant 8-R1 respectively remnant 8-R2 did not get
burned for at least 234 respectively 309 years – even not by a surface fire. Instead it
seems more likely that the succession described above took place. Therefore the
conservative estimate for the fire free interval was based on the oldest cored tree, a Pinus
contorta of 231 years respectively 306 years (tab. 13). Three years were added as
minimum time required to reach coring height (Hegyi et al., 1979).

In this study, the estimation of some stand ages and thus stand initiation dates was based
on a relatively small number of trees (e.g. matrix of remnant 8-R1). Therefore the
interpretation of these stand ages was limited. To increase the field sample size and the
number of analyzed increment cores is a common method to increase the confidence of
determined stand ages. This would be difficult in the case of mixed species stands such
as in the study areas, however: Due to stands with up to five tree species, the sample size
was already large. Instead, I would suggest to use Veblen et al.’s method (1990) to get
further information on remnant disturbance history of mixed stands. They suggested to
analyze the growth patterns of the trees. According to Veblen et al. (1990) the first postfire generation shows rapid initial growth during the first ca. 50 years of stand
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development before growth declines as stand density increases and resources become
less available. Thus Abies lasiocarpa that established under a Pinus contorta canopy
would show slow initial growth until a gap occurred and their growth was released, while
Abies lasiocarpa that established under more open conditions after a (light) surface fire
would show fast initial growth due to a thinned Pinus contorta stand. The old Pinus
contorta would have to be analyzed to find out whether they show a growth release that
could be due to a disturbance. This method could be used for the samples collected in this
study. It represents an analysis on its own, however, and was beyond the time scope of
this study.

5.3.4

Discussion of fire free interval length

In the following section the length of the fire free interval of remnants will be discussed
regarding results of other studies as well as regarding the influence of fire suppression.
Comparison w ith other studies
Remnants were selected for a more detailed dendrochronological analysis with the goal to
determine the longest fire free interval of investigated remnants within the study areas
(section 3.2.3). Comparison of results obtained for fire free intervals of remnants in this
study with results of other studies is difficult due to the necessity of comparable forest
types and similar area sizes.
Only three studies were found that deal with forests located in the transitional zone I
worked in. Masters (1990), Johnson & Larsen (1991) and Hallett & Walker (2000) studied
the fire frequency in Kootenay National Park, that is located in the MS. Fire frequency
largely depends on the size of the investigated area, because it is defined as “the number
of fires per unit time in some designated area” (Romme, 1980), however. Since the three
studies mentioned before are based on area sizes ranging from 495 to 1400 km2, their fire
frequency results cannot be compared with results of this study that represent “point”
estimates for single remnants covering at most a few hectares.
Vera (2001) investigated remnants left by fire in Pinus contorta dominated forests at the
drier end of the ecological amplitude of this forest type. This was the only study found that
deals with remnants and thus with a comparable area size. The longest fire free interval
found for a remnant at the wetter end of the ecological amplitude of Pinus contorta
dominated forests in this study (309 years; 4.3.2.2), is nearly twice as long as the longest
fire free interval found for a remnant in Pinus contorta dominated forests at the drier end of
their ecological amplitude (165 years; Vera, 2001). It should also be noted that all five
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remnants that were selected for a detailed fire history analysis in this study did not get
burned by the matrix initiating fire while this was only the case for 2 out of 26 investigated
remnants at the drier end of the ecological amplitude of Pinus contorta dominated forests
(Vera, 2001).
The limited number of studies on the fire history of remnants (section 5.2), and on forests
stands located in the MS (see above) indicates that research in this field has just begun.
Thus it is not very surprising that no studies were found for remnants in comparable
climatic regions and forest types.
Fire suppression
Related to fire free intervals of remnants obtained in this study is the question whether the
length of the fire free interval, or the survival of remnants was influenced by fire
suppression.
Fire suppression in British Columbia only became effective in the late 1950’s and early
1960’s when airplanes were used for fire detection and suppression, road access had
improved and fire pumps were more reliable (Parminter, 2001). In the study areas, road
access only started with industrial forest exploitation in the late 1970’s and 1980’s (section
2.8).
Ecosystems in the MS are characterized as “experiencing frequent stand initiating events”
(BC Ministry of Forests, 1995; section 2.6). According to Agee (1998) these ecosystems
have a high severity fire regime, and often have fire events that are driven by extreme
weather (Bessie & Johnson, 1995) and thus nearly impossible to control (Johnson et al.
1990). This makes fire suppression difficult and little effective.
The MS has an estimated mean disturbance interval of 150 years (BC Ministry of Forests,
1995; section 2.6). Compared with the length of this interval, the time since fire
suppression became effective (see above) is relatively short (at most one third).
Considering the described situation, it is considered unlikely that the fire free interval of
remnants was influenced by fire suppression.
In addition, matrix ages (ca. 74 – 99 years; sections 4.3.1.1, 4.3.2.1) are classified as midseral according to the Biodiversity guidebook (BC Ministry of Forests, 1995) and thus not
unusually old for the study areas. Since remnant and matrix initiating fires were dated to
have happened before fire suppression became effective (section 4.3), it can be excluded
that their survival was caused by fire suppression.
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6 Conclusion and management implications
Field methods used in this study allowed to determine that all investigated matrices had
regenerated after fire and that all twelve investigated remnants had burned at some point
of time.
Five remnants were selected for a detailed fire history analysis in order to approach the
longest naturally fire free interval of remnants within the study areas. All five selected
remnants were located in the Okanagan study area. Their fire free interval was estimated
using dendrochronological methods. Fire scar analysis respectively postfire cohort age
allowed to determine respectively approximate the date of the matrix initiating fires, while
the absence of fire scars and/or ages of suppressed trees growing in the remnants were
used to ensure that none of the five selected remnants got burned by the most recent
(=the matrix initiating) fire.
The narrow age range of the largest trees within selected remnants suggested that the
remnants themselves had initiated after fire and thus represent postfire cohorts. Postfire
cohort age allowed to estimate the stand initiation dates of remnants. Tree ages, the
absence of fire scars and evidence of succession indicated that the selected remnants
had stayed fire free since their stand initiation. Based on these results the fire free interval
was estimated to be 129 years for three of the selected remnants, respectively 234 years
and 309 years for the two other remnants. While the three younger remnants were Picea
engelmannii dominated, the two older remnants were Abies lasiocarpa dominated.
The longest fire free interval found for a remnant at the wetter end of the ecological
amplitude of Pinus contorta dominated forests (309 years; section 4.3.2.2) in this study, is
nearly twice as long as the longest fire free interval found for a remnant in Pinus contorta
dominated forests at the drier end of their ecological amplitude (165 years; Vera, 2001). It
is unlikely that the length of the fire free intervals obtained in this study was influenced by
fire suppression.
Results are considered to be of relatively high confidence due to the combination of
different methods. Some results were based on a relatively small number of tree ages and
thus had to stay hypotheses. Analysis of the growth patterns of individual trees would
allow to get further information on the disturbance history of investigated remnants and
thus to get higher confidence for those results that were based on a relatively small
number of tree ages.
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Dendrochronological analysis of the remaining seven remnants would allow to determine
whether criteria worked, that were used for the selection of the five remnants in order to
approximate the longest fire free interval. It would also allow to determine whether the
longest fire free interval of remnants is similar in both study areas. In case the selection
criteria worked, 309 years would be the longest fire free interval for investigated remnants
within the study areas.
Results of this study indicate that forest islands left in clear cuts to imitate remnants left by
fire, should have a rotation age up to 309 years in the MSdm1. During this time they
should be excluded from any kind of harvesting and other management practices in order
to allow the succession found in remnants 8-R1 and 8-R2 to take place.

7 Abstract
Fire is one of the major natural disturbance agents in forests dominated by Pinus contorta
Dougl. ex Loud. var. latifolia Engelm. (hereafter referred to as Pinus contorta) in western
North America. Since forest fires rarely kill all forest vegetation within their perimeter,
burned landscapes typically represent a mosaic of burned and unburned patches.
Modern forest management should aim to mimic natural disturbance regimes. Therefore
forest remnants (hereafter called remnants) left by fire should be imitated by leaving
remnants within clear cuts. The rotation age of these artificial remnants should be similar
to the length of the naturally fire free interval of remnants left by fire.
Goal of this study was to determine the longest naturally fire free interval of remnants left
by fire in Pinus contorta dominated forests in British Columbia (Canada). In order to
increase the chance of finding long fire free intervals, study areas situated at the wetter
end of the ecological amplitude of this forest type were chosen for investigation. These are
located in the Montane Spruce biogeoclimatic zone of southern Interior British Columbia.
The Tyaughton study area is located at 51° 05’ N; 122° 45’ W northwest of the town
Lillooet with elevations ranging from 1418 m to 1509 m, while the Okanagan study area is
situated at 49° 30’ N; 119° 15’ W east of the town Penticton with elevations extending
from 1310 m to 1767 m. In the study areas, Picea engelmannii Parry ex Engelm. x glauca
(hereafter referred to as Picea engelmannii) and Abies lasiocarpa (Hook.) Nutt. are the
major shade tolerant climax trees on wet to zonal sites, while mature successional stands
on dry sites are dominated by Pinus contorta and Pseudotsuga menziesii var. glauca
(Beissn.) Mayr. (hereafter referred to as Pseudotsuga menziesii). However, young and
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maturing successional stands of Pinus contorta that have formed following wildfire occupy
much of the landscape in the two study areas.
The landscape mosaic comprises islands of old forest stands surrounded by young forest.
Besides of the higher tree age, these islands differ in species composition and stand
structure from the surrounding forest (hereafter called matrix). While the forest islands
have a lower tree density and usually are dominated by Abies lasiocarpa and Picea
engelmannii, Pinus contorta clearly dominates the dense matrix.
To address the study objective, the matrices were examined for fire indicators and species
composition to ensure that the forest islands (=remnants) were left by fire and not by other
large scale disturbances. In order to determine the longest fire free interval within
investigated remnants, it was tested first, whether they got ever burned. Results revealed
that all investigated remnants had burned at some point of time.
Therefore the question evolved how long their fire free interval was. This question was
addressed using dendrochronological methods. Due to the large amount of time
necessary for this type of analysis, five out of twelve remnants were selected. Selection
was based on remnant species composition, site category and the presence and type of
fire indicators. First, it was tested whether the selected remnants got burned by the most
recent (= the matrix initiating) fire. For that, dates of the matrix initiating fires were
determined using fire scar analysis or postfire cohort age. Ages of suppressed trees
growing in the understory of the remnants then indicated that none of the five selected
remnants got burned by the matrix initiating fire.
The narrow age range of the largest trees within the selected remnants suggested that all
selected remnants had initiated after fire themselves and thus represented postfire
cohorts. Therefore tree ages allowed to approximate the date of their stand initiation.
Tree ages, the absence of fire scars and evidence of succession indicated that the
remnants had stayed fire free since their stand initiation. Based on these results the fire
free interval was estimated to be 129 years for three of the selected remnants,
respectively 234 years and 309 years for the other two remnants. Although these are
conservative estimates, it is unlikely that fire free intervals are underestimated by more
than 10-20 years, because they are based on postfire cohort age. And it is unlikely that
the length of the fire free intervals was influenced by fire suppression.
The longest fire free interval found for a remnant at the wetter end of the ecological
amplitude of Pinus contorta dominated forests in this study (309 years), is nearly twice as
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long as the longest fire free interval found for a remnant in Pinus contorta dominated
forests at the drier end of their ecological amplitude (165 years; Vera, 2001).
Results of this study indicate that forest islands left in clear cuts to imitate remnants left by
fire, should have a rotation age up to 309 years in the MSdm1. During this time they
should be excluded from any kind of harvesting and other management practices in order
to allow the succession found in two of the investigated remnants to take place.

8 Zusammenfassung
In den von Pinus contorta Dougl. ex Loud. var. latifolia Engelm. (künftig Pinus contorta)
dominierten Wäldern im westlichen Nordamerika ist Feuer einer der wichtigsten
Störungsfaktoren. Die Waldbrände erreichen große Ausmaße, vernichten aber selten die
gesamte Vegetation in ihrem Einflussgebiet; zumeist bleiben Teile des Waldes verschont.
Daraus ergibt sich ein Landschaftsmosaik aus gebrannten Flächen und ungebrannten
Flächen, die durch das Feuer zu Waldinseln wurden.
Eine moderne Waldbewirtschaftung sollte als Ziel haben, das natürliche Störungsregime
nachzuahmen. Dazu gehört es, in Kahlschlägen Waldinseln stehen zu lassen. Die
Umtriebszeit dieser künstlichen Waldinseln sollte in etwa der Länge des natürlichen
feuerfreien Intervalls der durch Feuer entstandenen Waldinseln entsprechen.
Die vorliegende Untersuchung wurde in den von Pinus contorta dominierten Wäldern in
British Columbia ausgeführt. Ziel war es, in den dort von Waldbränden gebildeten
Waldinseln

die

längsten

feuerfreien

Intervalle

zu

bestimmen.

Dafür

wurden

Untersuchungsgebiete ausgesucht, die am „nassen Ende“ der ökologischen Amplitude
dieses Waldtyps liegen. Diese Bedingungen sind im südlichen Teil des inneren British
Columbia verwirklicht, genauer in der Montane Spruce Zone der „biogeoklimatischen“
Zonengliederung British Columbias.
Das Tyaughton-Untersuchungsgebiet liegt bei 51° 05’ N; 122° 45’ W nordwestlich der
Stadt Lillooet in einer Höhe von 1418 m bis 1509 m, während das OkanaganUntersuchungsgebiet bei 49° 30’ N; 119° 15’ W östlich der Stadt Penticton in einer Höhe
von 1310 m bis 1767 m liegt. Die Vegetation dieser Gebiete ist von Wäldern
unterschiedlichen jüngeren Alters und einzelnen alten Waldinseln geprägt. Außer durch
das Alter unterscheiden sich diese Waldinseln durch ihre Artenzusammensetzung und
ihre Bestandesstruktur von den jüngeren Beständen: Sie weisen eine geringere
Baumdichte auf und sind gewöhnlich von Abies lasiocarpa (Hook.) Nutt. und Picea
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engelmannii Parry ex Engelm. x glauca (künftig Picea engelmannii) beherrscht. Picea
engelmannii und Abies lasiocarpa sind die wichtigsten schattentoleranten KlimaxBaumarten auf nassen bis zonalen Standorten, nur auf trockenen Standorten dominieren
Pinus contorta und Pseudotsuga menziesii var. glauca (Beissn.) Mayr. (künftig
Pseudotsuga menziesii) die reifen Bestände. Die jungen Waldbestände (hiernach Matrix
genannt) sind durchweg von Pinus contorta beherrscht und weisen eine dichtere
Bestandesstruktur auf.
Zunächst wurden die angetroffenen Matrixbestände hinsichtlich des Auftretens von
Feuerindikatoren und ihrer Artenzusammensetzung untersucht um sicherzustellen, dass
die Waldinseln tatsächlich durch Feuer in ihre insulare Lage gerieten und nicht durch
andere großflächige Störungen. Darauf wurden die Waldinseln selbst auf Anzeichen
früherer Feuer geprüft. Die Ergebnisse zeigten, dass alle untersuchten Bestände zu
irgendeinem Zeitpunkt schon einmal gebrannt hatten.
Doch wie lang lag dies zurück? Um das zu beantworten, wurden dendrochronologische
Methoden verwandt. Da diese sehr zeitaufwendig sind, wurden fünf Waldinseln für diese
Untersuchung ausgewählt. Auswahlkriterien waren hierbei die Artenzusammensetzung
sowie Vorhandensein und Art von Feuerindikatoren. Zunächst wurde geprüft, ob die
ausgewählten Waldinseln beim matrixbildenden Feuer mitbrannten. Dafür wurde zunächst
anhand von Feuerwunden und Baumaltersstruktur das matrixbildende Feuer datiert. Das
Alter unterdrückter Bäume, die im Unterwuchs der Waldinseln wuchsen und aufgrund
ihrer Größe mit sehr großer Wahrscheinlichkeit keinen Waldbrand überlebt hätten, zeigte
dann, dass offensichtlich keine der fünf ausgewählten Waldinseln beim Matrixfeuer
mitgebrannt hatte.
Die enge Alterspanne der größten Bäume in den ausgewählten Waldinseln deutete darauf
hin, dass sie nach einem Feuer gemeinsam aufwuchsen. Anhand ihrer Baumalter konnte
der Zeitpunkt der Bestandesbegründung in den Waldinseln abgeschätzt werden. Eine
Reihe

von
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Sukzessionsstadien)

(Baumaltersstruktur,

zeigte,

dass

die

fünf
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Fehlen

Waldinseln
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von
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so

datierten

Bestandesbegründung feuerfrei geblieben sind. Auf diesem Ergebnis aufbauend kann
nach konservativer Schätzung der feuerfreie Intervall für drei der fünf Waldinseln auf 129
Jahre sowie für die anderen beiden auf 234 bzw. 309 Jahre angenommen werden.
Obwohl dies konservative Schätzungen sind, ist es unwahrscheinlich, dass die feuerfreien
Intervalle um mehr als 10-20 Jahre unterschätzt wurden, da sie auf dem Zeitpunkt der
Bestandesbegründung

der

Waldinseln

nach

Feuer

beruhen.

Außerdem

ist

es
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unwahrscheinlich, dass die Länge des feuerfreien Intervalls durch Feuerbekämpfung
beeinflusst wurde.
Der längste feuerfreie Intervall, der in dieser Studie für Waldinseln am „nassen Ende“ der
ökologischen Amplitude von Pinus contorta dominierten Wäldern gefunden wurde (309
Jahre) ist fast doppelt so lang wie der längste feuerfreie Intervall, der für Waldinseln am
„trockenen“ Ende der ökologischen Amplitude dieses Waldtyps gefunden wurde (165
Jahre; Vera, 2001).
Die Ergebnisse dieser Untersuchung weisen darauf hin, dass künstliche Waldinseln, die in
Kahlschlägen belassen werden um Waldinseln nachzuahmen, in der biogeoklimatischen
Einheit MSdm1 einer Umtriebszeit von bis zu 309 Jahren unterliegen sollten. Während
dieser

Zeit

sollten

die

Bestände

von

jeglichem

Einschlag

oder

anderen

Bewirtschaftungsmaßnahmen ausgenommen werden, um eine natürliche Sukzession zu
ermöglichen.
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10 Appendix
Appendix 1. The biogeoclimatic classification system in British Columbia
(BEC).
If not otherwise stated the overview given is based on (Pojar et al., 1991).
BEC is a hierarchical classification system whose categories are based on groups of similar
segments of the landscape, called ecosystems. An ecosystem is defined as a particular plant
community and its associated physiography, soil and climate. The four major components of BEC
are: vegetation, climate, site and succession.
The climate level groups geographical areas with similar climates. The fundamental category of
the climate level is the subzone. Zones, regions and formations are formed by grouping subzones
to represent increasing levels of climatic generalization while variants are subdivisions of subzones.
Lack of climate data, combined with a poor understanding of the climatic factors responsible for the
development of biogeoclimatic units, necessitates the use of vegetation on zonal sites to infer
meaningful climatic units. A zonal site is defined as the midpoint between environmental extremes
within a biogeoclimatic unit and is represented by a specific combination of physical features which
best express climate.
The change of vegetation composition and structure over time due to disturbances is called
succession. A stable, self-perpetuating community is called climax community. The climax
concept applied to vegetation implies that in the course of time and in the absence of disturbance
the same type of plant communities will develop and perpetuate themselves through reproduction
on ecologically equivalent sites. Since successional plant communities change constantly and vary
according to the type and intensity of disturbance, climax or near climax vegetation was used to
develop the BEC. Sites of an earlier successional status than climax can be classified according to
their potential climax.
The site level is used to allow classification of all ecosystems within areas that have a similar
climate. A site association consists of all sites capable of producing a single plant association at
climax. To reflect more specific environmental conditions, the site association is subdivided into site
series and site types.
Vegetation is emphasized in this classification system because it is considered to best reflect the
environment, biology and history of a site. The vegetation units of BEC are floristically uniform
classes of plant communities, which are differentiated on the basis of diagnostic combinations of
species. The plant association is the basic unit of the hierarchically arranged vegetation units. Plant
associations and subassociations are important for determining biogeoclimatic subzones and
variants, and site associations. Biogeoclimatic zones are generally differentiated on the basis of the
climax tree species that give the zone its name (Loyd et al., 1990).
British Columbia has been divided into fourteen biogeoclimatic zones, representing large
geographical areas with a broadly homogeneous macroclimate. Ten of them occur in the Kamloops
Forest Region. For detailed information on the biogeoclimatic classification system consult
Meidinger & Pojar (1991) or BC Ministry of Forests Research Branch (2001).
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Appendix 2. Distribution of the Montane Spruce biogeoclimatic zone in
British Columbia.
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Appendix 3. Detailed geological units on which investigated remnants are
located.

Remnant

Map symbol of
geological unit

Description of
geological unit

Earth age

Source

Tyaughton Creek study area
4-R1

JKRM2;

4-R2

Relay Mountain
group

5-R1

MJBR;
Bridge River
complex

6-R1

IKTCL;
Taylor Creek
group

Grey, brown and green sandstone and siltstone, middle Jurassic
locally calcareous; commonly massive, locally – lower
medium to thick-bedded; lesser amounts of Cretaceous
conglomerate
and
conglomeratic
sandstone
containing mainly volcanic and plutonic clasts

Schiarizza et
al. 1993;

Undivided ribbon (=layered) chert, argillite and Mississippian –
pillowed top massive greenstone, with lesser middle Jurassic
amounts of limestone, gabbro, diabase, sand-stone,
pebbie conglomerate and serpentinite;

Schiarizza et
al. 1993;

Lizard formation: thin to medium-bedded, light Lower and (?)
brown to grey-weathering micaceous quartzo- upper
feldspatic sandstone, and dark grey laminated shale Cretaceous

Schiarizza et
al. 1993;

1: 50 000

1: 50 000

1: 50 000

Okanagan study area
7-R1;8-R1;
8-R2;9-R1;
11-R1

JKg;

7-R2

MJg;

7-R3

Nelson Plutonic
rocks

10-R1

Eg;

Okangan
Batholite

massive, light grey weathering, medium- to coarse- Cretaceous
grained, equigranular to porphyritic, un-foliated to and/or Jurassic
weakly foliated, fresh biotite granodiorite and
granite: includes undifferentiated granodiorite of the
Nelson sute: age poorly constrained

Tempelmann
-Kluit 1989;
1:250 000

Massive, generally moderately foliated, hornblende- Middle Jurassic
biotite granodiorite, quartz diorite and granite:
includes undifferentiated biotite granite of the
Valhalla sute: age poorly contrained

Tempelmann
-Kluit 1989;
1:250 000

Hornblende granodiorite: massive, resistant, grey Tertiary Eocene
weathering, coarse grained, equigranular mesocratic
with euhedral fresh black hornblende crystals;
locally weakly foliated: age poorly contrained

Tempelmann
-Kluit 1989;
1:250 000
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Appendix 4. Formulas used for the calculation of stand characteristics.
If not otherwise stated, the word “tree” refers to a living tree >1.3m.
1. Calculation of tree species composition of remnant plots
e.g. proportion of Abies lasiocarpa within a remnant plot:

D

%; Bl

=

n
n

Bl

* 100

D%; Bl: proportion of Abies lasiocarpa within a plot [%]
nBl: number of Abies lasiocarpa within a plot [stems]
n: number of trees within a plot [stems]
Proportions for the other species were calculated accordingly.

2. Calculation of dbh distribution
e.g. proportion of trees in dbh class 0.1 - 5.0cm:

D

%; dbh 0.1− 5

=

n

dbh 0.1− 5

n

* 10000

D%;dbh0.1-5: proportion of trees in dbh class 0.1 - 5 cm within a plot [%]
ndbh0.1-5: number of trees in dbh class 0.1 - 5 cm within a plot [stems]
n: number of trees within a plot [stems]
Proportion of trees in other dbh classes within a plot were calculated accordingly.

3. Calculation of species composition of dbh classes
e.g. proportion of Abies lasiocarpa in dbh class 0.1-5cm:

D

%; Bl ; dbh 0.1− 5

=

n
n

Bl ; dbh 0.1− 5

* 100

dbh 0.1− 5

D%;Bl;dbh0.1-5: proportion of Bl=Abies lasiocarpa in dbh class 0.1-5cm within a plot [%]
nBl; dbh0.1-5: number of Abies lasiocarpa in dbh class 0.1-5 cm within a plot [stems]
ndbh0.1-5: number of trees in dbh class 0.1-5 cm within a plot [stems]
Proportions of other tree species and for other dbh classes were calculated accordingly.

5. Calculation of basal area of a tree
2

⎛ dbh ⎞
a =π *⎜
⎟ * 0,0001
⎝ 2 ⎠
a: basal area of a tree [m2]
π: 3.14159265358979
dbh: diameter at brest height (=1.3m) of the tree [cm]

6. Calculation of basal area per ha
n

A=

∑a
1

* 10000

Fp
A: basal area per ha [m2/ha]
n: number of trees within a plot [stems]
Fp: plotsize [m2]
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7. Calculation of tree density

=

D

T

n

F

* 10000
P

DT: tree density [trees/ha]
n: number of trees within a plot [stems]
FP: remnant plot size [m2]

8. Calculation of regeneration density
m ⎛
⎞
⎜ n *10000⎟
=
Dt ∑1 ⎜
⎟
⎝ Fp
⎠

Dt: tree density of trees <1.3m [trees/ha]
n: number of trees <1.3m within a plot or subsample-plot [stems]
Fp: size of remnant plot or subsample-plot [m2]
m: number of subsample-plots, in case the whole remnant plot was sampled for regeneration, m equals 1

9. Calculations according to Duncan’s method (Duncan, 1989)
9.1 Calculation of the mean ring width of the three innermost complete rings:

x=

X
3

with

x : mean ring width of the three innermost rings [1/100 mm]
X: measured width of the three innermost rings [1/100 mm]

9.2 Calculation of the distance to pith

⎛ L2 ⎞ H
⎟⎟ +
d = ⎜⎜
⎝ 8H ⎠ 2
d: distance to pith [1/100 mm]
L: length of last ring
H: height of last ring

9.3. Estimation of the corresponding number of rings missing to pith

N=

d
with
x

N: estimated number of rings missing to pith
d: distance to pith [1/100 mm]

x : mean ring width of the three innermost rings [1/100 mm]
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Appendix 5. Final mean curves of tree-ring series.
Final mean curves of different tree species. Based on arithmetically averaged unstandardized
tree-ring series from remnants 7-R1 to 7-R3 and their matrices. The sample depth is the number
of tree-ring series contributing to the mean curve.
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Final mean curves of different tree species. Based on arithmetically averaged
unstandardized tree-ring series from remnants 8-R1, 8-R2 and their matrices.
The sample depth is the number of tree-ring series contributing to the mean curve.
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Appendix 6. Regeneration density of remnant plots and descriptive statistics
for tree density, basal area and regeneration density of remnant plots.
Results of the Mann-Whitney U test suggested that only regeneration density varies significantly
between the two study areas. This parameter is therefore shown in a separate graph for each study
area; its descriptive statistics were calculated separately for the two study areas as well.
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Descriptive statistic

Tree density

Basal area

[trees/ha]
2595,85
1576,42
1214,63

[m2/ha]
43,8
14,8
11,0

60,73
46,79

Mean
Standard deviation
Mean absolute
deviation from mean
Coefficient of variation
[%]
Relative variability [%]

Regeneration density
study area 1
[trees<1.3m/ha]

Regeneration density
study area 2
[trees<1.3m/ha]

5660.5
3215.89
2545.9

43640.4
36473.9
30009.7

33,8

56.81

83.58

25,1

44.98

68.77

Coefficient of variation and relative variability between remnant plots are lowest for basal area and
highest for regeneration density in the Okanagan Highlands study area (=study area 2). The large
variation in regeneration density in the Okanagan Highlands study area respectively between the
two study areas is visualized in the two figures below. It is obvious that the very low regeneration
density of remnant plots 7-R1 to 7-R3 on one hand and the very high regeneration density of
remnant plots 8-R1/2 and 8-R2/2 on the other hand account for most of the high variation in the
Okanagan Highlands study area. Regeneration density shows a high relative variability even
between the two remnant plots of the same remnant (e.g. 8-R2/1 and 8-R2/2).
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Appendix 7. Photographs showing increment cores and fire-scarred
tree discs.

Increment cores from Pinus contorta (two upper
ones) and Larix occidentalis (lowest one).

Fire scarred tree disc from Pinus contorta. Fire scar
was dated 1926.

Increment cores from Larix occidentalis (upper one),
Pseudotsuga menziesii and Pinus contorta (two
lowest ones).

Scarred tree disc from Pinus contorta. Scar could
not be identified as fire scar. Note the blue stain on
the right side of the tree disc.

Appendix 8: Photographs showing a remnant (=forest island) and a matrix stand.

Remnant plot 8-R1/1.

Matrix plot east of remnant 6-R1.
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Appendix 9: Photographs showing the study areas.

Okanagan study area.

Tyaughton study area.
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