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4. Parasites, Lightning, and the Vegetation Mosaic in
Wilderness Landscapes

Dennis H. Knight

4.1 Introduction

The vegetation mosaic in any landscape is a function of environmental variation
and historic disturbances, whether caused by humans or other factors. Many
studies have focused on species composition in relation to environmental gra-
dients, and secondary succession is one of the oldest themes in ecology (Fig.
4.1). Usually the study areas selected for research of this nature have been
dispersed in agrourban landscapes and have included woodlots, small tracts of
prairie, or other relatively small, homogeneous stands of vegetation. Although
the ecological significance of the spatial positioning of the communities or
patches in the agrourban matrix has been largely ignored, there seems to be a
growing interest in determining how the number, variety, and juxtaposition of
the patches influence the frequency and spread of disturbance as well as other
landscape characteristics, including wildlife habitat, biotic diversity, nutrient
retention, and productivity (Pickett and White 1985; Forman and Godron 1986).
Ecological research on landscapes, with its focus on the causes and signif-
icance of patterns beyond the scale of single stands or isolated communities,
has been stimulated in part by human-caused landscape fragmentation. Over v
much of the earth’s surface the natural mosaic is no longer visible, with *‘is-
lands™ of woodland or prairie interspersed in a ‘‘sea’ of agriculture (Pickett
and Thompson 1978; Ewel 1980). Elsewhere the natural mosaic is still apparent,
but fragmentation is occurring rapidly due to timber harvesting (Harris 1984),
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Figure 4.1. An approach for illustrating vegetation distribution (A)
and vegetation dynamics (B) in landscapes. The diagram on the
left, from Romme and Knight (1981), is an abstraction that shows
where different vegetation types most commonly occur with regard
to topographic position and elevation, but such diagrams do not
portray the actual vegetation mosaic as it would appear on an aerial
photograph. (B) After Pickett (1976), illustrates the shifting mosaic
concept, with T, portraying the vegetation mosaic at one time, T,
at some later time, and T, after a major disturbance. The vertical

axis (SI) is some measure of successional development, and the
other two axes are longitude and latitude. Although it illustrates
very nicely the shifting mosaic concept, the diagram does not in-
corporate the environmental variability that always exists across
landscapes. A major challenge for landscape ecologists working on
wildlands is understanding the simultaneous effects of patch dy-
namics and environmental gradients on the nature of the vegetation
mosaic. Reproduced with permission of the Ecological Society of
America (A) and the University of Chicago Press (B).
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for example in the Amazon Basin, the Pacific Northwest, and the Rocky Moun-
tain Region (Fig. 4.2). Questions have arisen about the significance of preserving
woodlots or hedgerows adjacent to croplands, the optimal size of woodlands
or clearcuts, and the economic impacts, both in the near future and in the long
term, of preserving a patchy landscape compared with one that is more ho-
mogeneous. Discussions focusing on these questions have ranged from early
attempts to evaluate the significance of “‘edge’” for wildlife (Leopold 1933) to
more recent attempts to apply the theory of island biogeography to terrestrial
landscapes (Burgess and Sharpe 1981; Harris 1984). Humankind has a significant
effect on landscape pattern. In the interest of long-term natural resource man-
agement, what is the significance of the patterns that are being created? How
do natural landscape mosaics compare with those created by humans, and what
ecological information should landscape architects, farmers, and forest managers
consider as they continue their work?

Only a few questions of this nature can be addressed in this chapter. My
. objective is to explore the potential effects of certain insects, fungi, and parasitic
angiosperms on landscape pattern in forested wildlands, with the belief that
studying such interactions can lead to the improved management of landscapes
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Figure 4.2. As with the original forested wildlands in other parts of the world, the forests
in the western and northern parts of North America are being fragmented by timber
harvesting. New landscape mosaics are being created. Whereas timber harvesting is
now done more frequently in ways that minimize visual impact, is there an ecological
rationale for prescribing one vegetation mosaic over another? Such questions represent
a major challenge for landscape ecologists.
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in which forests are being fragmented by timber harvesting or homogenized
due to fire suppression. I'll focus on parasites (sensu lato) and fire because (1)
‘their interaction is interesting and widespread, (2) both can have significant
effects on vegetation mosaics, and (3) both are often subjected to control meas-
ures. 1 emphasize the mosaic in wildlands because wilderness landscapes were
the setting for the evolution of our biota and are changing due to human influ-
ences. Understanding the causes and significance of the vegetation mosaic in
wildlands may help in the design of domesticated landscapes. Coniferous forests
are emphasized because of the literature available, but brief comparisons will
be made to other vegetation types.

4.1.1 . Nature of the Shifting Mosaic

Studying wilderness landscapes presents a variety of challenges and opportun-
ities. Unlike agrourban settings, the boundaries between the patches of the
mosaic often are less regular and less contrasting (Forman and Godron 1981,
1986). Consequently, study area selection can be frustrating because the whole
landscape presents so many possibilities. The actual mosaic over square kil-
ometers or whole townships becomes interesting in itself, and the first impulse
is to draw a map. Furthermore, the dynamics of the mosaic become as interesting
as the dynamics of the patches (Romme and Knight 1982). Often it is not at all
clear whether the border between two patches is attributable to environmental
factors or disturbances at some time in the past, and indeed, understanding the
interplay of environment and history is one of the primary challenges for land-
scape ecologists (Pickett and White 1985). It is tempting to characterize the
shifting mosaic of wilderness landscapes as being kaleidoscopic in nature, with
the potential of each patch type occurring anywhere on the landscape at some
time in the future, but such areas are the exception. Many factors are involved
(Table 4.1) and some parts of the mosaic may change hardly at all during long
periods of time (Fig. 4.3).

Fire is a very important exogenous disturbance that affects the vegetation
mosaic in many areas (Wright 1974; Heinselman 1981a, 1981b; Minnich 1983;
Habeck 1985; and others), and its spread is affected by a variety of factors.
For example, the species composition and fuel complex may not foster the
spread of a fire once started (Minnich 1983; Despain 1985). If such patches are
intermingled with patches that are more flammable, the size of any particular
burn may be limited. Furthermore, the site of ignition must be considered. If
ignition occurs high on a slope, or just upwind of an aquatic habitat, the extent
of burning may be less compared with when ignition occurs lower or some
distance from natural fire breaks. The mosaic may also be affected by shifting
winds, infestations of parasites that affect flammability, the degree of topo-
graphic dissection, and climatic conditions that extinguish the fire, thereby lim-
iting its spread. Of course, factors other than fire may affect the mosaic as well
(Spruge!l 1976; Reiners and Lang 1979).

Fires on any particular part of the landscape are stochastic phenomena and,
to some extent, are biotically controlled, (i.e., time-dependent, Heinselman
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Table 4.1. Some Factors Affecting the Spread of Fire and the Resulting Vegetation
Mosaic in Wilderness Landscapes

Vegetation mosaics
Patch diversity (number of different kinds of patches)
Patch size structure (number of patches by patch size class)
Patch juxtaposition (proximity of one patch type to another)
Patch structure (fuel complex, species composition)
Biotic influences on flammability (positive or negative)
Drying
Nature of the fuel complex
Topography
Slope position of ignition (less area may burn if ignition occurs on upper slopes)
Relief
Degree of dissection
Barriers to fire spread
Aquatic habitats
Ridges, valleys
Patches of vegetation with low flammability
Climatic factors "
Rainfall (reduces probability of fire starts or may extinguish a fire)
Drought
Variable wind direction and intensity
Ignition source and frequency
Lightning
Fire brands
Anthropogenic

1981a, 1981b). One objective of this chapter is to consider the extent to which
ignition by lightning and subsequent fire spread are affected by organisms, or,
to phrase the objective in the context of the symposium theme, to determine
the role of landscape heterogeneity caused by parasites (a biotic factor) in the
spread of disturbance caused by lightning (a physical factor). Some of the lit-
erature that 1 review suggests that epidemic outbreaks of certain organisms
may either increase or decrease the flammability of coniferous forests and that
lightning itself may affect the pattern of parasite infestations.

As with single-stand studies, ecologists have sometimes suggested that a
steady state or equilibrium condition could develop for landscapes, meaning
that the proportion of the landscape in various vegetation types (or patch types)
remains about the same even though the location of each type changes with
time. Bormann and Likens (1981) proffered the shifting mosaic steady-state
hypothesis for northeastern deciduous forest landscapes, where large cata-
strophic fires occur very infrequently. On the other hand, Romme (1982) found
a nonequilibrium mosaic on 73 square kilometers in Yellowstone National Park
characterized by large fires; studies are currently underway to determine if
larger portions of Yellowstone could be viewed as having a shifting mosaic
steady state (W.H. Romme and D.G. Despain, personal communication).
Hemstrom and Franklin (1982) studied 530 square kilometers of forest in Mount
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Figure 4.3. A drawing based on an aerial photograph taken in Yellowstone National
Park that illustrates how fire and environmental factors combine in determining the
vegetation mosaic in wilderness landscapes. The meadows, shown as stippled areas,
are relatively stable in their location, occurring where edaphic conditions are less fa-
vorable for tree growth. The shape of the burned areas (white) can be attributed to a
variety of factors including fuel discontinuities, the location of the lightning strike, fire
brands (causing the smaller burned patches), shifting winds, and other factors such as
those listed in Table 4.1. The fire burned until extinguished in the fall by rain and snow.

Rainier National Park and found no indication of an equilibrium landscape.
Botkin (1980) found no a priori reason for equilibrium landscapes to occur, and
paleoecological studies (Webb 1981; Davis 1981) suggest that the time scale of
succession may overlap the paleoclimatological time scale more than ecologists
are accustomed to admitting. Thus, the equilibrium concept may be of little
value in many areas, whether for communities or landscapes.

4.1.2 A Brief Overview of Past Research on Wildland Fire

Of all the disturbances that affect the nature of vegetation mosaics, fire is un-
doubtedly the best studied. Many books have focused on the ecological effects
of fire (e.g., Kozlowski and Ahlgren 1974; Mooney et al. 1981; Wein and
MacLean 1983; Chandler et al. 1983; Pyne 1984; Lotan et al. 1985a), and various
techniques have been devised for determining the mean return interval (Arno
and Sneck 1977; Arno 1980; Swain 1980; Minnich 1983) and rate of spread
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(Rothermel 1983; Albini 1983, 1984) of fires in different regions. With regard
to North American wildland fires, the reviews of Wright (1974), Kilgore (1981),
and Heinselman (1981a, 1981b, 1985) are particularly noteworthy.

With few exceptions, ecological studies on fire have focused on (1) postfire
successional patterns, (2) fire frequency in relation to habitat and climate, (3)
plant adaptations for surviving fire or taking advantage of conditions created
by fires, (4) the significance of fire suppression, (5) factors affecting the spread
of fire, (6) the effects of fire on ecosystem processes, and (7) the use of fire as
a management tool. All have relevance to the objectives of landscape ecology
and many emphasize the role of fire in perpetuating a mosaic of community
types and age classes (e.g., Rowe 1979; Forman and Boerner 1981; Heinselman
1981a, 1981b; Minnich 1983; Habeck 1985). Although most studies have been
done on specific stands with relatively little attention to the significance of the
mosaic or combinations of perturbations contributing to fire susceptibility, the
development of regional landscape models (Johnson 1977; Kessell 1979; Romme
1982; Weinstein and Shugart 1983; Shugart and Seagle 1985), combined with
significant advances in understanding flammability (Brown 1975; van Wagner
1977; Rothermel 1983; Albini 1984; van Wagtendonk 1985; Andrews 1986), have
set the stage for research on fire ecology from a landscape perspective.

The gradient modeling approach of Kessell (1976a, 1976b, 1979) and his as-
sociates was one of the first landscape studies with a focus on fire. Kessell
found relationships between fuel characteristics and various environmental
gradients in Glacier National Park, and then conducted a detailed hectare-by-
hectare inventory of portions of the park, measuring the critical environmental
factors in each landscape ““cell.”” With this information accessible by computer,
park managers could then predict the probability that a fire starting in one cell
would spread to adjacent cells. Kessell recognized that predicting weather con-
ditions and the potential for crowning and spotting by fire brands were prob-
lematical, but his approach illustrated a new application of traditional meth-
odology to questions about landscapes.

Other landscape models also require dividing the terrain into cells. For ex-
ample, Hett (1971), Romme (1982), and Weinstein and Shugart (1983) developed
models that permitted the calculation of changes in landscape characteristics
over time, for example, the percentage of the area in various successional stages.
Although they provided insights into landscape dynamics, these studies did not
establish the importance of patch proximity (or juxtaposition), and, as with the
studies of Kessell, they did not incorporate the causes of flammability. As de-
scribed below, there are a variety of processes that affect flammability and are
sufficiently well understood to include in future, less empirical models that
portray the dynamics of the vegetation mosaic.

4.2 The Natural History of Flammability

Flammability can be defined as the relative ease with which a substance ignites
and sustains combustion (Wein and MacLean 1983, p. 301). Although flam-
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mability would appear to be a simple function of fuel accumulation during
succession, there are various factors that must be considered to gain a more
mechanistic understanding of why some areas burn more frequently or more
intensely than others. This is true regardless of whether the focus is on factors
affecting the spread of fire within one patch of the mosaic or from one patch
to another. Great strides have been made in measuring flammability, especially
fuel loadings (Brown et al. 1982), and various models exist for predicting the
rate of fire spread (Rothermel 1983; Albini 1984; Andrews 1986). In this section
I review some of the possible mechanisms whereby flammability increases or
decreases (Fig. 4.4}, particularly with regard to parasites in forest ecosystems.

Flammability is a function of drying, wind, plant species composition, the
fuel complex where ignition occurs, and the fuel complex of adjacent patches
of the landscape mosaic (Fig. 4.4). Each of these factors is affected in turn by
others; for example, the fuel complex can become more flammable through the
effects of suppression mortality, plant growth, parasites, or wind storms (Lotan
et al. 1985b). Such factors can modify fuel continuity, porosity, surface/volume
ratio, and dead/live biomass ratio—all of which affect flammability. One fire
may reduce the probability of another (I.otan et al. 1985b), as in the case where
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Figure 4.4. A diagram illustrating various biotic and physical factors that have positive
(+) or negative (—) effects on flammability, as discussed in the text. Some factors are
included more than once because they may contribute to the development of flammability
in various ways.
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forest fuel continuity does not extend into the canopy because of frequent sur-
face fires.

4.2.1 Drying

Climatic drought, microclimatic conditions caused by topography, rapid tran-
spiration due to the development of high leaf area, a more open stand structure,
or the proximity of open areas can lead to drying that greatly increases flamm-
ability if all other conditions are favorable as well (Fig. 4.4). Open stand structure
can be caused by suppression mortality or wind storms, but Furyaev et al.
(1983) suggested that the spruce budworm can be another important cause in
the boreal forest of eastern Canada. They observed that portions of the spruce-
fir forest often remain quite moist throughout the year, and that flammability
could increase after budworm infestations that open up the forest canopy, caus-
ing more drying of understory fuels due to more air movement and light pen-
etration. They described a similar phenomenon caused by other insects for
Siberian fir forests in the Soviet Union, and Brown (1975) suggested the potential
for drying in the northern Rocky Mountains after mountain pine beetle infes-
tations. Furyaev et al. (1983) lamented the lack of data to test their Insect-Fire
Hypothesis, and acknowledged that changes in the fuel complex after infes-
tations could be important as well. However, even if the forests would burn
without the insect infestations (e.g., during infrequent drought years), the insects
probably do affect the mean fire return interval as well as fire intensity, the
size and shape of the area burned, and postfire successional patterns.

4.2.2 The Fuel Complex

Many studies have identified insects and other pathogens as important factors
in increasing fuel continuity, porosity, dead/live ratios, and surface/volume ratios
(Wright and Heinselman 1973; Brown 1975; Johnson and Denton 1975; Kilgore
1981; Schowalter et al. 1981, 1985; Heinselman 1983), but recent research has
provided more details on the mechanisms involved, some of which are coun-
terintuitive. For example, outbreaks of mountain pine beetle in western North
America may create patches of dead trees which appear very flammable. How-
ever, a recent study (Romme, Knight, and Fedders, in preparation) found that
whereas flammability may increase for a year or two while the dead leaves
persist on the trees, leaf fall is quite rapid and fuel continuity in the canopy
may actually decrease for 20 years or more after the infestation. The accelerated
growth of understory trees (Romme et al. 1986) and the toppling of the insect-
killed trees may eventually enhance flammability, but not in the initial decade
as is often thought.

“Other factors must be considered as well in evaluating the effect of insects
on the fuel complex. Stocks (1985) studied the effect of spruce budworm out-
breaks on flammability in Ontario, observing that fire spread may be restricted
for a few years by the moist understory vegetation which sometimes proliferates
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after canopy defoliation. Another factor to consider in some areas may be re-
duced transpiration due to lower leaf area, which could preserve higher fuel
moisture levels as a result of lowered rates of soil drying. Prescribed burns on
the humid southeastern coastal plain have been observed to bypass patches of
forest killed by the southern pine beetle, perhaps because of higher moisture
content or lower concentrations of the flammable extractives in older fine fuels
(T.M. Williams, personal communication).

Other insects may have similar effects, whether in terms of enhancing
flammability or delaying its development, and, of course, fire suppression has
been suggested as favoring conditions that lead to insect outbreaks, which in
turn may enhance the probability of the next fire (Amman 1977; Peterman 1978;
Schowalter et al. 1981, 1985; McCune 1983; Heinselman 1983; Waring and
Schlesinger 1985; Stocks 1985). Although weather conditions favorable for hot
fires may override the more subtle effects of insects, the interaction between
insect outbreaks and fuel dynamics (flammability) appears to be significant.
More research is needed to quantify the relationships.
~ Mistletoe, a common parasitic angiosperm on conifers, also affects the fuel
complex, especially in terms of fuel continuity. Abnormal branching on infected
trees creates living clumps of flammable fine fuels that, furthermore, serve to
catch and accumulate litterfall (Hawksworth 1975; Alexander and Hawksworth
1975; Zimmerman and Laven 1984). Flammable resin-filled burls may also form
(Wicker and Leaphart 1976). A fireball often results when such branches are
ignited, which in turn may ignite the canopy, and flaming ‘*witches brooms™
may roll downhill or be carried aloft in convection columns, thereby causing
spot fires (Alexander and Hawksworth 1975; Albini 1983). Different fuel con-
figurations may be caused by mistletoe depending on whether the brooms are
retained on the tree, as in ponderosa pine, or if they fall to the ground as in
western larch and Douglas fir (Wicker and Leaphart 1976).

As with insects, fire suppression may enhance the spread of mistletoe (Wicker -
and Leaphart 1976; Zimmerman and Laven 1984), thereby hastening the de-
velopment of conditions favorable for a larger, more intense fire. Thus far there
is no indication that mistletoe increases or decreases tree susceptibility to other
diseases or insects, for example, the mountain pine beetie (Hawksworth et al.
1983), but reduced tree vigor from any cause may increase susceptibility to
parasitism (Berryman 1972; Raffa and Berryman 1982; Cates et al. 1983; Waring
and Pitman 1983).

Trees damaged by lightning, wind, or fire may serve as epicenters for the
spread of parasitism in coniferous forests, which may slowly enhance flamm-
ability (Taylor 1973; Schmid and Hinds 1974; Schowalter et al. 1981). One par-
ticularly appropriate example of such interactions was reported by Coulson et
al. (1983) for the southern pine beetle. Lightning-struck trees may not ignite,
and often they are not killed, but the beetles are able to locate damaged trees,
probably because of increased terpene emissions (Krawielitzki et al. 1983), While
ice storms and wind could also be important in creating epicenters, Coulson
et al. think that lightning is the only disturbance that is sufficiently frequent to
be a primary component in the evolution of the beetle’s life history. In some
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parts of the beetle’s range, lightning strikes may occur at the rate of 45 to 180
per square mile per year (Coulson et al. 1983).

Other studies have reported the mortality of groups of trees as a result of
nonpyrogenic lightning, with the cause sometimes thought to be root rots (Taylor
1973). In addition to being epicenters for the spread of parasitism, whether by
insects or fungi, wind damage may increase as gaps are created in the canopy.
Flammability may increase in either case. Interestingly, Royama (1984) found
no evidence for the importance of epicenters during outbreaks of the spruce
budworm.

Fire itself may create favorable conditions for the perpetuation of some tree
parasites, primarily because of the fire-damaged survivors that always occur.
Geiszler et al. (1980) and Gara et al. (1985) concluded that fire-damaged lod-
gepole pine are more prone to certain fungal infections, and that these trees
are more susceptible to mountain pine beetle infestation. Schowalter et al. (1981)
hypothesized a similar situation with the southern pine beetle in the coniferous
forests of the southeast. The beetle population reaches epidemic numbers when
stand conditions are right, leading to rapid changes in the fuel complex and the
eventual enhancement of flammability. The next fire creates more fire-damaged
survivors, which serve as epicenters for the next wave of fungal and beetle
parasitism (Fig. 4.5). Other studies also suggest how pathogens may predispose
trees to beetle infestations, for example, root rots (Gara et al. 1985; Tkacz and
Schmitz 1986). Various mechanisms may be involved including (1) the fungal
oxidation of alpha-pinene to trans-verbenol, a beetle aggregating pheromone;
or (2) the reduced vigor of infected trees, which may limit their capacity to
resist insect invasion.

Fungi may also play a more direct role in the development of flammability,
for example, root rot (Dickman 1984), blister rusts, and oak wilt fungi. Some
depend on insects as vectors, suggesting a mutualistic relationship (for example,
the case of blue stain fungi and the mountain pine beetle; Amman 1978).
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SUSCEPTIBLE F%ﬁggﬂéfsﬂégY
TOBEETLES
FUNGAL
INFECTION FIRE
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4.2.3 Plant Species Composition

A primary objective of many ecological studies has been to determine the factors
affecting community species composition, and some of these studies are relevant
to the natural history of flammability. In addition to illustrating further the effect
of parasites, this research has provided evidence that certain species are more
flammable than others. Thus, cycles of flammability may depend on the species
composition of the live biomass as well as drying conditions, wind, and char-
acteristics of the detritus (Fig. 4.4).

With regard to parasites, some tree species are more susceptible to infection
than others. For example, the pines are much more susceptible to mistietoe
than are the various species of spruce and fir, and thus mistletoe will play a
role in causing flammability only when pines are common. Because the pines
are usually seral species, Tinnin (1984) suggested that mistletoe tends to per-
petuate conditions favorable for the persistence of pine, even to the extent of
increasing the probability of the next fire, which perpetuates an abundance of
the pines on which the parasite depends. Fire suppression seems to have led
to an increased abundance of mistletoe (Alexander and Hawksworth 1975;
‘Wicker and Leaphart 1976; Zimmerman and Laven 1984), and probably a more
rapid development of flammability. It appears as though the spread of mistletoe
serves as a feedback mechanism for perpetuating the species on which it de-
pends. Of course, spruce-fir forests are often quite flammable, even without
parasites, due to the higher fuel continuity which exists in all-aged or uneven-
aged stands.

Another example of differential susceptibility is the case of the spruce bud-
worm. Balsam fir is more susceptible than white spruce, which in turn is more
susceptible than black spruce. Jack pine, aspen, and birch are not susceptible.
Thus, conditions favorable to the establishment of the nonsusceptible species
could delay the occurrence of fire unless other mechanisms exist for accelerating
flammability over and above what would be expected by biomass accumulation
without perturbations. The western spruce budworm may have similar effects
(J.K. Brown, personal communication), and Dickman (1984) describes a com-
parable example for the root rot Phellinus weirii, which infects western hemlock
more readily than lodgepole pine in Oregon. With sufficient time between fires,
the more susceptible hemlock may replace the pine during succession, with the
root rot then accelerating the development of flammability.

Emphasis on species differences should not overshadow differences in gen-
otypic and phenotypic variability within a species. Various investigators present
evidence that some individuals of a species may be more susceptible to para-
sitism (Edmunds and Alstad 1978; McDonald 1981; Cates et al. 1983; Dinoor
and Eshed 1984), and several studies have found that environmental conditions
leading to reduced vigor will increase susceptibility (Raffa and Berryman 1982;
Cates et al. 1983; Matson and Waring 1984; Waring and Pitman 1983, 1985).
Such studies have great relevance to forest management programs in which
pest control is desirable.

Another dimension to the effect of species composition on flammability was
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outlined with the hypothesis that some species may evolve structural or chemical
characteristics that increase flammability (Mutch 1970). While ecologists usually
focus on adaptations for maximizing photosynthesis or minimizing the effects
of herbivory or fire, Rundel (1981) suggests that fire-dependent plants could
also have evolved features that increase fire frequency. Such features include
the production of more flammable tissues, the development of live tissues with
a relatively low moisture content, or fuels that decay more slowly and thereby
lead to a more rapid fuel buildup. Testing such hypotheses is difficult because
what is perceived as an adaptation for enhancing flammability may actually be
an adaptation for some other environmental stress (Christiansen 19853).

4.2.4 The Adjacent Fuel Complex

The susceptibility of any particular patch in the landscape mosaic to being
burned is, to some degree, determined by the flammability of the adjacent fuel
complex. Many have noted how flammability tends to increase with forest age,
but Heinselman (1985) observed that young stands may burn as well once a
major fire is underway, and Weinstein and Shugart (1983) made the assumption
that when one unit of a landscape mosaic becomes highly flammable, adjacent
units become more susceptible to “‘fire invasion.”” Although this is surely true
to some degree, Despain and Sellers (1977) observed that forest fires in Yel-
lowstone National Park became much less intense, or were even extinguished,
when the advancing flames reached a tract of young forest with a much less
flammable fuel complex. Minnich (1983) noted the same phenomenon for cha-
parral in California. Such observations suggest that the juxtaposition of young
and old stands could reduce significantly the flammability of the landscape as
a whole, a proposition commonly cited when discussing the landscape homog-
enization that could result from fire suppression (Minnich 1983; Habeck 1985).
Heinselman (1985) suggested that the probable path of fires often can be pre-
dicted by mapping stands of old growth downwind from ignition points, which
brings to mind the gradient modeling approach of Kessell (1979). Because such
stands often are not large, fire spread may be restricted by stand age and/or
less flammable patches of the vegetation mosaic (Despain and Sellers 1977;
Romme and Knight 1982; Minnich 1983; Despain 1985). Some forest types may,
in fact, function as natural fire breaks, for example, stands of red alder in the
Pacific Northwest (J.F. Franklin, personal communication).

More is involved, however, than simple contrasts in forest age, and in some
areas age may not be that important (Brown 1975; Lotan et al. 1985b). Hein-
selman (1985) and van Wagner (1983, 1985) suggested that young boreal forests
are as flammable as older forests, and Franklin and Hemstrom (1981) noted
that young forests (25 to 75 years) in the Pacific Northwest appear to be more
flammable than older forests. Fuel continuity may be higher in younger forests,
when more of the fuel is near the ground and, consequently, less heat is required
to ignite the canopy. Van Wagner (1978) noted that the rate of fire spread could
be highest in young stands, lowest in mature stands, and high again in very old
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stands. Thus, in boreal forests and elsewhere the proximity of young stands
could greatly facilitate fire spread into old stands, or vice versa.

Fire spread to other landscape patches also can occur through spotting, that
is, the wafting of ‘‘fire brands’’ by convective columns to some point downwind
{Albini 1983; Stocks 1985; Pyne 1984). Although common, stand ignition in this
manner depends more on the intensity and duration of ‘‘fire brand showers,”
and on in situ flammability, than on the adjacent fuel complex.

Understanding fire spread from one patch to another is central to the theme
of landscape ecology, regardless of whether the goal is characterizing the
flammability of the entire landscape or one patch in the mosaic. The variety
of patch types and patch juxtaposition seem to be as important as the factors
discussed previously which affect in situ flammability. The extent to which fire
spreads from one patch to the next will depend on the contrast in fuel conditions
between the two patches, with fire spread occurring until the heat generated
is inadequate for the pyrolysis and ignition of additional fuel particles (as dis-
cussed below). Of course, spotting by fire brands may negate the effect of fuel
discontinuities if the brands can be wafted to a more flammable patch downwind.

4.3 The Natural History of Ignition

Ignition of the fuel complex becomes increasingly probable as the level of
flammability increases, whether due to stand age or other physical and biotic
factors, and at some point a fire is initiated by lightning or humankind. Although
in some areas the frequency of fire may be affected by human activities, Hein-
selman (1973) and van Wagner (1983, 1985) suggested that the ignition source
is relatively unimportant compared with the fuel loadings and weather at the
time. Others have suggested that the influence of native North Americans has
been underestimated (e.g., Gruell 1985), arguing that the less extensive coverage
of closed forests in presettlement times was due to more frequent anthropogenic
fires. Such fires could have been caused by lightning as well, even in grasslands
(Komarek 1964), but regardless of the ignition source their effect probably was
to create more frequent surface fires which, in some areas, may have slowed
the development of flammability. The presence of humans, and their rationale
for starting fires, surely represents another biotic influence on the shifting Jand-
scape mosaic. But can the same be said for ignition by lightning? Do the biota
facilitate ignition, over and above their effects on the development of flamm-
ability, and are lightning strikes affected by the biota? Information pertaining
to these questions is reviewed in the following sections.

4.3.1 Ignition
Before combustion can occur, sufficient heat is necessary to dehydrate the

fuels; initiate the pyrolysis (volatilization) of various organics, including ter-
penes, fats, oils, and waxes; and ignite the gases produced by pyrolysis, thereby
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creating flaming combustion (Rundel 1981; Pyne 1984). Once the fuels have
been dehydrated, ignition usually occurs at 500 to 700°C. Glowing combustion
or smoldering may occur as well as flaming combustion, and is especially im-
portant because it produces more heat per gram of fuel, causes more root dam-
age, accounts for most forest floor combustion, and provides a persistent source
of ignition, for example, by sustaining the combustion of fire brands or smol-
dering logs (Taylor 1973; Agee 1981; Minnich 1983; Gara et al. 1984, 1986)
which may be the ignition source for large fires after long delays. Fire spread
will depend, of course, on the degree of flammability that has developed at the
time, and will continue until fuel characteristics, oxygen, or heat fall below
critical levels. The fact that these conditions are not easily maintained accounts
for the observation that most forest fires burn less than a hectare (Pyne 1984).

There are various ways in which biotic influences or biotic characteristics
could influence the amount of heat required for ignition. To illustrate, some
plant materials do not dry as rapidly as others, due perhaps to better stomatal
control or other mechanisms for maintaining water within the plant tissues
(which may be a function of habitat). For example, van Wagner (1977) suggested
that crown fires may not develop in aspen forest as readily as in coniferous
forests because plant moisture content usually remains above 140%, compared
with the 70 to 130% moisture which supports crown fires in adjacent conifers.
Thus, the heat required for aspen dehydration could exceed the heat generated
by the ignition source. Dead forest fuels are often classified into 1-, 10-, 100-,
and 1000-hour categories, a classification based on the estimated amount of
time required for dehydration to a certain level when subjected to drying (Roth-
ermel 1983; Pyne 1984).

Also, different plant species or different plant materials could produce more
or less flammable gases per British thermal unit (btu). For example, decaying
wood gives off gases more readily than the wood of intact trees, even if moist,
and some species apparently produce more volatile organics than others (Rundel
1981). It seems plausible that parasites could facilitate the production of flam-
mable gases.

Most ignitions in forests seem to occur first in the forest floor or litter layer,
probably because the fine fuels there are more compact and continuous. Van
Wagner (1977) defines the conditions under which three different kinds of crown
fires can develop, noting that usually a surface fire is necessary first because
the crown by itself does not generate enough heat for dehydration, pyrolysis,
and combustion. Wind is important for the starting and maintenance of crown
fires, as is the height above ground to a minimum fuel bulk density (the fuel
ladder concept). Thus, as discussed in the context of flammability, various biotic
factors can have a significant effect on whether or not a crown fire develops.

4.3.2 Lightning

Bolts of lightning strike the earth thousands of times every day (182 million
strikes per year for the earth), but less than 1% start fires (Taylor 1973). In
part this low percentage can be attributed to conditions of low flammability at
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the place and time of the strike, in particular the fact that many strikes occur
during rain storms, but the nature of the lightning strike is important also. All
strikes have tremendous amounts of energy, but some, the long-continuing
strikes which last about 100 msec, are hotter than ‘‘fast lightning”’ and are of
sufficient duration to increase dramatically the chances of dehydration, pyro-
lysis, and flaming. Such strikes have sufficient energy to rupture a live conifer,
creating a ‘‘shower”” of fine fuel particles which undergo pyrolysis in msec and
flash into a fireball that in turn ignites other fine fuels (Taylor 1973). In western
North America, where up to 70% of the fires are caused by lightning, less than
20% of the lightning strikes are of the long-continuing variety (Taylor 1973).
Of course, as discussed previously, all lightning strikes may have an indirect
effect on flammability by creating additional fuel or providing a favorable en-
“vironment for the rapid population increase of a parasite. By various means,
lightning and/or parasites alter ecosystem structure in ways that affect flam-
mability.

But is it reasonable to think that the precise location of a lightning strike
could be influenced by the biota? Are snags or certain species more susceptible
to lightning strikes? The answers to such questions are inconclusive, partly
because of the difficulty of obtaining data. Often the ignition point can be de-
termined if a fire is started, but the target of nonpyrogenic lightning is very
difficult to ascertain. The available data are often imprecise or circumstantial,
but are worthy of consideration nevertheless.

One of the earliest studies of lightning-caused forest fires was done by Bar-
rows (1951), who found that the “‘first-ignited fuels’” of 11,835 fires in the north-
ern Rocky Mountains were, in decreasing frequency, snags 34%, duff on the
ground 30%, wood on the ground 12%, green tree tops 10%, and miscellaneous
other ignition points 14%. Barrows’ data suggested that aerial fuels were ignited
in 48% of the fires, which is higher than data reported by others (Plummer 1912)
and which contradicts the theoretical conditions for a crown fire outlined by
van Wagner (1977). Dead trees probably ignite more readily than live trees,
and thus are more visible than lightning-struck live trees which do not ignite.
Coulson et al. (1983) suggested that live, well-hydrated trees, with their roots
in wet soil, should provide an electrical path of lower resistance than would a
dead, dry tree, and Chapman (1950) reported that most strikes were to live
trees in southeastern long-leaf pine forests, but the available information is
inadequate for confident statements about the mechanisms determining the
precise location.

Once started, some fires create another source of ignition, namely fire brands
(Albini 1983; Pyne 1984; Stocks 1985). The ‘‘rain of fire brands’’ that may occur
causes ‘‘spotting’’ downwind and can greatly magnify the effect of a single
lightning strike. Furthermore, such ignitions facilitate fire spread across fuel
discontinuities or other barriers.

The geography of lightning has been the subject of several studies, with the
objective of determining whether some areas or forest types have a higher risk
of strikes than others. Such work has involved the mapping of lightning fire
zones, which Kourtz (1967) concluded do exist. One of the more detailed studies
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of this nature was that of Asleson and Fowler (Asleson 1975; Fowler and Asleson
1982; Fowler and Asleson 1984), who did a locational analysis of fires in northern
Idaho. Although their data were based on fires, not strikes, their results sug-
gested that grand fir forests, cedar-hemlock forests, and Engelmann spruce-
subalpine fir forests were more likely to be ignited by lightning than would be
expected based on the area each occupied. These results probably are due more
to the fuel conditions that develop in these forests, or their topographic position,
than to some inherent characteristic of the trees themselves. They found that,
of 2087 fires, only 18% occurred below the upper two-thirds of the mountain
(49% occurred on the upper one-third). Combining various factors, they con-
cluded that the forests with the highest risk of lightning fire were those dominated
by hemlock or Engelmann spruce and subalpine fir and occurring on the upper
half of slopes perpendicular to the most common storm tracks. Similar studies
were done by Hemstrom (1982) and Vankat (1985) in Mount Rainier National
Park and Sequoia National Park, respectively.

Every lightning strike creates radio waves which can be used to locate the strike
by triangulation. This principal has been adopted by industry (e.g., Lightning
Location and Protection, Inc., Tucson, Arizona) for developing instrumentation
capable of producing daily “‘lightning maps’ for large areas. For example, this
technology detected 786 ground strikes over Yellowstone National Park and vi-
cinity during a 2.5-hour period on June 27, 1986; five fires were started but none
continued to burn (D.G. Despain, personal communication). A more precise
analysis of lightning strikes$, as opposed to lightning-caused fires, may be possible
as such data sets develop.

4.4 The Vegetation Mosaic in Nonforested Landscapes

Most studies in landscape ecology have tended to focus on regions dominated
by forests, in part because many wildlands occur in regions of coniferous forest
but also because boundaries between forests of different ages persist for many
years and are easily detectable. The mosaic is very obvious, whether in a wil-
derness or an agrourban landscape, and the pattern clearly is not a simple func-
tion of environmental gradients.

Coniferous forests in particular lend themselves well to studies on the causes
and patterns of the vegetation mosaic. Stand-replacing fires characterize such
areas, along with significant episodes of parasitism, and, unlike many deciduous
forests or chaparral, sprouting as a means of forest regeneration is a relatively
rare phenomenon. Thus, the rate of recovery may be slower than in stands that
develop by sprouting and the time available for occupancy by other species
may be longer (Fig. 4.6). At the opposite extreme from coniferous forests are
perennial grasslands, where very little structure develops aboveground, the fuel
complex is more a function of annual shoot senescence than plant death or
fragmentation, and a fire does not normally kill the plants. Recovery is rapid,
being simply a matter of regrowth from live root crowns or rhizomes, and op-
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Figure 4.6. A generalized depiction of the possible relationships between the capacity
for sprouting in various vegetation types, the rate of vegetation recovery after fire or
some other major disturbances, and the time available after a disturbance for occupancy
by new species. With some exceptions, coniferous forest mosaics may be more variable
in space and time due to a lack of sprouting and relatively slow rates of patch recovery,
as discussed in the text.

portunities for the invasion of pioneer species are limited. Some chapparal
landscapes are very similar to grasslands in this regard, though fire frequency
and the pattern of flammability development are quite different (Minnich 1983).
The vegetation mosaic at the landscape scale in deserts or tundra may be affected
by disturbances also, but environmental gradients probably are more influential
under such rigorous climatic conditions.

Intermediate between grassland and coniferous forests are (1) deciduous for-
ests, where some mortality may occur after fire; (2) mixed conifer-hardwood
forests, where a large proportion of the stand may be killed resulting in a slower
recovery; or (3) shrub-dominated grassland$ such as sagebrush steppes where
the shrubs may be killed by fire but most of the grasses and forbs are not. In
the case of sagebrush steppe, recovery to the original composition is slower
than grassland without sagebrush, but little opportunity exists for the invasion
of other species (except for certain exotic species or under conditions of heavy
grazing).

Vegetation mosaics caused by historical perturbations certainly must exist
in landscapes dominated by deciduous forests or grasslands, where fires or
other disturbances also have limits to their spread and where shifts in species
composition occur at various scales including that of the landscape. Regrettably,
the extensive tracts of deciduous forest, grassland, and shrubland required for
such studies are difficult to find, if indeed they still exist at all.
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4.5 Summary

The vegetation mosaic in wilderness landscapes at any particular time is de-
termined by a broad range of factors including environmental gradients, con-
tinuing climatic change that may foster gradual changes in species composition,
elements of chance with regard to location of ignitions and barriers to fire spread,
and small scale disturbances that may increase the probability of larger scale
conflagrations. In this chapter I have reviewed several mechanisms whereby
biotic factors interacting with physical factors (even nonpyrogenic lightning)
may enhance the probability of a fire occurring sooner (or later) than it might
otherwise. The mechanisms seem intuitive and logical, though many must still
be viewed as hypotheses and their importance will vary with vegetation type
and position in the landscape.

Although one of the major challenges for landscape ecologists interested in
wildlands is to deal simultaneously with the environmental and disturbance
variables that cause the nature of the vegetation mosaic, an even greater chal-
lenge is understanding the ecological significance of the mosaic. What changes
occur if the mosaic becomes homogenized due to fire suppression, or if the
mosaic is modified as a result of timber harvesting or prescribed burning? What
is the effect of having many small, contrasting patches instead of fewer large,
contrasting patches? Answers to such questions are inherently interesting be-
cause wilderness landscapes were the setting for the evolution of most organ-
isms, but also because one of the most conspicuous and universal effects of
land management activities is to change vegetation mosaics. More efficient re-
source utilization and conservation could result when the importance and dy-
namics of the mosaic are understood as well as the dynamics of the patches.

Some interesting research on the significance of patch juxtaposition has al-
ready been done. For example, various studies have shown how fire spread
may be retarded by a patchy vegetation mosaic (e.g., Minnich 1983; Heinselman
1985), and watershed hydrologists in the Rocky Mountains can now prescribe
vegetation mosaics that maximize streamflow (Leaf 1975). Optimal mosaics for
certain wildlife species also can be prescribed in some areas (Thomas et al.
1976; Harris 1984). Less information is available on the importance of the mosaic
to, for example, (1) the preservation of biotic diversity; (2) maintaining a certain
level of primary or secondary productivity; (3) the spread of weeds and the
probability of insect epidemics or other disturbances; and (4) nutrient fluxes
that could affect site productivity or streamwater quality. The results of wildland
studies may be different from those for agrourban landscapes, but the insights
gained could be useful to land managers everywhere.
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