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ABSTRACT

I investigated the radial growth responses of giant sequoia (Sequoiadendron

giganteum) to fire in Sequoia and Kings Canyon National Parks. Mean ring-width

indices were used to compare growth between burned and unburned sites and between

four different levels of fire severity. Mean growth increased in all sites in the post-

burn periods relative to pre-burn periods. Favorable climatic conditions contributed

to these growth increases. Post-fire mean growth for four out of seven burn sites,

however, was significantly higher than that on unburned sites. In general, lower

severity fire resulted in lower magnitude growth increases than those observed after

moderate to higher severity fire. Very high severity fire that caused extensive foliage

damage resulted in post-burn growth suppressions.

Post-fire growth increases occurred whether post-burn years were wet or dry.

Fire effects on site conditions may moderate climatic impacts on sequoia growth.

Giant sequoia seedling establishment was favored by a combination of high severity

fire and wet post-burn conditions.
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CHAPTER 1- INTRODUCTION AND OBJECTIVES

Disturbance is both a major source of temporal and spatial heterogeneity in the

structure and dynamics of natural communities and an agent of natural selection in the

evolution of life histories (Sousa 1984). In the giant sequoia (Sequoiadendron

giganteum)-mixed conifer forests of the Sierra Nevada, fire has clearly been an

important disturbance factor for many millennia (Swetnam 1992, 1993; Anderson in

press), and the fire-adapted physical traits and life history of giant sequoia suggest

that the species has evolved with a disturbance regime of frequent fire.

After the establishment of Sequoia and General Grant (later to become Kings

Canyon) National Parks in 1890, a National Park Service policy of fire suppression

resulted in the longest fire-free interval in sequoia groves for at least the past several

thousand years (Swetnam 1992; Parsons in press). Fire suppression resulted in an

unnatural accumulation of fuel, particularly in the sequoia and mixed conifer forests

(Parsons and DeBenedetti 1979; Bancroft et al. 1985). The removal of fire also

increased the density of fire-intolerant species such as white fir (Vankat 1977; Parsons

and DeBenedetti 1979; Bonnicksen and Stone 1981). This increase in both dead and

live fuels has increased the hazard of large, high intensity fires which were probably a

rare occurrence in presettlement time (Kilgore 1971; Bonnicksen and Stone 1981).

The increased density of the mixed conifer forest as a result of fire suppression has
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probably also made the effects of drought and the resultant competition for moisture

more acute (Sequoia and Kings Canyon National Parks 1991).

The 1963 Leopold report (Leopold et al. 1963) pointed out the importance of

fire in shaping natural communities. This report resulted in a shift in National Park

Service policy in 1967 from suppression of all fires to a policy allowing natural fires

and prescribed burning in addition to suppression of wildfires (Bancroft et al. 1985).

The Sequoia and Kings Canyon National Parks implemented a prescribed natural fire

program in 1968. Since the initiation of this program, 3,643 of the 10,810 acres

(33.7%) of giant sequoia groves in the two parks have been burned by management

ignited fires (Parsons in press). In 1985, concern over the visual impacts of

prescribed burning (creating and enlarging fire scars and causing bark char) resulted

in a one-year suspension of the prescribed fire program (Parsons 1990). The National

Park Service appointed an independent panel of outside experts to review the

prescribed fire program in sequoia-mixed conifer forests (Stephenson et al. 1991).

The panel evaluated the status and scientific basis for the burn program. While

generally supporting the program objectives, the panel identified the need to better

understand natural fire regimes, including the ecological effects of fires of variable

frequency and intensity (Christensen et al. 1987).

In response to questions raised by the panel, a comprehensive research

program was undertaken to better characterize the natural fire regime in giant

sequoia-mixed conifer forests (Parsons 1990). One part of this program was a fire



17

history study which resulted in a detailed, multi-millennial record of fire frequency

for five giant sequoia groves and provided additional information concerning fire

seasonality and fire-climate relationships (Swetnam 1992, 1993). However,

information is still lacking about the intensity (and/or severity) of past fires, and about

the effects of varying fire severity on sequoia growth.

Observations of increases in radial growth following fire dates on giant sequoia

cross-sections (Douglass 1971; Stephenson et al. 1991; Swetnam 1992) led to a

hypothesis that radial growth responses of giant sequoia to fire are proportional to fire

severity. Mechanisms of such a relation include the proportional effects of fire

severity on altering tree-to-tree competition and soil nutrients. If a relationship can be

established between fire severity and post-fire growth response patterns in giant

sequoia, it may be possible to estimate presettlement fire severities from analysis of

growth patterns associated with known fire scar dates.

The main objective of this study was to determine if post-fire radial growth of

giant sequoias on prescribed burn sites in Sequoia and Kings Canyon National Parks

was differentially affected by fires of varying severities. These recent burns (between

1977 to 1985) allowed visual estimation of fire severity in terms of fire impact on tree

species (mortality in different size classes, bark char, foliage damage, etc.). Sites

unburned for approximately 100 years were also sampled to compare sequoia growth

on burned versus unburned sites. Additionally, I evaluated radial growth-climate

relationships to determine if post-fire climate conditions affected the magnitude and
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duration of giant sequoia growth responses to fire and whether post-fire effects on site

conditions may have altered growth responses to climate. These investigations were

motivated by concerns expressed over possible negative impacts of burning during

drought years (R. Norum, personal communication).

A final objective was to evaluate effects of fire severity and different post-fire

climate conditions on sequoia seedling establishment, and to compare seedling

abundance on burn and control sites. Other research has suggested the importance of

fire-created canopy openings and changes in soil characteristics to successful giant

sequoia seedling establishment (Harvey et al. 1980; Harvey and Shellhammer 1991).

This study offered the opportunity to make observations of post-fire seedling

establishment for a range of fire severities and post-burn climate conditions.

In summary, the objectives of this study were as follows:

1) Examine the effects of various levels of fire severity on post-fire radial
growth of giant sequoias using comparisons of burned and unburned
sites for pre- and post-burn periods, unburned sites serving as
indicators of how sequoias respond to climate and other environmental
variables, in the absence of fire;

2) Evaluate the effects of post-fire climate on the growth response to fire in
giant sequoias, and conversely, determine if post-fire effects on site
conditions may alter or moderate the trees' growth response to climate;

3) Examine the effects of fire severity and climate conditions on post-fire
giant sequoia seedling establishment.
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CHAPTER 2- LITERATURE REVIEW

2.1 Distribution and evolution

Giant sequoias have a disjunct natural distribution. They are restricted to a

series of relatively distinct groves which extend about 240 kilometers (260 miles)

along the west side of the Sierra Nevada (Harvey et al. 1980). Giant sequoia groves

are mainly restricted to elevations between 1525 and 2290 meters (5,000 to 7,500

feet) but may be found growing naturally as low as 1,220 meters (2,700 feet) or as

high as 2,713 meters (8,900 feet). Most of the groves occur in the southern third of

the giant sequoia geographical range, in or near Sequoia and Kings Canyon National

Parks. Giant sequoias do not occur in pure stands but are associated with a variety of

other tree species: white fir (Abies concolor), sugar pine (Pinus lambertiana), incense

cedar (Calocedrus decurrens), black oak (Quercus kelloggii), and often Douglas-fir

(Pseudotsuga menziesii), red fir (Abies magnca), and/or Jeffrey pine (Pinus jeffreyi).

The combination and frequency of these species in groves depends on elevation,

latitude, exposure, soil moisture, and the length of time it has been since fire and/or

logging disturbance (Harvey et al. 1980).

Giant sequoias had a more widespread distribution in the past. The earliest

close relatives of the present species, Sequoia reichenbachi and S. couttsiae, were

distributed throughout Greenland, Alaska, Canada, and England during Cretaceous

and Tertiary times (Chaney 1951, as cited in Harvey et al. 1980). The oldest fossil
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"bigtree", or sequoia, communities that can be considered closely ancestral to the

living are of Late Miocene and Early Pliocene age (Axelrod 1959). The foliar and

reproductive structures of the Late Tertiary bigtree (S. chaneyt) are similar to those of

the modern giant sequoia, and most of its fossil associates are almost indistinguishable

from those in the present community (Axelrod 1959). These Late Tertiary forests

characterized by sequoia occurred in western Nevada (Axelrod 1959) and southern

Idaho (Axelrod 1964). Axelrod (1959) proposes that the ancestral sequoia forest that

occupied western Nevada during the Late Miocene migrated to the windward (west)

slopes of the Sierra Nevada as summer rainfall to the east of the Sierra Nevada

decreased during the Pliocene. The shift of the forest to higher altitudes would

compensate somewhat for the absence of summer rain because evaporation would be

reduced in the cooler temperatures. Increased winter precipitation on the west slopes

of the Sierra Nevada that accompanied the rise of the mountain range during the

Pleistocene would also provide a more constant source of groundwater throughout the

year (Axelrod 1959).

Both Muir (1876) and Axelrod (1959) describe the modern distribution of

sequoia groves as relict from a more extensive distribution on the west slope of the

Sierra Nevada that was split into isolated groves by Pleistocene glaciation. Cole

(1983), on the other hand, presents evidence that sequoias were present in moist

microhabitats at low elevations on the western side of the Sierra Nevada during the
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late Pleistocene (Wisconsin period) and that these populations probably spread upslope

to higher elevations during the Holocene.

Although climate is considered the dominant factor regulating past and current

distributions of giant sequoia, it is likely that fire has also been an important factor in

both the distribution and evolution of this species. The fire-resistant traits of adult

sequoias (see section 2.3) and the importance of fire to successful sequoia seedling

establishment (section 2.3 and chapter 6) suggest that giant sequoia populations have

evolved in environments that sustain frequent fire and that fire has perhaps shaped

both the physical characteristics of this species as well as its life history traits. Many

extant giant sequoia groves occur in proximity to oak woodland and chaparral,

community types prone to frequent fire (Parsons 1981). Evidence suggests that fire

historically spread from lower to higher elevations on the west slope of the Sierra

Nevada (Caprio and Swetnam in press), and the proximity of giant sequoia groves to

highly flammable community types such as chaparral may be important to the past

occurrence of frequent fire in sequoia-mixed conifer forests and to the species

composition of these forests.

2.2 Fire history

The importance of fire to the Sierran mixed conifer forests was noted by some

of the region's earliest naturalists and scientists. John Muir (1878) referred to fire as

the master controller of the distribution of trees. Jepson (1921) observed that the
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Sierra Nevada forests were clearly the result of periodic or irregular fires occurring

over thousands of years. Kotok (1930) stated that in some regions fire was the major

force that molded and shaped the character of the forest. More recently, Biswell

(1967) concluded that fires in the primitive forests played an important role in the

succession of species, resulted in a mosaic of even-aged stands, reduced fuel

accumulations and continually acted as a thinning agent.

The presence of fire scars on tree trunks, logs and snags in giant sequoia-

mixed conifer forests has allowed researchers to determine very detailed fire histories

of these forests. In the Redwood Mountain Grove of Kings Canyon National Park,

Kilgore and Taylor (1979) demonstrated that pre-settlement (pre-1875) surface fires

were relatively frequent with two to three year mean fire intervals within watersheds

of about 800 to 1000 ha., and five to nine year mean fire intervals in smaller sites of

3 to 16 ha. These fire-scar chronologies were based on specimens from pines, fir and

incense cedar and were used to estimate fire frequency variations within two

watersheds back to about A.D. 1700. Another study recently completed by Swetnam

(1992, 1993) spatially expanded and temporally extended the knowledge base of fire

history to other sequoia-mixed conifer groves in the Sierra Nevada by sampling

ancient fire-scarred sequoia logs and snags.

This study involved extensive sampling in five different sequoia groves and

presents some very important results concerning fire frequency, intensity, seasonality,

synchronicity between groves, and fire-climate interactions. A multi-millennial record
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resulted, with the oldest dated fire scar at 1125 B.C. For all groves, adequate sample

depth was obtained back to circa 500 A.D., allowing comparisons in fire frequency

through time between groves back to this period. Swetnam reports a maximum fire

frequency within sampled areas as high as 3 to 4 fires per decade. Lower fire

occurrence periods had 1 to 2 fires per decade, and occasional fire-free periods lasted

20 to 30 years. He found that fire occurrence among the five groves was partially

synchronized on centennial and annual time scales, indicating that regional climate

variations were important to sequoia fire regimes. Most presettlement fires were

recorded as latewood-type fire scars which indicated that most area burned in late

summer to early fall. He hypothesizes that the end of the episodic fire regime in the

late 19th century was primarily due to the introduction of intensive livestock grazing,

and subsequently, fire suppression by government agencies.

Historical accounts of pre- and post-settlement fires in the sequoia-mixed

conifer forest reveal that fires were mostly low intensity with patchy high intensity

(Stephenson et al. 1991). An unusual fire event in the year 1297 in the Mountain

Home grove suggests that large, high intensity fires may have burned through sequoia

groves on very rare occasions (Stephenson et al. 1991, Swetnam 1992). In this

grove, nine of 15 sampled sequoias recorded a fire scar at 1297, and all 15 trees

showed a tremendous growth increase following 1297 (Swetnam 1992). Eight of nine

trees sampled by A.E. Douglass in this grove also show a release at this date, and six

of the seven trees he sampled which postdated the 1297 fire apparently germinated
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within 20 years following the 1297 event (Stephenson et al. 1991, Swetnam 1992).

These researchers suggest that the 1297 fire was hot enough to kill competing trees

over a relatively large area, resulting in a substantial increase in light and water

availability which in turn resulted in a widespread growth release in the surviving

sequoias.

The detailed information that Swetnam (1992) has provided about the fire

regime of the sequoia-mixed conifer forests will be important in establishing a

relationship between fire frequency, fire severity and growth response of giant

sequoias to fire. It has been suggested that correlations exist among the

characteristics of a disturbance regime and community response to disturbance (Sousa

1984). An inverse relationship is often observed between disturbance size and/or

severity and disturbance frequency (Sousa 1984, Pickett and White 1985, Swetnam

1993). In fire regimes, interacting influences of the biotic and abiotic components of

the system help to establish this inverse relationship between severity and frequency

of fire disturbance. If ignition is limited to infrequent periods of severe drought, fuel

accumulation between fires is considerable, and larger, more severe fires are likely to

result. On the other hand, shorter intervals between fires will result in less fuel

accumulation and less severe fires. If the growth response of giant sequoia to fire is

related to the severity of the fire disturbance, one would expect to see growth

responses of smaller magnitude during periods of frequent fire compared to the

growth responses seen during periods of infrequent, more severe fires.
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2.3 Growth response of giant sequoia to fire

It is evident that giant sequoias have long been associated with fire

(Hartesveldt 1964, Swetnam 1992, Anderson in press). They have many ecological

adaptations to fire (Harvey et al. 1980). Their thick bark lacks flammable resin,

burns poorly and helps to insulate them from heat. They grow rapidly and their

elevated canopies and evanescent lower branches reduce the chance of crown fires and

tree death due to foliage damage. Giant sequoia have serotinous cones, and their

seeds have the greatest chance of success when they fall on soil cleared by fire or

erosion (Harvey et al. 1980). Sequoia are shade intolerant, and seedlings establish

best after fires which create openings in the forest canopy (Hartesveldt and Harvey

1967; Harvey and Shellhammer 1991; Stephenson in press).

Little research has been done to characterize the post-fire growth response in

sequoia or to identify the factors affecting this response. As early as 1964,

Hartesveldt observed that after two fires (1862 and 1889) in the Mariposa Grove in

Yosemite National Park, "...more than one-half of the cored trees showed a marked

growth increase in the middle 1860's, and several showed an increase immediately

after the fire of 1889". He attributed this increase in growth to temporary reduced

competition from associated trees which were damaged or killed by the fires, resulting

in improved soil moisture conditions for the more fire-resistant sequoias. Harvey et

al. (1980) observed that radial growth increased in some giant sequoias which were

subjected to treatment by fire and manipulation around them. Swetnam (1992) and
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his colleagues frequently observed growth releases in association with fire scars on

the sequoia cross-sections analyzed for their fire history study.

Somewhat more research attention has been focused on the post-fire growth of

sequoia seedlings. Kilgore and Biswell (1971) found an average of 22,000 sequoia

seedlings per acre on three experimental burn plots in Whitaker Forest (adjacent to

the western boundary of Kings Canyon National Park) one year after burning. No

sequoia seedlings were found on their control plot. They reported that the most

productive burn plot had both the greatest number of large sequoias per acre and the

hottest burning conditions.

Hartesveldt and Harvey (1967) conducted a combination of burning and

mechanical disturbance of soils on study plots located in the Redwood Mountain area

of Kings Canyon National Park. They found that sequoia seed germination and

seedling establishment are strongly related to manipulation disturbances to the

substrate, the opening of the forest floor to light and to the proximity of suitable

substrate with trees of heavy cone loading. In their study, the hotter fires seemed to

have produced conditions more ideal for seedling survival than light fires or other

conditioning of the substrate. Likewise, Agee and Biswell (1969) found that more

favorable conditions for giant sequoia seedling establishment and survival occurred on

a burned plot versus a plot manipulated for hazard reduction and scenic improvement

in Whitaker forest. They also found the highest sequoia seedling survival rates on
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wet microsites, indicating the beneficial influence of adequate soil moisture on

seedling survival.

Results of a 20-year study which quantified the efficacy of fire in promoting

sequoia reproduction and growth indicated that seedlings which become established on

burn pile soils survived better than those on other substrates during the first few years

(Harvey and Shellhammer 1991). Results from this study also suggested that besides

providing canopy openings and increased sunlight, hot fires may improve conditions

for sequoia seedlings by killing competing seeds, reducing soil pathogens, and

changing physical soil characteristics such as wettability.

Further evidence for the importance of fire to sequoia regeneration comes

from an age structure study in Sequoia National Park (Stephenson in press).

Sequoias were aged and mapped in four study stands, and most sequoias were found

to occur in even-aged clumps corresponding to known fire dates in the tree-ring

record (Stephenson et al. 1991; Stephenson in press). In two sequoia clumps, non-

sequoia species were dated as well, and only a few of these pre-dated the known fire,

implying that the fire burned hot enough to kill almost all the trees that had been

growing where the even-aged sequoias now stand (Stephenson, in press). Stephenson

suggests that most sequoia recruitment was limited to areas where fire killed all or

most of the canopy.

Climatic conditions in the several years following a fire also appear to be

important to the successful recruitment of sequoia seedlings. Seedling survival
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appears to be highest when the first one or two summers following a fire are wet

(Harvey et al. 1980; Stephenson in press). Harvey and his colleagues observed that

during the summer months, desiccation seemed to be the major factor in mortality of

seedlings. Stark (1968) found that once seedlings extend taproots into zones of

permanent and adequate moisture, growth is rapid. Wet conditions in the first

growing seasons following a fire may help to stimulate seedling root development

which enables seedlings to tolerate future droughts (Stephenson in press).

Clearly, the evidence is strong for fire as an important process in the

maintenance of natural sequoia populations. Harvey et al. (1980) warn at the end of

their book that "...without fires intense enough to open up the canopy, shade killing

of young sequoias may occur and leave only sequoias as successional relicts

surrounded by shade tolerant white firs."

2.4 Effects of fire on soil nutrients in giant sequoia-mixed conifer forests

Fire plays an important role in returning various mineral nutrients to the soil

in the giant sequoia-mixed conifer forest (Kilgore 1973). Abundant circumstantial

evidence suggests that nutrient interactions exist between plants and fire. This

evidence includes increased growth, accumulation of nutrients in foliage, and

increased flowering or other nutrient-demanding activities after fire (St. John and

Rundel 1976). Soil analyses of paired burn and control plots in the Redwood

Mountain grove of Kings Canyon National Park provide more direct evidence that fire
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may be able to act as a mineralizing agent (St. John and Rundel 1976). Data from

this study indicated that fire releases cations in inorganic form and that it can cause an

increase in soluble phosphorous. Fire was also found to cause an increase in soluble

nitrogen though at the expense of a loss of total nitrogen. St. John and Rundel

concluded that fire is an effective though not conservative mineralizing agent and that

plant species which either survive or germinate after a fire experience a nutritional

environment superior to the pre-fire condition.

A recent study by Gebauer (1992) examined differences in soil characteristics

among sites along a fire-induced age gradient in the Giant Forest sequoia-mixed

conifer grove in Sequoia National Park. Seven sites were compared on which fire

ages ranged from 3 months to approximately 100 years. She found that soil organic

matter, field capacity, permanent wilting point, soil magnesium and soil calcium

concentrations increase with increasing time since fire, while soil sodium

concentration decreases with increasing time since fire and soil pH and phosphorous

show no trends with time. Increasing ratios of carbon:nitrogen, carbon:phosphorous,

carbon:sodium and carbon:potassium suggested that litter quality and thus microbial

decomposition and nutrients available for plant uptake may decrease through time

following fire (Gebauer 1992). Gebauer suggests that reduction in nutrient

availability with time after fire may influence patterns of plant species recruitment. It

also is likely to influence short-term and long-term growth responses of surviving

vegetation to post-fire conditions.
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Sackett et al. (in press) state that as fire consumes forest floor material it

"drastically accelerates" the nutrient cycling process. They have measured available

nitrogen in the form of ammonium at 0.66-1.99 micrograms per gram of soil before a

prescribed fire in Sequoia and Kings Canyon National Parks. After the fire, these

levels of ammonium increased to 43.7-118.6 micrograms per gram of soil. They also

found an increase in the nitrate form of available nitrogen after burning, but it was

more evident one year after the fire. Sackett (pers. comm.) has preliminary results

suggesting that soil nitrate concentrations may exceed pre-burn concentrations for up

to 7 to 8 years after the fire. These elevated levels of available nitrogen are likely to

play an important role in the post-fire growth releases observed in most burn-site

giant sequoias.

Fire-stimulated growth of nitrogen-fixing shrubs such as Ceanothus species

causes less immediate but important chemical changes in soil (Delwiche et al. 1965;

Kilgore 1973). Sequoia seedlings which established in a hotspot of the 1977 Partin

Burn at Redwood Mountain and which are in close proximity to deer brush

(Ceanothus integerrimus) appear to be growing much more vigorously than seedlings

more distant from these shrubs (Nate Stephenson, pers. comm. 1992). It is possible

that nitrogen availability in the soil surrounding these Ceanothus shrubs has helped

stimulate the growth of neighboring sequoia seedlings.

From the above evidence, it seems apparent that fire plays an important role in

the cycling of nutrients in this ecosystem. It is likely to be particularly important to
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nitrogen and phosphorous availability, which are frequently limiting for plant growth

(Kozlowski et al. 1991; Gebauer 1992). Increased soil nutrients following fire may

be the most important factor in post-fire growth releases in giant sequoias. Light is

unlikely to be a limiting factor to adult giant sequoias, since they rise above the

general canopy height of fir and pines. Increased nutrients due to "nutrient release"

from litter by burning, from an increase in microbial activity after fire, and indirect

increase in nutrient and water availability due to reduction in competition from firs

are all probably important to the observed post-fire growth increases in giant sequoia.

2.5 Studies of post-disturbance growth responses in other tree species

Tree-ring data have potential for determining frequencies, magnitudes and

effects of a variety of natural disturbances (Fritts 1976; Brubaker 1987; Fritts and

Swetnam 1989). Tree rings have been a valuable tool for analyzing many different

scales of disturbances in forests, from gap dynamics in tropical forests and eastern

North American forests (Woods and Shanks 1959; Hibbs 1982; Brokaw 1985;

Lorimer et al. 1988; Payette et al. 1990) to larger scale disturbances such as insect

defoliations (Brubaker and Greene 1979; Swetnam et al. 1985; Swetnam and Lynch

1993) and forest fires. Tree-ring analysis has been used to determine the frequency

of wildfires in many forest types (Kilgore and Taylor 1979; Arno 1980; Dieterich

1983; Dieterich and Swetnam 1984; Finney and Martin 1989; Payette et al. 1989;

Baisan and Swetnam 1990; Bergeron 1991; Swetnam 1992; Goldblum and Veblen
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1992; Brown and Swetnam 1994), to examine the effects of fire disturbance on forest

age structure and/or landscape diversity (Romme and Knight 1981; Romme 1982;

Sirois and Payette 1989; Keifer 1991; Stephenson in press) and to study fire-induced

changes in radial growth (Craighead 1927; Morris and Mowat 1958; Wallace 1965;

Wooldridge and Weaver 1965; Pearson et al. 1972; Peterson 1984; Sutherland and

Covington 1986; Reinhardt and Ryan 1988; Peterson et al. 1991; Sutherland et al.

1991).

Studies of post-fire growth response in other tree species have yielded variable

results. In ponderosa pine (Pinus ponderosa), increased stem growth proportional to

fire-related thinning has been noted by Morris and Mowat (1958), Lynch (1959), Van

Sickle and Hickman (1959), and Pearson et al. (1972). Sutherland et al. (1991) found

that fire affected growth significantly and negatively in southwest ponderosa pine sites

for two years, and then burned trees grew similarly to control trees. They

incorporate the following factors in their linear aggregate model for southwest

ponderosa pine growth response to fire: foliage loss, cambial damage, root damage,

thinning, change in nutrient availability, change in water availability, previous

condition of tree, and climate variability.

In a study of postfire growth of Douglas-fir (Pseudotsuga menziesii) and

lodgepole pine (Pinus contorta) in the northern Rocky Mountains, Peterson et al.

(1991) conclude that mean basal area increment during a four-year postfire period

declined in 75% of burned Douglas-fir and 70% of lodgepole pine. Percent of crown
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volume scorched was the most important variable related to postfire growth of

Douglas-fir, while basal scorch was slightly more important than crown scorch to the

postfire growth of lodgepole pine. In a western Montana Douglas-fir/western larch

(Larix occidentalis) stand, Reinhardt and Ryan (1988) found that western larch on

burned plots had reduced radial growth in the first year following fire but increased in

growth in the next seven years. Douglas-fir had similar growth on burned and

unburned plots.

Postfire growth increases (measured as basal area increments or "girth"

increases) have also been observed in crown-scorched jarrah trees (Eucalyptus

marginata) in Australia (Wallace 1965, Kimber 1978), and these increases were

associated with densely regenerated crowns of young and photosynthetically efficient

leaves, reduction in seed production in the scorched trees, reduction in competition

from surrounding trees and increase in soil nutrients. Another study of fire in

Eucalyptus marginata forests (Abbott and Lonegran 1983) found variable effects of

high-intensity fires on growth rates, including growth increases and growth

reductions. In Eucalyptus obliqua forests in Victoria, Australia, Kellas et al. (1980)

found "appreciable temporary reductions in basal area increments only in stems

receiving more than 50 percent crown scorch".

Brown (1991) observed growth releases associated with fire scars on coast

redwood (Sequoia sempervirens) cross-sections. Brown noted that these growth

releases extend much further around the ring circumference and up the stem than does
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the healing surge found at a scar boundary. He suggests that these growth releases

indicate a positive tree response to environmental modifications caused by fire

(reduction in competition, surges in available nutrients, more water availability).

Brown hypothesizes that these growth increases may also be related to individual tree

physiological response to fire. Fire scarring may decrease the tree's cambial

circumference, interrupt the phloem transport system, and thus lead to greater

concentrations of photosynthates around scarred areas and greater tracheid growth in

these areas. So Brown suggests that the growth release magnitude after a fire may

also be a function of both the distance from a fire scar and the total proportion of the

cambial circumference not available for transport. Fire scarring may also play an

important role in the post-fire growth response in giant sequoia, since many of these

trees scar repeatedly and continue to survive with a large percentage of their

circumference scarred.

2.6 Fire effects on giant sequoia mortality

Despite its long history, forestry lacks a comprehensive understanding of tree

mortality (Franklin et al. 1987). Particularly for very long-lived species such as giant

sequoia, tree senescence and causes of mortality are complex and difficult processes

to monitor. Although there is a general lack of substantial data on sequoia mortality,

fire has been called "the most universal and probably most serious damaging agent of

giant sequoia in its natural range" (Weatherspoon 1990). As is true of most other tree
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species, the seedling and sapling stages of sequoia are most susceptible to mortality or

serious injury by fire. However, fuels tend to be sparse and to accumulate slowly in

places most favorable for successful seedling establishment and early growth. Thus,

the disturbance-created well-lighted openings and mineral soil seedbeds where

seedlings tend to establish may not burn again until seedlings and saplings are large

enough to survive a fire (Weatherspoon 1990).

Although larger giant sequoias are quite fire-resistant due to their thick non-

resinous bark and elevated crowns, they do sustain basal scars. These scars enlarge

as subsequent fires burn back more and more of the cambium that curls over the scar

surface edges (Rundel 1973). Scars on giant sequoias range from very small basal

injuries caused by one or a few fires, to completely burned-out center scars where the

trees have been hollowed out into large caverns from the occurrence of repeated fires

over many centuries.

Few giant sequoia monarchs have been killed by fire alone, but the reduction

in supporting wood which occurs with very large fire scars may predispose a tree to

falling. In a study of the causes of uprooting and stem failure in old-growth sequoia,

Piirto et al. (1984) found that advanced decay and fire scars were the most frequently

observed and significant factors associated with tree failure. Both decay and

carpenter ant galleries were frequently associated with fire scars. Twenty-seven of

their 33 study trees were fire-scarred, and 26 of these fell toward the scarred side.
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Rundel (1973) suggested that fire damage at the base of giant sequoias destroys

large amounts of active xylem tissue, thereby reducing the rate of water absorption.

This in turn results in high water stresses in the uppermost crowns of mature trees

and may eventually lead to formation of snag-tops. He found that approximately 50%

of trees with fire scars greater than 100 fe possess a snag-top. Rundel also found a

relationship between the size of fire scars and the presence of abnormal foliage

condition. One out of four trees without a basal fire scar had sparse foliage or foliage

missing in large sections. As the size of the fire scar increased, the relative density

of abnormal foliage condition also rose steadily. Thus, repeated scarring over many

centuries of a sequoia tree's lifespan may contribute to both crown dieback and

structural weakening of the tree.

Other more recent research suggests that prescribed burning and previous fire

scarring do not significantly affect mortality rates in giant sequoias greater than one

foot in diameter (Lambert and Stohlgren 1988). Lambert and Stohlgren used sequoia

inventory maps that were made between 1963 and 1969 (Hammon, Jensen, and

Wallen Mapping Forestry Service, Inc. 1964), before prescribed fire was extensively

used, to assess sequoia mortality on 280 acres each of burned and unburned forest.

They reinventoried all giant sequoias in selected areas of Giant Forest and noted tree

mortality in four diameter classes. They found significantly higher mortality rates in

burned stands only for sequoias less than one foot in diameter. The larger trees had
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nearly equal mortality rates in burned and unburned stands. Previous fire scars had

no detectable relationship to tree survival in either burned or unburned areas.

The damage that may result from fire is outweighed by its benefits in

perpetuating the species (Weatherspoon 1990). Most groves today appear to lack

sufficient young giant sequoias to maintain the present density of mature trees in the

future (Weatherspoon 1990), and sequoia regeneration appears to have been declining

over a period of 100 to 500 years or more (Runde' 1971). The mortality of a few

large sequoia trees may seem a great loss today, but the population as a whole gains

improved establishment conditions for seedlings, increased availability of nutrients,

and reduction in fuels that could result in high intensity crown fires if left to

accumulate. Dead trees themselves are a major new resource for the ecosystem,

whether as a snag or as a downed log (Franklin et al. 1987).
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CHAPTER 3- SITE DESCRIPTION

3.1 General description of sites, soils, and climate

The study sites include seven recent prescribed natural fires and four

unburned sites in Sequoia and Kings Canyon National Parks (Figure 3.1). Elevations

of these sites range from 1,680 to 2,300 m (Table 3.1). In addition to giant sequoia,

dominant trees are primarily white fir (Abies concolor), red fir (Abies magnifica),

sugar pine (Pinus lambertiana), ponderosa pine (Pinus ponderosa), Jeffrey pine (Pinus

jeffreyi), and incense cedar (Calocedrus decurrens). White fir is typically the most

common tree species in terms of relative density and relative frequency in sequoia

groves, while giant sequoia is the dominant canopy species with respect to basal area

(Rundel 1971). While I do not have specific data on density, dominance and

frequency of trees for my sites, casual observation suggests that my study sites follow

this general pattern.

The majority of sequoia groves occur on soils derived from granitic rock.

Giant Forest, Grant Grove and East Fork Grove all occur on granite-derived soils.

Large portions of Redwood Mountain, however, occur over metamorphic schists

(Ross 1958). Climatic factors appear to be far more important than edaphic factors in

restricting the present distribution of giant sequoia (Rundel 1972).

Mean annual precipitation is 1255 mm at Giant Forest at 1950 meters, half of

which falls as snow and half as rain (Stephenson 1988). Precipitation data are not

available from the other site locations, although they are likely to be quite similar to
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Figure 3.1. Map of study site locations. Grant Grove and Redwood Mountain each
include one prescribed burn and one unburned site. Giant Forest has five prescribed
burns and two unburned sites.
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Giant Forest. Most precipitation occurs during the four winter months from

December through March. Summer drought conditions are typical along the west side

of the Sierra Nevada. Average temperatures range from 0° C in January to 18° C in

July. These values vary slightly with elevation and aspect (Stephenson 1988).

Temperature plays an important role in determining the boundaries of many

giant sequoia groves. The effect of high summer temperatures in limiting the range

of giant sequoias is primarily a result of net water loss through transpiration which

would most commonly occur at the lower elevational limits of groves. Winter

minimum temperatures affect the upper elevational grove limits in a complex way, but

the seedling stage appears to be particularly susceptible to severe frosts (Rundel

1972). In general, maintenance of present grove boundaries is strongly influenced by

the interaction of three factors: soil moisture, air temperature, and the ecological

tolerances of the seedling stage of giant sequoia (Rundel 1972).

3.2 Individual site descriptions

Site locations and descriptions as well as general fire characteristics are

summarized in Tables 3.1 and 3.2. The following sections include information on:

centerpoint Universal Transverse Mercator (UTM) coordinates and descriptions of site

locations, burn objectives, general fire behavior and weather observations, species

densities, scorch heights, and post-fire tree mortality. The amount of information

available varied for different burns. Fire observations were for specific places and
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times during burns and therefore may not characterize the fire behavior over the

whole area.

I selected burn sites where prescribed fires occurred at least five years ago so

that a sufficient number of years were available for post-burn analyses. I also

attempted to select sites with a variety of fire severity levels represented, although the

higher fire severities are generally less common on prescribed burns than low to

moderate fire severity. Unburned sites were areas that had not burned for

approximately 100 years, were distant enough from burns to be relatively free of fire

effects, and were similar as possible to burn sites in general site characteristics such

as species composition, slope and soils. It was not possible to control for aspect since

it generally varied both within and between sites. Burn sites also tended to have a

somewhat different species density and understory composition than unburned sites

due to thinning of some species by fire and post-fire changes in soils and vegetation

establishment conditions.
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Table 3.2. Sequoia and Kings Canyon unburned sites information.

3.2.1 Giant Forest prescribed burn and unburned sites

Moro burn

The Moro bum is located at the southwestern edge of Giant Forest, just to the

north of Moro Rock (Figure 3.2). Centerpoint UTM coordinates are 404620°N,

342"E. The objectives included fuel reduction, refinement of giant sequoia-mixed

conifer prescriptions, training of prescribed fire personnel, and comparison of burned

and unburned areas for interpretive purposes (Bancroft and Nichols 1979). The

overstory vegetation was described as giant sequoia and sugar pine, 21 inches (53 cm)

plus in diameter, 0-40% cover, and >180 years old. Understory was described as

white fir and sugar pine, 11-21 inches (28 to 53 cm) DBH, and 40-70% cover. The

average flame length for this fire was 1 foot (.31 m) and the rate of spread .3 ft/min

(.09 m/min). The burn was considered a success, with scorching on trees mostly less



Figure 3.2. Giant Forest prescribed burn and unburned sites. MOR=Moro burn,
CIR=Circle burn, CAT=Cattle burn, CLA=Class burn, BAR=Broken Arrow burn,
GFU=Giant Forest unburned site, and LOG =Log Meadow unburned site. The two lower
portions of the Class burn were burned in the fall of 1984, while the portion located between
Log and Crescent Meadows was burned in the summer of 1984 and was called the
"Prometheus" burn by the National Park Service.
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than 10 feet (3 m) and significant fuel reduction. There was an average of 63 percent

reduction in 1-1000 hour timelag fuels, and 90 percent reduction in litter and duff.

There was no mention of tree mortality in the burn report.

Circle burn (Circle Meadow burn)

The Circle burn (called Circle Meadow burn by National Park Service) is

located to the west and south of the southern extension of Circle Meadow in Giant

Forest (Figure 3.2). Centerpoint UTM coordinates are 4048"N, 342700E. The

southern sector of the burn was ignited July 7-9, 1981 and continued to burn through

July 28. The northern sector of the burn was ignited sometime in the fall of 1981.

The total area burned within the southern unit was 40 hectares (100 acres). The area

burned in the northern sector in the fall is not reported, but it is approximately 20

hectares (49 acres). The primary objective appears to have been fuel reduction (Ewell

and Duriscoe 1981).

Four transects were established prior to the burn for fuel inventories and

vegetation analysis (Ewell and Duriscoe 1981). The canopy cover ranged from 60 to

90 percent in all transects except one, which was located on a drier site, where

canopy cover was 0 to 10 percent. White fir was the dominant species for one of the

transects, white fir co-dominated with giant sequoia and red fir or sugar pine in two

of the transects, and red fir dominated in the other. The fuel loading before the fire

ranged from 24 to 51 metric tonnes/ha (64 to 139 tons/acre). Total fuel loadings
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reduced by the burn ranged from 37 to 99 percent, with an average total fuel

reduction of 74 percent. Temperature remained within the 10 to 35°C (50 to 90° F)

range throughout the burn, while the relative humidity exceeded the prescribed 50

percent maximum at times. Observed fuel moistures were almost always above the

prescribed values of 6% for one-hour, 8% for ten-hour, and 12% for 100-hour.

Postfire mortality was primarily in trees under 30.5 cm (12 inches) in

diameter, with one tree killed in the 33-61 (13-24 inch) cm size class. There were 53

live trees in sample plots before the burn and 40 live trees after the burn. Mortality

rate was thus 25 percent, 23 percent in the size class 0 to 30.5 cm (0-12 inches) and 2

percent in the 30.5 -61.0 cm (12-24) inch size class. The killed plot trees included

eight white firs, three red firs, one sugar pine, and one giant sequoia. The average

scorch height for all trees in the plots was 3.3 m (10.8 feet), and for the killed trees

scorch height averaged 3.8 m (12.3 feet). There were about 156 giant sequoia trees

within the 40-hectare (100-acre) southern burn unit with a diameter of 183 cm (6 feet)

or more. Two of these mature trees were killed by the fire (1 percent of the total).

Both of these trees had center burn scars and one had a broken top and missing

section of foliage prior to the burn (Ewell and Duriscoe 1981).

Cattle burn (Hercules burn)

The Cattle (or Hercules as named by the NPS) burn is located in the vicinity

of Cattle Cabin in Giant Forest (Figure 3.2). It is to the south of the eastern
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extension of Circle Meadow. Centerpoint UTM coordinates are 4048500N, 342"E.

This burn was ignited by drip torch on July 20-22, 1982 and was essentially out by

August 29. One stated objective of this burn was to reduce 10-, 100-, and 1000-hour

fuels by 60 to 80 percent.

The burn area included a total of 1,214 live sequoia trees, with 870 trees less

than and 344 trees greater than 183 cm (6 feet) in diameter at breast height (DBH).

There were 75 sequoias ranging from 91 to 640 cm (3 to 21 feet) DBH that had one

or two of the following: 1) surface burn of greater than 9 square meters (100 square

feet), 2) center burn, 3) extensive pitch on burned area and/or 4) leaning. These trees

were inspected for "unusual fuel accumulations and cleared if the fuel loadings posed

a threat to their vitality when burned" (Ewell 1982).

Low humidities caused by warm, dry winds from a high pressure system were

observed for the two days preceding the burn. During the burn period, however,

relative humidities were usually higher (above 50 percent) and temperatures lower

(average of 15° C or 59° F). The observed values of relative humidity and 10 hour

fuel moisture during the burn were either on the high end or off the high end of

prescription values. Temperature and wind speed were within prescription. Rain

occurred on June 29, 30, July 27, and September 1. Observed flame lengths ranged

from .06 to .30 m (0.2 to 1 feet), and observed rates of spread ranged from .03 to

.60 m/min (0.1 to 2 ft./min).
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Four plots were established to monitor fuel reduction and tree mortality. Of

the live trees on the plots there was a total of 102 white fir, 48 red fir, 6 giant

sequoia, and 8 sugar pine. Fire-killed trees on the plots included 19 white fir (19%

of live white fir), 9 red fir (19% of live red fir), four sugar pines (50% of live sugar

pines), and no giant sequoias. Highest mortality rates occurred in plot three (39

percent, mostly white fir and sugar pine) and plot one (17 percent, mostly red fir).

No unusual circumstances were evident that would explain the greater mortalities in

these plots (Ewell 1982). Plot four had the lowest mortality, probably due to its

proximity to the more mesic conditions near Circle Meadow (Ewell 1982).

Ten and 100-hour fuels were reduced 60 to 80 percent on all plots except plot

number four. One thousand-hour fuels (7.6-cm or 3-inch plus diameter fuels) were

usually reduced less than 60 percent from pre-burn levels. The total fuel reductions

were within 60 to 80 percent except in plot four. Here, the original objective of 60 to

80 percent fuel reduction was only partially met. Plot four (near the Senate Group)

was bordering Circle Meadow where relative humidities were usually higher than at

other observation points (Ewell 1982).

Class burn (Prometheus burn)

The Class burn was ignited in Giant Forest as part of a prescribed burn boss

training in the fall of 1984. Also included in sampling of the Class burn is another

1984 burn ignited July 10-13 called the Prometheus burn. (However, I will refer to
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them both in later sections of this thesis under the name Class burn, since most of my

sampling occurred in the Class burn portion.) The Prometheus burn is located

between Crescent and Log Meadows, with the meadows being the west and east

boundaries, respectively (centerpoint UTM coordinates are 4047300N, 343 8 E). The

southwestern portion of the Class burn is located above the Sugar Pine Trail to the

east of Moro Rock and south of the Crescent Meadow Road (centerpoint UTM

coordinates are 4046500N, 342600E). The northeast portion of the Class burn is

between Huckleberry and Crescent Meadows (centerpoint U'TM coordinates 404720°N,

343300E). See Figure 3.2 for locations of different Class and Prometheus burn

sections.

The Prometheus burn was about 16 hectares (40 acres) in size. Slope varied

from 3 to 19 degrees, and the average slope was 12 degrees. A ridge in the middle

of the area gave the majority of the burn either an east or west facing aspect. The

burn was extinguished by thundershowers July 17. A major objective of this burn

was to reduce fuels by 60 to 80 percent.

The northeast portion of the Class burn was 20 hectares (50 acres) in size, and

the southwest portion 24 hectares (60 acres). The aspect for the northeast portion is

variable. Slope ranges from 2 to 19 degrees, and the average slope is 10 degrees.

The aspect for the southwest portion is primarily southwest/west, the slope ranges

from 5 to 20 degrees, and the average slope is 14 degrees.
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Five trees were sampled on the Prometheus portion, 30 on the northeast

portion of the Class burn and 15 on the southwest portion of the Class burn. A fire

monitor report was only available for the Prometheus burn, so the following

information concerns only that burn.

From June 26 to July 17 while weather was monitored, temperature was on

average between 12° C (54° F) in the early morning and 27° C (80° F) from mid-day

to 2 pm. Relative humidity rarely dropped below 30 percent and exceeded 80 percent

on July 13, during a short afternoon thunderstorm. On average, it stayed consistently

between 35 and 70 percent. From July 10-13, 10-hour fuel moisture ranged between

8 to 10.3 percent.

Reported flame lengths were between .24 to 0.6 m (0.8 to 2 feet), and rates of

spread ranged between .12 to .92 m/min (0.4 to 3 feet/min). Fire behavior data were

reported for only two out of the four monitor plots--one plot had a minimal spread

rate with little active flaming, and the other had such intense smoke that observations

were not possible (Anon. 1984). Anon. notes that the spread rates and flame lengths

were observed at one point in time and do not reflect the total range of fire behavior

that occurred during the fire. Anon , points out that much higher flamelengths and

more rapid rates of spread occurred in pockets of fuel, up trees covered with lichens,

or through pre-dried shrubs. Although no chinquapin (Castanopsis sempervirens)

shrubs occurred within the monitor plots, they did in places contribute significantly to

fire behavior. Where fuels were adequate to pre-dry the foliage, high fire intensities
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occurred that left only the stems of the shrubs and scorched surrounding trees 9 to 12

m (30 to 40 feet) away. In areas where fuels were sparse, the chinquapin did not

burn (Anon. 1984).

This northeastern portion of the Prometheus burn had a total of 112 live

sequoia trees, with 76 trees less than or equal to and 36 trees greater than 183 cm (6

feet) DBH. Of the 36 sequoias greater than 183 cm in diameter, 16 had one or two

of the following: 1) Fire scar of greater than 9 square meters (100 square feet), 2)

center burn, 3) extensive pitch on burned area, and/or 4) leaning. Fuels were cleared

away from these trees if fuel accumulations appeared unusually high.

Four monitoring plots were located in medium and light fuel loading

complexes which represented the majority of the 16 hectares (40 acres) (Anon. 1984).

Fuels were reduced adequately to meet burn objectives of 60 to 80 percent except for

the 1000 hour and larger fuel size classes in plots one, two, and three. This was

probably a result of the thundershowers extinguishing the large fuels that were still

smoldering before they could be completely consumed (Anon. 1984). Litter and duff

fuel moisture samples ranged from 8 to 22 percent with an average of 13 percent.

These were reduced nearly 100 percent in all the plots.

Tree mortality was not reported for this fire, except for mention of an area on

the ridge where a group of 50 to 76 cm (20 to 30 inch) DBH white firs was scorched

to death, probably due to pre-heating from the fire being ignited below and on both

sides of the ridge. It should also be noted that a 1989 spot fire from an adjacent
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prescribed burn occurred in the northeast portion of the Class burn (near the

Huckleberry side of burn). This spot fire burned with high intensity in a small area

of large, downed fuels left from the Class burn.

Broken Arrow burn

This burn is bordered to the east by the Soldier's Trail, to the west and south

by Crescent Meadow Road, and to the north by a riparian/wet area (Figure 3.2).

Centerpoint UTM coordinates are 4047"N, 341 900E. The burn was ignited June 26-

28, 1985. The main purpose of the burn was hazard fuel reduction, with an objective

of reducing all down and dead fuels (1 hour, 10 hour, 100 hour, and 1000 hour) by

60-80 percent.

Other objectives included limiting overall scorch height throughout the unit to

24 to 30 m (80 to 100 feet) in heavy fuel pockets and to 9 m (30 feet) on the average.

Char on "named sequoias" was to be kept to less than 0.3 m (1 foot) , and less than 3

m (10 feet) on unnamed sequoias. All mature sequoias with center scars of 9 square

meters (100 square feet) or greater or fire scars with unnaturally high fuel

accumulations were to be protected. Smoke production and volume were to be

minimized by igniting within fuel moisture prescriptions, producing backing fires, and

firing as rapidly as possible, while meeting objectives of prescribed fire behavior fire

characteristics (flame length, heat per unit area) (Duhnkrack et al. 1985).
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The Broken Arrow Prescribed Fire Synopsis (Duhnkrack 1985) indicates that

the burning operations went smoothly, that named trees were sufficiently protected,

and fire was kept to low intensity near "showcase areas" bordering Crescent Meadow

Road. Four plots were established and inventoried for fuels. Total fuel amounts for

each plot were 51.1, 56.1, 42.1, and 33.2 metric tonnes/ha (139.2, 152.6, 114.7 and

90.5 tons/acre). The synopsis does not indicate if the objective of 60-80 percent fuel

reduction was met. It does state that by June 29, much of the smaller fuel was

consumed and the fire continued to "smolder quietly on the top end of the unit, while

burning strongly in heavy fuel pockets on the lower end" (Duhnlcrack 1985).

Reported fire behavior observations from the plots indicate that flame lengths

ranged from 0.09 to .31 m (0.3 to 1 foot), and rates of spread ranged from 0.06 to

0.31 m/min (0.2 to 1 feet/min). Temperatures at the observation times (11:00 am to

3:50 pm) ranged from 21 to 22° C (70 to 72° F), relative humidity was from 23 to 30

percent, and windspeed 0 to 8 km/hr (0 to 5 mph) from the southwest. In general,

Giant Forest had experienced cool, moist weather on the weekend prior to the burn.

A warmer and much drier trend occurred during the opening days of the burn. This

allowed for ideal burning conditions, and a desirable smoke dispersal pattern

(Duhnlcrack 1985).

The burn synopsis does not discuss the "hotspot" at the lower end of Broken

Arrow burn, where a group of sequoias visible from the Crescent Meadow Road

sustained high bark charring (up to about 15 meters), and a few had foliage damage.
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This group of trees attracted attention from some members of the public who then

voiced opposition to the prescribed burning program in Sequoia and Kings Canyon

National Parks for its effects on the big trees, and a moratorium on management-

ignited prescribed burns followed which lasted for 1 year (1986-87). A review of the

prescribed burning program, the Christensen Report (1987), was conducted by a panel

of outside scientists in response to this criticism. Giant sequoias in this hotspot were

sampled, and the results will be discussed in another chapter.

Giant Forest and Log Meadow unburned sites

The Giant Forest unburned site extends from the north side of the Broken

Arrow burn, over the top of Bear Hill and into the upper part of the Hazelwood area

(Figure 3.2). Centerpoint UTM coordinates are 40475'N, 341700E. The Log

Meadow unburned site is located to the east of Log Meadow. The south end of the

site begins near the junction of the Trail of the Sequoias and the Crescent Meadow

trail, and the north end extends toward the drainage divide between Crescent Creek

and the minor drainage just to the southeast of Crescent Creek (Figure 3.2). The

centerpoint UTM coordinates are 4047600N, 344900E.

Both sites are similar to burn sites in tree species composition and general site

characteristics, such as slope, moisture availability, and soils. The unburned sites

tend to have a higher density of understory fir trees and shrubs such as chinquapin

(Castanopsis sempervirens) and dogwood (Cornus nuttallii) than do burn sites.
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3.2.2 Kings Canyon prescribed burn and unburned sites

Partin burn

The Partin burn is one part of a large complex of 1977 burns in the Redwood

Mountain grove of Kings Canyon National Park. A total of 292 hectares (721 acres)

was prescribe burned in this grove in the fall of 1977. The Partin burn is the section

identified by the National Park Service (Nichols 1977) as Block 14C. The burn was

ignited on September 21-22, 1977, using a technique of strip headfires. It

encompasses 57 hectares (141 acres), although the area sampled for this project is

only half this size. Centerpoint UTM coordinates are 4062400N, 329'E. The hotspot

that was the central part of the sampling area for this burn is located near the junction

of the old jeep trail that follows Redwood Creek and the Sugarbowl Grove trail

(Figure 3.3). The elevation of the burn ranges from 1,660 to 2,000 m (5,440 to

6,560 feet). The elevation of the area sampled ranges from about 1,680 to 1,880 m

(5,520 to 6,160 feet).

The overall purpose of this complex of burns was to reduce fuels so that fire

could once again play a natural role in the ecosystem. Specific objectives included:

1) reburning areas burned in 1969, 1970, and 1971, while burning others for the first

time; 2) testing of new burning techniques, such as spot firing, flank firing, and

backfiring; 3) quantifying the effects of such fires on fuel reduction and on tree

mortality; 4) determining feasibility of burning units larger than 100 acres. These
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burns represented one of the earlier efforts to intensively study fire in Sequoia and

Kings Canyon National Parks (Nichols 1977).

Pre-burn fuel loads, vegetation characteristics (density and composition), fire

behavior, and fire effects on fuels and vegetation were assessed from transects

positioned across some of the burn units. There were no transects placed across burn

unit 14 due to a lack of personnel and funding, so the area I sampled did not have

vegetation, fuels or specific fire behavior data collected. I will present a summary of

some of the fuels and fire behavior data from burn units where these observations

were made, as well as the general fire behavior observations that were made on burn

subunits 14A and C.

The following fuel reduction data all five transects of block 15 as well as the

two transects in block 1970SB that were not previously burned in 1970. These should

be more comparable to block 14 than the transects that were previously burned in pre-

1977 burns. The values presented below represent an average of all seven transects.

Preburn
	 Postburn	 % Reduction

metric tons/ha	 metric tons/ha
(tons/acre)	 (tons/acre)

down	 litter	 down	 litter	 down
	

litter
woody	 woody	 woody

16.44
	

12.03
	

4.26
	

0.33
	

74.8%	 97.2%
(44.76)
	

(32.76)
	

(11.61)
	

(0.91)

These values are probably comparable to fuel amounts and percent reduction in fuels

that occurred in block 14.
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Figure 3.3. Redwood Mountain burned and unburned sites in Kings Canyon National Park.
PAR == 	 burn (1977) and RWU=Redwood Mountain unburned site.
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Fire behavior observations were recorded for all blocks with transects. The

following is a summary of fire behavior for block 15 on September 14 from 12:00 am

until 6:00 pm:

"Observed forward rates of spread for this fire ranged from one to eight
feet/minute (.31 to 2.44 m/min) with strip widths averaging 33 feet (10
meters)... backing rates varied from 0.17 to 1 feet/minute (.05 to .31
m/min). Flame heights varied from 1 to 6 feet (.31 to 1.83 m)...The
bottom of the block burned hotter due to greater accumulation of fuels
and wider strips." (Lester 1979)

Temperature during this time period ranged from 16 to 18° C (61 to 65° F). Relative

humidity ranged from 56 to 68%. Fire weather was generally in prescription from

12:00 to 6:00 pm, or barely out of prescription (from 4:00 to 4:30). Fine fuels had a

slightly higher than prescribed fuel moisture at this time.

Some extreme fire behavior observations were made on burn unit 14a on

September 16:

"The conditions of the drought and their effects on the fuels is
demonstrated dramatically by the September 16 burning. Backing fires
did not spread due to the high moisture content of the fine fuels and
strip headfires often went out. However, the heavy fuels, which were
unaffected by the damp conditions, burned fiercely. Flames 40 feet (12
meters) were observed as were forward rates of spread of 3.5
feet/minute (1.05 m/minute)... Similar intense fires occurred on block
15." (Nichols 1977)

Later in the discussion, Nichols comments that firing techniques also contributed to

some of the hotspots that occurred in these burn units:

"In some areas, particularly early in the burn, strips were 10-20 feet (3
to 6 meters) apart. However, other strips were observed to be in excess
of 150 feet (45 meters). Strips were laid down before the strip above
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had died down. The net result of these techniques was a cumulative
heating of the entire burn unit; more fire was burning at a given time in
a given area than was needed. Examples of this occur in blocks 15 and
14C (Partin Burn), the latter having a very hot spot near the
intersection of the Sugarbowl trail and the Redwood Creek jeep trail."
(Nichols 1977)

The high intensity burning that occurred in these areas was apparently a result of a

combination of severe drought conditions and burning techniques. There was also

difficulty in coordinating burn teams because of the size and topography of the larger

units (Nichols 1977).

These burns appear to have accomplished their objectives of reintroducing fire

into the ecosystem and reducing fuels. They also accomplished thinning of understory

firs and other species. They did not appear to be successful in testing new burning

techniques, since the strip headfire technique was used almost exclusively.

Grant burn (North Grove Loop burn)

The Grant burn is located within the boundary of the North Grove Loop Road

in the General Grant Grove of Kings Canyon National Park (Figure 3.4). Centerpoint

UTM coordinates are 4068700N, 323350E. Ten hectares (25 acres) of the burn were

ignited between October 15-18, 1979. On the 19th, a storm moved into the area and

suspended all burning. The remaining 3 hectares (6 acres) were burned sometime in

1980.
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The primary objective of this burn was fuel reduction. Other objectives

included stimulation of sequoia regeneration and wildlife habitat improvement by

favoring browse-type shrubs. Three separate fuel transects were established prior to

the burn, representing light (20.66 metric tonnes! ha or 56.23 tons/acre), moderate

(34.85 metric tonnes/ha or 94.88 tons/acre), and heavy (55.08 metric tonnes/ha or

149.94 tons/acre) fuel loadings (Brookins 1979). Below are pre-burn species densities

for each transect.

LIGHT FUELS TRANSECT

Total Density = 20/.25 acre
Relative Density

Fir:	 28.6%
Sugar Pine:	 42.9%
Ponderosa Pine:	 14.3%
Cedar:	 7.1%
Black Oak:	 7.1%

MODERATE FUELS TRANSECT

Total Density = 137/.25 acre
Relative Density

Fir:	 68.75%
Cedar:	 31.25%

HEAVY FUELS TRANSECT

Total Density = 3611.25 acre
Relative Density

Fir:	 18.75%
Cedar:	 75%
Sugar Pine: 6.25%
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Figure 3.4. Grant Grove burned and unburned sites in Kings Canyon National Park.
GRB= Grant burn (1979/80) and GRU=Grant unburned site.
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A pre-burn test fire was done on October 8-9. The fire behavior for both the

test fire and the main fire was controlled and of low intensity. Where heavy fuels

were ignited, local flash fuels burned readily. However, as soon as the fire burned

beyond the range of heat radiation from the heavy fuels, the spread rate slowed

dramatically and went under the duff layer, or stopped completely. Areas burned by

this slow-moving duff fire left almost no immediate visual impact on vegetation, with

the exception of the youngest seedlings (Brookins 1979). Although no specific rates

of spread or flame lengths were recorded, flame height "seldom exceeded 18 inches"

(.5 meters) for the test burn and was an average of 1.3 to 3 meters (4 to 10 feet) for

the main burn.

For the test burn, temperatures were in the mid-forties while humidities ranged

from the high eighties to low nineties. The 10-hour fuel moisture for the two days

was between 12 and 13 percent, and winds were negligible to gentle upslope. The

cool damp air saturated the light and flashy fuels to such an extent that ground spread

was minimal. In contrast, the heavy fuels were not dampened and were therefore

generally consumed to ash throughout the test plot. In many areas of high fuel

concentration, some scorch was noticeable to a height of 6 meters (20 feet).

For the main burn, the temperature ranged from 12 to 16° C (54 to 61° F)

(mid-morning readings), and humidities were 65 to 85%. The 10-hour fuel moisture

was 14.5 to 16% and wind minimal. A similar burning pattern was observed to that

of the test burn. In pockets of heavy fuel loading the fire was moderately intense,
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reducing small pole-sized trees and saplings by over 90 percent, and medium pole-

sized trees by over 20 percent. On the hottest spot, one 76 cm (30 inch) DBH cedar

was scorched completely through its 27-meter (90-foot) crown, and another fell due to

a large catface. The high scorch occurring here "was likely due to the intensity of the

fire throughout this heavily fueled area and the lack of sufficient wind to disperse

mid-canopy heat. A few of the very lowest branches on several mature trees were

slightly browned, but the canopy was totally unaffected by the fire throughout the

North Grove Loop" (Brookins 1979). The total acreage that burned at this intensity

was less than one-fifth of the treated area and was concentrated only in fir and cedar

reproduction.

Overall, the objectives of this burn were met. Careful firing protected the

majority of the area while massive fuel accumulations produced intense fire in several

locations, providing sizeable openings. Some black oaks and shrubs were "freed"

from the surrounding vegetation, and an excellent seedbed created under several giant

sequoias (Brookins 1979).

Kings Canyon unburned sites

The area chosen as an unburned sample site for comparison with the Grant

burn is a circular area surrounding the burn, but occurring on the opposite side of the

North Grove Loop road from the burn (Figure 3.4). It is not possible to give

centerpoint UTM coordinates for this circular area, since they would lie within the
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burn. The UTM coordinates corresponding to the four cardinal direction centerpoints

of this site are as follows: north (4069750N, 3225°°E), west (4068700N, 322800E), south

(406840N, 323"E), and east (4068700N, 322800E). The proximity of this site to the

burn assured that it was very similar to the burn site in terms of vegetation

composition, topography, soils and moisture availability.

The unburned site used for comparison with the Partin burn (called Redwood

Mountain) is located to the east of the burn, on the opposite side of Redwood Creek

from Partin burn (Figure 3.3). Centerpoint UTM coordinates for this site are

4061 5°N, 3305°°E. This site has the highest density of understory shrubs and

subcanopy fir trees of any site sampled.
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CHAPTER 4- GROWTH RESPONSE OF ADULT SEQUOIAS TO
PRESCRIBED BURNING

4.1 Introduction

In the mid-1980s, public concerns were expressed about the visual impacts of

prescribed burning in sequoia groves (bark char, foliage scorch, and fire scar

enlargement) (Christensen et al. 1987, Parsons 1990). These concerns led the

National Park Service to appoint an independent panel of experts to review the

prescribed fire program in sequoia-mixed conifer forests. The panel evaluated the

status and scientific basis for the burn program. While generally supporting the

program objectives, the panel identified the need to better understand natural fire

regimes, including the effects of fires of variable frequency and intensity on the forest

(Christensen et al. 1987).

One objective of this study was to quantify the effects of prescribed burning on

the growth of adult giant sequoias through analyses of the radial growth response of

giant sequoia to fires of different dates and various levels of severity. I chose to

evaluate the growth responses to different fire "severities" rather than fire

"intensities" because disturbance severity refers to the impact of the event on the

organism, community, or ecosystem (such as basal area removed) (Sousa 1984;

Pickett and White 1985). Fire severity is closely related to weather, fuel loading,

size and distribution of fuel, and moisture content of fuel and soil (Wright and Bailey

1982). It is estimated by factors such as mortality, root and foliage damage, char
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heights, and depth of burning into surface fuels. Disturbance intensity is defined as

the physical force of the event per area per unit time (Pickett and White 1985), and

fire intensity is measured as heat (i.e., BTUs) per area per unit time. The response

to a particular fire event is most dependent upon fire severity as a function of total

heat yield and duration of this heating, while fire intensity is of lesser importance

(Ryan and Noste 1983; Trollope 1984; Morgan and Neuenschwander 1985).

Millennial-length fire history chronologies have provided detailed information about

past fire frequencies in giant sequoia-mixed conifer forests (Swetnam 1992, 1993), but

information is lacking concerning the severity of past fires. Quantification of post-fire

growth responses to different fire severities on recent prescribed burns may allow

estimation of presettlement fire severities from analysis of radial growth patterns

associated with known fire scar dates.

Evaluation of growth responses of giant sequoias to fire was done by

comparing burn site tree growth to unburned site tree growth and by comparing the

growth responses of sequoias sustaining different levels of fire severity. I also

evaluated the importance of foliage damage and fire scarring on the post-fire growth

response.

4.2 Field methods

A minimum of 50 large sequoias (>250 cm basal diameter) were randomly

selected for sampling on each burn and unburned site (except where burns were small
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and contained less than 50 large sequoias). Inventory maps of giant sequoias

(Hammon et al. 1964) were used to count all large sequoias within site boundaries,

and selection of sample trees was done using random number tables. The sampling

protocol was slightly different for the hotspots (or areas of high fire severity) for each

burn. In these areas, all the sequoias with a basal diameter larger than 250 cm were

sampled. This was done to assure a large enough sample size of sequoias sustaining

higher severity fire. The cores from two sites (Cattle burn and Log Meadow

unburned site) were collected for a separate age structure study conducted by Nate

Stephenson in Sequoia National Park. In his study, all sequoias within a specified

plot area were sampled.

Two increment cores were taken from each tree, approximately on opposite

sides of the tree from each other and as far around the circumference as possible from

fire scars. I measured basal diameter, basal area scarred, number of fire scars,

estimated maximum scar height, height of bark charring, and estimated percent new

scarring. ("New scarring" is the amount of cambial dieback resulting from the recent

prescribed burn under study.) New scarring could only be estimated in approximate

categories-0) no new scarring; 1) <50% of scarring on tree was new; 2) >50% of

scarring on tree was new. I noted crown condition of each tree (normal, top missing

or dead, sparse foliage, lower branches fire-damaged, or >50% of crown fire-

damaged). Slope and aspect were measured at each tree.

The fire's visible impacts on other tree species were used to estimate fire
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severity. All non-sequoia trees within the area equal to twice the area of the subject

tree canopy were considered. Giant sequoia were not considered because there were

very few of them in the smaller size classes that are susceptible to fire damage. I

selected one of the following categories to describe this fire severity:

0) No evident fire.
1) Light surface fire; no evidence of trees killed.
2) Light to moderate severity; some seedlings and/or saplings killed; charring

on bark of living trees.
3) Moderate severity; most seedlings and saplings and <50% of subcanopy

trees killed; charring on bark of living trees.
4) High severity; >50% of the subcanopy trees killed or damaged; high

charring and some crown damage on canopy trees, but <50% killed.
5) Very high severity; most subcanopy trees killed and >50% of canopy trees

killed.
6) Fire too old and little evidence of fire impact remains.

A graphical representation of fire severity categories 0 to 5 is shown in Figure 4.1.

4.3 Lab methods

4.3.1 Sample preparation and crossdating

All increment cores collected were glued into wooden groove mounts and

finely sanded following standard dendrochronological techniques (Stokes and Smiley

1968). The time periods of interest on each core were crossdated so that an exact

calendar year could be assigned to each ring (Glock 1937, Douglass 1941, Swetnam

et al. 1985). Crossdating was important to this study because it allowed accurate

determination of the timing of the growth response after each burn and identification

of absent rings that were due to stressful climate conditions or fire damage to foliage.
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Figure 4.1. Graphic representation of fire severity categories: 0) no apparent fire
impact; 1/2) low severity; 3) moderate severity; 4) high severity; and 5) very high
severity.
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The crossdated annual rings on each core were measured with an accuracy of 0.01

mm using a sliding-stage micrometer interfaced with a micro-computer (Robinson and

Evans 1980). The program COFECHA (Holmes 1983) was used to check the tree-

ring dating and measurements for each site.

4.3.2 Standardization

Ring-width series tend to exhibit trend, or long-term variations in ring-width,

due to the changing growth potential of the tree resulting from increasing age,

successional alterations in the forest community, geological changes, or very gradual

variations in climate (Fritts 1976). For example, a trend of declining growth with

increasing age is common. In addition to growth trends, the variance of ring-width

series is usually nonhomogeneous through time, usually decreasing with increasing

age of the tree. Site conditions and tree age can affect mean ring width, standard

deviation, and autocorrelation structure of the time series, resulting in variation in the

tree growth between individual trees as well as between sites (Fritts 1976). It follows

then, that to meaningfully compare, and statistically test for differences between radial

growth measurements, it is necessary to standardize the measurements. For these

reasons, tree-ring data are transformed by a procedure known as standardization. The

result is a new time series with trend removed and mean and variance that are more

homogeneous with respect to time (Matalas 1962).
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I did not expect to find strong age trend in the tree-ring samples I obtained for

this study because I was primarily interested in only the outer 50-100 years of growth

in trees that were probably typically from 500 to well over 2,000 years in age. Age-

related growth trend usually becomes less important after trees are past juvenile and

sub-canopy growth stages, lasting approximately from several decades to a century.

However, trees even within sites varied a great deal in growth rates. Standardization,

by bringing all ring-width curves to a uniform mean value of 1.00, assures that trees

with large average growth do not dominate over trees with small average growth

when all series are combined into a mean site chronology (Fritts 1976).

Generally, an appropriate growth curve is determined for the growth changes

associated with increasing tree age. The measured ring widths (W) are converted to

ring-width indices (It) by dividing each width for year t by the expected growth (Y e)

as follows (Fritts 1976):

It = Wt/Y,

The means of the standardized indices approximate a value of 1.00, the differences in

the standard deviations are less than those for ring-widths, and most of the

autocorrelation due to trend is eliminated. The standardized indices for all the trees

in a site are then averaged to produce a mean site chronology.

To standardize the ring-width series, I used a new computer program called

EXTRAP (Holmes 1993). This program allows the user to choose a pre-disturbance

period for fitting an expected growth curve. The EXTRAP program fits a negative
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exponential or a trend line to each series, whichever best fits the individual series'

actual growth trend. It then extrapolates the curve into the post-disturbance period

(Figure 4.2). Each measured series ring-width value is then divided by the expected

growth value to produce a set of indices. (A more detailed description of the

EXTRAP program is included in Appendix A.) I averaged these core indices into

tree indices and the tree indices into a chronology for each site.

For all the Sequoia and Kings Canyon prescribed burn and unburned sites, I

chose the period 1920-70 as the curve-fitting (or pre-disturbance) period. This

expected growth curve was then extrapolated into the 1971-90 period. If the whole

series were used to fit the expected growth curve, the sudden post-burn growth

increases (which last from 5-13 years) would tend to raise the expected curve so that

it underpredicts growth values prior to the disturbance. It may also change the actual

shape of the expected growth curve and even remove some of the growth response

signal that is the subject of interest in this study. This method produces indices that

reflect deviations from an expected growth level based on the period 1920-1970.



4

6 -

4 -

-2

6

5

4

3

2

1
o

V)
X
I-
n_
i

i
c.,
z
C2

6
5

4

3

2

0
w
oa
z_

1

CBF461
Standardized Indices

'%-\r"--n....,_____,_________ -*-. ---" \-1\ -4\......n
0	 r

1920
	

1930
	

1940	 1950
	

1960
	

1970
	

1980
	

1990

10 	
V)
2 8 —1-	 Curve-Fitting Period
o
i

6— 	1920-1970

i
c.,
z

-ii ,,,,:;„,4C:::n.=.z.--n..	1:=•-•=2.----....,

o 	

Extrapolation
1971-1990

4 —

10

8
tn
w
c.,
6
z-

CBB221
Standardized Indices

••••••••,.••n••n•-•." -.....1-..-...-.....*

	 -

1920	 1930	 1940

— ......-s-

•	 1	 •	 e	
1950	 1960 '	

•	 I	 -
1970	 1980	 1990

Figure 4.2.
Circle burn.
series as well
lines indicate

YEAR

Standardization procedure illustrated with two ring-width series from the
This figure illustrates the expected growth curves fit to the ring-width
as the indices that resulted from the standardization procedure. Dashed
the period of extrapolation.

73



74

4.4 Analyses

4.4.1 Site chronologies and chronology characteristics

Each site chronology consists of the mean of all individual tree indices for the

site. The numbers of series (or cores) and trees used in each site chronology are

summarized in Table 4.1. Also noted in Table 4.1 is the mean correlation of each

series with the master chronology for the site, constructed in the program

COFECHA, as well as the chronology's mean sensitivity and autocorrelation. Mean

sensitivity is defined as the variability in ring-width from year to year (Fritts 1976).

Mean sensitivity for sequoia is generally low, however the relatively good correlation

with the master chronology indicates the presence of crossdating among the series.

Actual chronology index values for each site are tabulated in Appendix B.

Chronologies were initially compared graphically to examine the effects of fire

on growth at the various burn sites and to compare burn site growth patterns to

control site growth patterns, particularly in the post-burn periods.
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Table 4.1. Chronology statistics for each prescribed burn and unburned site. All
chronologies extend from 1920-1990, except Cattle burn and Log Meadow unburned
site, which extend from 1920-1989.
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4.4.2 Differences between burned and unburned site indices

I conducted t-tests between each prescribed burn and its respective unburned

"control" site to determine if mean growth was significantly different for either the

pre- or post-burn periods. Standardized indices were used for all tests. For each

burn, I used the total number of years in the post-burn period to determine the length

of the tested pre- and post-burn periods. The number of years analyzed for each

period ranges from five years in the 1985 Broken Arrow burn to 13 years in the 1977

Partin burn.

Tree-ring time series are often autocorrelated. This is primarily due to lagging

effects of climate on tree growth. Climate affects ring-width growth in following

years through storage of sugar and hormones and the carry-over growth effects of

buds, leaves, roots, and fruits (Fritts 1976). In autocorrelated tree-ring series,

individual years cannot be treated as completely independent observations, and thus a

key assumption of the t-test is violated. I tested each pre- and post-burn series

(varying from 5 to 13 years in length) using PROC ARIMA in SAS (SAS Institute,

1985). I found significant autocorrelation in several of the series. To account for

this autocorrelation, I reduced the effective sample (i.e., degrees of freedom) as

recommended by Fritts (1976) from Mitchell et al. (1966):

n' = n (141/1+r1 )

where n is the number of observations (or years in this case), r1 is the first-order

autocorrelation, and n' is the resulting adjusted sample size. A t-test of the
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differences between two means (Sokal and Rohlf 1981) was conducted for each

burned and unburned site using these adjusted sample sizes. Critical values were

determined based on Sidak's multiplicative inequality (Rohlf and Sokal 1981) in order

to account for the experimentwise error rate resulting from doing multiple

comparisons. When variances were unequal between the two groups, an approximate

t-test was performed. This test calculates an approximate t-value for which the

critical value is calculated as a weighted average of the critical values of t based on

the corresponding degrees of freedom of the two samples (Sokal and Rohlf 1981).

The percent change in mean annual growth between the pre- and post-burn

periods was calculated for each tree and site. The program IMPACT (Holmes 1992)

compares mean growth before and after some impact (hailstorm, fire, etc.) and

requires only an input of the individual series (core or tree indices or ring-widths), a

defined impact date, and length of time to analyze before and after the impact. The

program calculates the pre-disturbance mean, the post-disturbance mean, and the

percent growth change (post-disturbance mean as a percent of pre-disturbance mean).

It also gives annual mean site growth and standard deviation for each individual year.

I used individual tree indices for each site and the impact date was defined as the burn

year for each burned and unburned site comparison. The program includes the

impact date in the post-disturbance period. The percent of trees increasing and

decreasing in growth for the post-burn period was graphed for each burned and

unburned site.
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4.4.3 Analysis of growth responses to different fire severities

Differences in mean growth between fire severity groups and unburned sites

Within each burn, I divided trees into groups according to the different fire

severity categories determined in the field (as defined in field methods section).

Trees sustaining fire severity levels 1 and 2 were combined into a "low" severity

category, trees sustaining fire severity levels 3, 4, or 5 were put into "moderate",

"high", or "very high" severity groups, respectively. Fire severity levels 1 and 2

were combined into one group because there were very few burned areas that did not

have evidence of at least a few fire-killed fir seedlings. Thus, the giant sequoias that

sustained a level 1 fire severity were too few in number to remain in a separate

group. For each burn, I tested these groups with a nonparametric analysis of variance

(ANOVA) Kruskal-Wallis test (SAS Institute 1986) to determine if differences in

mean growth indices existed among different fire severity groups and between these

groups and the unburned site mean growth.

I used the nonparametric Kruskal-Wallis test because it makes no assumptions

about population parameters (Zar 1984). It does not require that the data be normally

distributed or that variances among groups are homogeneous. It does, however,

assume that the data are collected according to a completely randomized design.

While I did randomly sample trees within each site for this study, it might be

argued that these trees are not true replicates but rather are pseudoreplicates, or

subsamples of the same treatment (Hurlbert 1984). This is difficult to avoid in
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studies of fire effects because fire does not randomly choose areas to burn. However,

I am not using individual trees as observations in this test. The ring-width indices for

individual trees were averaged into mean indices for the groups being compared, and

the observations are the years before and after the fire impact for each group. Thus I

am testing for differences between mean time series, rather than groups of individual

trees. While this approach has the disadvantage of high interannual variability in

growth indices (or observations), it is preferable to using individual trees as

observations. The unequal sample sizes that would result from using trees as

observations would create even higher intergroup variability. The use of mean site

chronologies for examination of climatic, environmental, and ecological effects on

tree growth is a widely accepted practice in dendroecology (Fritts 1976; Peterson

1985; Brubaker 1987; Fritts and Swetnam 1989). The small-scale variations unique

to each tree are minimized by both the sampling strategy (obtaining large sample

sizes) and by the averaging process (averaging together of many trees into mean

chronologies) since these variations are approximately random over space and time

(Fritts and Swetnam 1989).

The null hypothesis stated that mean growth indices were not different between

groups of trees sustaining various fire "treatments" (no fire, low, moderate, high, or

very high severity fire) for each burn and unburned site. To account for the number

of comparisons performed, alpha values were adjusted using the following equation:
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a' =1-(1-a) 1 k , where a =0.05 and k=the number of comparisons
performed. (Sokal and Rohlf 1981).

Sidak (1967) has shown that employment of a' results in an experimentwise error rate

of < a for k comparisons. The resulting P-value for a statistically significant

difference was P <0.006. I did the Kruskal-Wallis test for both pre- and post-burn

periods, using equal numbers of years for each period. Within each unburned group

and fire severity group, I averaged annual indices of individual trees to obtain a mean

time series to be used in the Kruslcal-Wallis test. The observations for each group

then consisted of the average index values for all years included in the time period of

interest. For the Partin burn post-burn period, I ran two separate tests. In the first

one, I included all sixteen trees that were in the very high severity group. In the

second, I removed the three trees from the very high severity group that sustained

major foliage damage from the fire. The other three groups remained the same for

both tests.

The Kruskal-Wallis test indicated when the null hypothesis could be rejected,

but did not indicate how many differences there were nor where the differences were

located among the groups tested. To determine which groups differed from other

groups, I did a multiple comparison test called the Tukey test, also known as the

"honestly significant difference" test. This is a parametric test, but I did the test

using the ranks of the data rather than actual mean index values, as recommended by

Conover and Iman (1981). The entire set of data was ranked from smallest to largest,



81

with the smallest observation having the rank 1, the second smallest rank 2, and so

on. Average ranks were assigned in the case of ties. I did the Tukey test in SAS

(SAS Institute, 1986) on all the post-burn periods that had significant differences

between groups in the ICruskal-Wallis test.

Variability in post-fire growth responses

I would expect higher variation in growth in post-burn periods for burn site

trees compared to unburned site trees. Variations in topography and burning

conditions (controlled by weather, windspeed, fuels, etc.) result in variable fire effects

on trees over space and time, and burn site trees are thus likely to show greater

variability in growth in post-burn years than unburned site trees. Even though trees

have been grouped according to the level of fire severity they sustained, there can still

be some variability in the response of individuals to similar burning conditions. To

present annual-scale variability, I graphed mean growth and standard deviations for

six pre-burn years, the burn year, and five post-burn years for all burn severity

groups and unburned sites. I used six years for each burn because I wanted to

compare different burns to each other, and six years was the maximum length of time

present after all seven burns.
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Effect of fire severity on growth response patterns

I used two approaches to examine differences in post-burn differences in post-

burn growth response patterns between tree groups sustaining different fire severities.

The first approach was to graph departures from the 10-year, pre-burn mean for each

year prior to the burn date, for the burn year, and for however many years were

present in the post-burn period. This was done for all severity group indices within

each burn and for the corresponding time period in unburned site indices. This

technique accentuates post-burn changes relative to pre-burn mean indices and

indicates how growth response patterns varied between groups within burns, and

between burn groups and unburned sites.

In the second approach, I combined different burns' severity groups into one

comparison for Giant Forest sites and another for the Kings Canyon sites. To do

this, I assumed that the unburned sites' mean indices were a good measure of the

growth response to climate for burn sites. "Difference" or "residual" indices were

produced by subtracting the appropriate unburned site indices from each burn severity

group indices for each year in the 10-year pre-burn period, the burn year, and

however many years were available in the post-burn period. It is assumed that the

effects of climate and individual site conditions on tree growth were removed in these

residual indices, and that what remains is essentially the growth response to fire. A

similar approach to this has been used in the study of effects of air pollution and
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defoliation on tree-ring growth (Nash et al. 1975; Swetnam et al. 1985; Swetnam and

Lynch 1993).

I averaged together severity group residual indices between sites to produce

one graph of severity group indices for Kings Canyon and another for Giant Forest

sites. This approach increased the sample size within severity groups and

strengthened the "signal" (or growth response to fire) within each fire severity time

series. This type of compositing (also known as superposed epoch analysis) clarifies

the event signal by averaging out features not common to the individual events (Kelly

and Sear 1984).

Fire severity and growth suppressions

Because concerns have been expressed by Park visitors and various

conservation organizations about effects of prescribed fire on giant sequoia trees

(Parsons 1990) and about possible "negative" impacts of burning during drought

periods (R. Norum, pers. comm.), I wanted to determine the numbers of sequoias

with post-burn growth suppressions in the different fire severity categories and

compare these with numbers of sequoias with growth suppressions on unburned sites

for the same time periods.

The IMPACT program (Holmes 1992) (explained in section 4.4.2) was used to

calculate the percent change in growth for each tree in burned and unburned sites for

a six-year post-burn period, relative to a six-year pre-burn period. Six year-periods
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were used for all burns because I wanted to compare equal-length pre- and post-burn

periods, and six years was the maximum length of time present after all seven burns.

From the output of the IMPACT program, I counted the numbers of trees with

growth suppressions within groups sustaining different levels of fire severity and

within unburned sites. These trees were categorized in four growth suppression

categories (post-burn growth expressed as a percent of pre-burn growth): 1) 10-29

percent; 2) 30-59 percent; 3) 60-89 percent; and 4) 90-95 percent. Numbers of trees

in different growth suppression categories were totalled for all burn site fire severity

groups, and they were graphed as a percent of the total number of trees in each

severity group. Numbers of trees in the four growth suppression categories for

unburned sites were expressed as a percent of the total number of trees for each site,

these percents were averaged for all unburned sites, and then graphed for comparison

with fire severity groups.

4.4.4 Effect of fire-caused physiological changes on post-fire growth responses

Foliage damage

Fire-caused foliage damage occurred on large overstory giant sequoias on three

prescribed burn sites--Class, Broken Arrow, and Partin. All the trees sustaining

foliage damage were in areas of high to very high severity fire. Although foliage

damage itself may be considered as an indicator of high fire severity, I am treating it

separately from the effects of fire severity on post-fire growth response. Because the
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height of the sequoia canopy is usually above the height of fir, pine and cedar in the

lower canopy, it is generally a rare event that extensive foliage damage occurs in

adult giant sequoias, even in areas of high severity fire. Very high severity fire

caused extensive foliage damage on only three giant sequoias (>250 cm in diameter)

on the Partin burn, although it did kill a few sequoias in a smaller size class. Very

high severity fire, however, has been a rare event on prescribed burns in general.

Because most sequoias sustaining high severity fire did not show signs of foliage

damage, I chose to evaluate foliage damage effects on post-fire growth responses

separately from fire severity effects (which were categorized in terms of fire impact

on other tree species surrounding giant sequoia).

All the trees in the high to very high severity fire categories on the Class,

Broken Arrow, and Partin burns were separated into three groups: 1) trees with no

evident foliage damage; 2) trees with less than 50% of crown damaged (usually only

lower few branches scorched); and 3) trees with >50% of crown damaged. Fire

damage was evident from sparse foliage or entire branches lacking foliage. Because 5

to 13 years passed between the burns and the time of sampling, these estimates are

conservative. In many cases, trees resprouted foliage from some of the scorched

branches, especially on the Partin burn, which was the oldest burn sampled (T.

Nichols, pers. comm.).

Unburned site indices were subtracted from individual tree indices for a 10-

year pre-burn period, the burn year, and for however many post-burn years were
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present. "Foliage groups" were averaged between sites to obtain one set of mean

residual indices for each foliage category. These were then graphed for comparison.

I used the ICruskal-Wallis nonparametric ANOVA and the Tukey test on ranked data

to assess differences between mean indices of foliage groups for both the pre- and

post-burn periods (Conover and Iman 1981, SAS Institute 1986).

Fire scarring

As discussed in the literature review, fire scars are common on adult sequoia

trees. The amount of new scarring from prescribed burning on the trees I sampled

may have contributed to the post-fire growth responses due to physiological changes

resulting from the scarring. Possible changes include reduced cambial circumference,

interruption of phloem transport system and thus greater concentrations of

photosynthates around scarred areas (Brown 1991, Brown and Swetnam 1994).

For each burn, I divided the trees into groups based on the three scarring

categories:

0) No new scarring;
1) <50% new scarring;
2) >50% new scarring.

I averaged the growth indices for each tree into a mean set of indices for each scar

category. I then subtracted the appropriate unburned site indices from each scar

group mean indices for a 10-year pre-burn period, for the burn year, and for the

number of years in the post-burn period. As described in section 4.4.3, this
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technique is assumed to remove most of the growth response due to climate so that

the residual is primarily a growth response to fire effects. In this case, the primary

fire effects variable would be the amount of new scarring present. Scar group indices

were then averaged together between all burn sites. The result was a set of three

mean residual indices, representing the different scar categories.

I tested these residual indices statistically using the Kruskal-Wallis test. The

null hypothesis was that no significant difference existed between scar group residual

mean indices in either the pre-burn or post-burn period. I tested the pre-and post-

burn periods separately using SAS procedure ANOVA followed by the Tukey test on

the ranked data (Conover and Iman 1981, SAS Institute 1986).

To determine if fire severity had an effect on amount of new scarring present,

I graphed relative frequencies of giant sequoias falling into the three different scarring

categories for each level of fire severity (low, moderate, high, and very high). I

tested the null hypothesis that these frequency distributions were not significantly

different from each other using a likelihood ratio chi-square test.
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4.5 Results

4.5.1 Site chronologies

Graphs of chronologies show similar growth patterns in the burned and

unburned sites during the pre-burn periods, and differences during the post-burn

periods (Figures 4.3 and 4.4). For all burn sites, mean growth during the fire year

was low, and then growth increased during the first one to two years following the

fire date. The magnitude and duration of this increase varied from burn to burn. All

sites showed a growth increase in the 1980s relative to the pre-burn periods.

4.5.2 Mean pre- and post-fire growth for burned and unburned sites

T-test results

The t-test results indicated that in four out of seven burns mean growth was

significantly higher than unburned site mean growth for the same period (Table 4.2).

There were no significant differences in mean growth between burned and unburned

sites for the pre-burn periods. The three burns that did not have significantly higher

mean growth than unburned sites in the post-burn periods (Moro, Cattle, and Grant

burns) were all low to moderate severity burns. The four burns that did have

significantly higher mean growth in the post-burn period (Partin, Circle, Class, and

Broken Arrow) all included some areas of high and/or very high severity fire.
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Table 4.2. Results of testing the null hypothesis that mean growth indices were not
significantly different between burned and unburned sites in either the pre- or post-
burn periods. Means, standard deviations (SD), degrees of freedom (df), t-values (t),
and probability levels (P) are listed for pre- and post-burn periods. Asterisks indicate
significant differences between groups at P <0.05.

Sites
(N= # Years)

Pre-Burn Period
Mean (SD)

Post-Burn Period
Mean (SD)

Moro burn
OF unburned

1.05 (.12)
1.07 (.12)

1.51 (.13)
1.29 (.13)

(N=11 years) df=11, t=0.31, P>0.10 df=11, t=2.23, P>0.10

Circle burn 1.04 (.12) *1.67 (.16)
GF unburned 1.03 (.13) *1.32 (.10)
(N=9 years) df=11, t=0.11, P>0.10 df=15, t=4.32, P<0.01

Cattle burn 0.93 (.11) 1.38 (.07)
OF unburned 1.02 (.14) 1.34 (.12)
(N=7 years) df=12, t=1.37, P>0.10 df=12, t=0.14, P>0.10

Class burn 1.30 (.13) *2.05 (.31)
OF unburned 1.11 (.12) *1.38 (.10)
(N=6 years) df=2, t=2.357, P>0.10 df=9, t=4.16, P<.0.03

Broken Arrow burn 1.32 (.08) *1.85 (.25)
OF unburned 1.22 (.10) *1.38 (.11)
(N=5 years) df=8, t=1.67, P>0.10 df=8, t=3.607, P<0.05

Partin burn 1.15 (.10) *1.89 (.31)
Redwood unburned 1.16 (.08) *1.28 (.11)
(N=13 years) df=11, t=0.35, P>0.10 df=15, t=4.36, P<0.01

Grant burn 1.08 (.14) 1.53 (.19)
Grant unburned 1.15 (.15) 1.41 (.14)
(N=11 years) df=17, t=1.13, P>0.10 df=5, t=0.91, P>0.10



92

Percent of trees with increasing or decreasing growth in the post-burn period

The percent of trees increasing or decreasing in the 6-year post-burn period

was similar between each burn and its respective unburned "control" site, with two

exceptions-- the Partin burn and the Redwood Mountain unburned site, and the Moro

burn-Giant Forest unburned site comparison (Figure 4.5). In the Redwood Mountain

unburned site, more than 50 percent of the trees decreased in growth in the post-burn

period, while for the Partin burn, less than 20 percent of the trees decreased in

growth for this period. Just over 20 percent of the Redwood unburned site trees

increased for this same period, while more than 70 percent of the Partin burn trees

increased. In the Moro burn, 94 percent of the trees increased in growth for the post-

burn period, while in the Giant Forest unburned site, only 67 percent of the trees

increased during this period. Twenty-two percent of unburned site trees decreased in

growth, while only 3 percent of Moro burn site trees decreased.

4.5.3 Growth responses to different fire severities

Differences in mean growth between fire severity groups and unburned sites

The Kruslcal-Wallis test results indicated that significant differences (P <0.006)

in mean growth were present between fire severity and unburned site groups in the

post-burn periods for five out of seven burns (Tables 4.3 and 4.4). No significant
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differences were found in the Grant and Broken Arrow post-burn periods, although

the Broken Arrow site as a whole did have significantly higher mean growth than the

unburned site in the Nest (see Table 4.2). All three burn groups in Broken Arrow

did have mean growth values noticeably higher than that of the unburned site, but the

low N size of this burn (only 5 post-burn years) and the choice of a conservative P

value (P <0.006) to account for the number of tests performed reduced the power of

the Kruskal-Wallis test to detect differences.
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Table 4.3. Results of the Kruskal-Wallis ANOVA for Giant Forest sites testing the
null hypothesis that mean growth indices were not significantly different between burn
severity groups and unburned sites in either the pre- or post-burn periods. Alpha
values were adjusted to account for the number of tests performed, and the resulting
adjusted alpha value for a statistically significant difference was P <0.006.

Sites and Severity
Groups

Pre-Burn Period
Mean (SD)

Post-Burn Period
Mean (SD)

Moro burn
Low 1.02 (.13) 1.42 (.16)
Moderate 1.07 (.13) 1.55 (.14)

GF unburned 1.05 (.12) 1.29 (.13)
df=2, chisq=1.48, P>0.48 df=2,chisq=12.14, P<0.002

Circle burn
Low 1.01 (.12) 1.62 (.14)
Moderate 1.04 (.13) 1.71 (.18)
High 1.10 (.12) 1.55 (.29)

GF unburned 1.03 (.13) 1.32 (.10)
df=3, chisq=3.23, P>0.36 df=3,chisq=13.58, P<0.004

Cattle burn
Low 0.92 (.15) 1.23 (.15)
Moderate 0.94 (.11) 1.54 (.10)

GF unburned 1.02 (.14) 1.34 (.12)
df=2, chisq=3.21, P>0.20 df=2,chisq=12.25, P<0.002

Class burn
Low 1.23 (.13) 1.92 (.31)
Moderate 1.48 (.20) 2.38 (.44)
High 1.24 (.16) 2.34 (.48)

GF unburned 1.11 (.12) 1.38 (.10)
df=3, chisq=9.68, P>0.02 df=3,chisq=14.98, P<0.002

Broken Arrow 1.20 (.06) 1.75 (.18)
Low 1.37 (.09) 1.90 (.16)
Moderate 1.33 (.12) 1.80 (.39)
High 1.19 (.07) 1.38 (.11)

GF unburned df=3,chisq=10.86, P>0.01 df=3, chisq=9.79, P > 0.02
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Table 4.4. Results of the Kruskal-Wallis ANOVA for Kings Canyon sites testing the
null hypothesis that mean growth indices were not significantly different between burn
severity groups and unburned sites in either the pre- or post-burn periods. Alpha
values were adjusted to account for the number of tests performed, and the resulting
adjusted alpha value for a statistically significant difference was P<0.006.

Sites and Severity
Groups

Pre-Burn Periods
Mean (SD)

Post-Bum Periods
Mean (SD)

Partin burn
(including injured trees)

Moderate 1.18 (.14) 2.00 (.29)
High 1.15 (.08) 2.04 (.29)

Very High 1.12 (.11) 1.67 (.48)
Redwood unburned 1.16 (.09) 1.28 (.11)

df=3, chisq=1.69 df=3, chisq=27.41
P>0.64 P<0.001

Partin burn
(excluding injured trees)

Moderate 1.18 (.14) 2.00 (.29)
High 1.15 (.08) 2.04 (.29)

Very High 1.06 (.09) 1.96 (.58)
Redwood unburned 1.16 (.09) 1.28 (.11)

df=3, chisq=10.44 df=3, chisq=20.82
P>0.02 P<0.001

Grant burn
Low 1.06 (.14) 1.41 (.18)

Moderate 1.11 (.13) 1.64 (.29)
Grant unburned 1.14 (.14) 1.42 (.14)

df=2, chisq=4.17 df=2, chisq=4.52
P>0.12 P>0.10

The Tukey test results indicated where differences between groups occurred in

the post-burn periods (Table 4.5 and Figure 4.6). It is interesting to note that two out

of the three burns that did not have significantly (P <0.05) higher post-burn mean

growth than the unburned Giant Forest site in the t-test (Moro and Cattle) (Table 4.2)
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did show mean growth differences for this period when trees were separated into fire

severity groups. For the Moro burn, the Tukey test indicates that the moderate

severity group had significantly higher growth than the unburned site, but the lower

severity group did not. The moderate severity group was not significantly higher in

mean growth than the low severity group. For the Cattle burn the moderate severity

group had significantly higher growth than both the low severity group and the

unburned site, while the low severity group actually had lower mean growth than the

unburned site. The two Giant Forest burns evaluated in the Tukey test that had three

different fire severity levels (Circle and Class) showed no significant differences

between the fire severity groups (Figure 4.6 and Table 4.5). In the Circle burn, all

three fire severity groups had higher mean growth than that of the unburned site. In

the Class burn comparison, both the moderate and high severity groups had

significantly higher mean growth than the unburned site, while the low severity group

did not.

Among the two Kings Canyon sites, only the Partin burn had significant

differences between fire severity and unburned groups in the post-burn period (Table

4.4). In the first Partin burn Tukey test which included the three injured trees in the

very high severity group all three burn severity groups had significantly higher mean

growth than did the Redwood unburned site (Figure 4.6 and Table 4.5). The high

severity group had significantly higher mean growth than the very high severity group

but was very similar in mean growth to the moderate severity group. The moderate
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MOR	 CIR	 CLA	 CAT PAR1 PAR2

SITES

Figure 4.6. Post-burn mean growth for groups of trees sustaining different levels of
fire severity within each burn and mean growth for the same period for unburned
sites. Letters indicate significantly different means (P <0.05) within each
comparison, determined by the Tukey test. (MOR=Moro, CIR=Circle,
CAT=Cattle, PAR1=Partin with foliage-damaged trees included, PAR2=Partin with
foliage-damaged trees excluded.)
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Table 4.5. Results of the Tukey test for differences in mean tree-ring width indices between
fire severity groups and unburned sites for all post-burn periods that yielded significant results
in the ICruskal-Wallis ANOVA. The Tukey test was performed on the ranked data rather than
the actual mean tree-ring index values (see text). Non-overlapping letters indicate significant
differences (P< 0.05) within each group.

BURN SITE TUKEY'S HSD TEST
RESULTS

POST-BURN MEAN

MORO df=30, MSE=58.162
Low Critical value=3.487 1.43 ab
Moderate MSD=8.017 1.55 a

GF unburned 1.28 b

CIRCLE df=32, MSE=73.639
Low Critical value=3.832 1.62 a
Moderate MSD=10.96 1.71 a
High 1.55 a

GF unburned 1.33 b

CATTLE df=18, MSE=16.571
Low Critical value=3.609 1.23 b
Moderate MSD=5.553 1.54 a

GF unburned 1.32 b

CLASS df=20, MSE=20.05
Low Critical value=3.958 1.92 ab
Moderate MSD=7.236 2.38 a
High 2.35 a
GF unburned 1.38 b

PARTIN' df=48, MSE=115.346
Moderate Critical value=3.764 2.00 ac
High MSD=11.211 2.04 a
Very High 1.67c
RW unburned 1.28 b

PARTIN' df=48, MSE=120.401
Moderate Critical value=3.764 2.00 a
High MSD=11.454 2.04 a
Very High 1.96 a
RW unburned 1.28 b

1. Partin burn including three sequoias with severe foliage damage in very high i mpact
category.
2. Partin burn excluding the three injured trees.
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severity group's mean growth was higher than that of the very high severity group,

but not significantly.

In the second Partin burn Tukey test applied to the data set excluding the three

damaged trees in the very high severity group, the three fire severity group means

were very similar to each other. The fire severity groups in this test all had

significantly higher growth than that of the unburned site.

Variability in post-burn growth responses

To examine annual-scale variability, I graphed the annual means and standard

deviation for fire severity and unburned groups in three different categories--early

Giant Forest burns (Moro, Circle, Cattle), late Giant Forest burns (Class, Broken

Arrow), and Kings Canyon burns (Partin, Grant) (Figures 4.7, 4.8, and 4.9). For the

three early Giant Forest burns, standard deviations are similar for all years between

groups in the pre-burn periods (Figure 4.7). The Moro and Circle comparisons also

showed similar standard deviations between groups in the post-burn periods. The

Circle burn moderate severity group did have a higher standard deviation than other

groups in 1983, the El Nino year. In the Cattle comparison, the low severity group

had the lowest standard deviation for all post-burn years, while the moderate severity

group had relatively high standard deviations, especially from 1984-87.

In the late Giant Forest burn comparisons, the Class burn low and moderate

severity groups had higher standard deviations than high severity and unburned groups
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in the pre-burn period (Figure 4.8). All Class group standard deviations were similar

in the burn year (1984), and in the post-burn period, all burn groups had higher

standard deviations than the unburned group. The moderate severity group had the

highest standard deviation throughout the pre- and post-burn periods. In the Broken

Arrow comparison, there were similar standard deviations among groups from the

pre-burn period through the second post-burn year (1987). Burn groups had higher

standard deviations than the unburned group from years 1988-90.

In Kings Canyon, the Partin burn comparison showed similar, relatively low

standard deviations between groups from the pre-burn period through the burn year

(Figure 4.9). Burn groups all had similar, higher standard deviations in all post-burn

years compared to low standard deviations in the unburned site. In the Grant

comparison, the unburned site had a higher standard deviation in pre-burn years, and

unburned and burned groups had similar standard deviations in post-burn years

(Figure 4.9). Apparently, there is not a consistent pattern of burn groups always

having higher standard deviations than unburned sites in post-burn periods, although

there appears to be a tendency for moderate to higher severity burns to show higher

standard deviations in the post-burn periods.
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Effect of fire severity on growth response patterns

All fire severity groups showed higher positive departures from pre-burn

means than did unburned sites for a few to many post-burn years (Figures 4.10-4.13).

The magnitudes of post-burn departures were often similar between fire severity

groups. There were, however, a few distinct differences in growth response patterns

between groups. Groups that sustained high to very high severity fire often had a low

or negative departure in the first 1-2 post-burn years, compared to the other severity

groups and the unburned sites (Figures 4.11, 4.12, and 4.13). The Class burn was

the exception, with the highest severity group having the largest post-burn departure

in the first post-burn year, compared to the other severity groups and to the Giant

Forest unburned site (Figure 4.12). Another interesting feature of the Class high

severity group is that a second post-burn increase occurred in 1990, after a 1989

spotfire burned in a small area of the 1984 Class burn.

The low severity groups in the Moro, Cattle, Class, and Grant burns (Figures

4.10, 4.12, and 4.13) had smaller magnitude and less sustained increases than

moderate to high severity groups, but the low severity groups were similar in

magnitude and duration to moderate and high severity groups on Circle and Broken

Arrow burns (Figures 4.11 and 4.12). Very high severity fire on the Partin burn

resulted in delayed positive post-burn departures, as well as a more rapid decline in

the later post-burn years (Figure 4.13).
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When severity groups for Giant Forest and Kings Canyon area burns were

sorted into two sets of difference indices, Kings Canyon had the most distinct

differences in growth response patterns between fire severity groups (Figure 4.14).

In Kings Canyon, at least ten years of post-burn data were available for both burn

sites (Grant and Partin). The low severity group comprises trees from the Grant

burn, the moderate severity group includes 11 trees from the Grant burn and 19 from

Partin, and both the high and very high severity groups comprise trees from only the

Partin burn. The low severity group had essentially no growth increase above

unburned site growth in the post-burn period. The moderate severity group had an

immediate increase in the year following the burn, but did not reach as high a peak as

the high and very high severity groups attained by year 6. The high severity group

had an immediate and steep growth increase following the burn, and it also had the

most sustained growth increase. The very high severity group had a growth decrease

in the first post-burn year, but it showed a sharp increase in growth from years 1 to

6, reaching the same high peak that the high severity group reached. It declined more

rapidly in growth than both the moderate and high severity groups during years 7 to

10.

Giant Forest had somewhat less distinct differences in growth response

patterns between fire severity groups. This pattern may have been partly due to

declining sample depth with increasing time after the burns and possibly also to the

fewer fire severity groups (i.e. high and very high severity groups were lumped due
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to the very low number of trees in the very high severity group) (Figure 4.15). The

low and moderate severity groups included trees from all five Giant Forest burn sites.

The high/very high severity group included trees from Circle, Class, and Broken

Arrow burns. All three groups had an immediate growth increase by the first post-

burn year. The low severity group has the smallest growth increase, followed by the

moderate and high/very high groups. The high/very high group had a peak by year 6

notably higher than the peak growth levels attained by the other two groups by year

5. However, the high/very high group declined dramatically in growth by year 7 to a

level similar to that of the moderate group.

Fire severity and growth suppressions

Some growth suppressions occurred in all four fire severity categories as well

as in the unburned sites (Figure 4.16). (Growth suppressions in the six-year post-

burn periods were categorized as 10-29%, 30-59%, 60-89%, or 90-95% of mean, 6-

year pre-burn growth.) The groups of trees sustaining low or moderate severity fire

had no growth suppressions in the 10-29% or 30-59% categories, and the percentage

of trees in these groups showing growth suppressions in the 60-89% and 90-95%

categories was low and fell within the range of growth suppressions seen on unburned

sites. An average of 7% of unburned site trees (range of 0-36%) had growth

suppressions in the 60-89% category, and 8 percent (range of 4-17%) had growth

suppressions in the 90-95% category. Clearly, low to moderate severity fire did not



114

20 

K

:::

:::

:::

:••.:
:::
:::
:::
:::
:::
:::
:::
:::
:::
• 4

:
ili                                   

0                          
10-29	 30 - 59	 60-89	 90-95

Percent Post—Burn Growth Suppression 

Unburned Sites N=140
Low Severity Fire N=107
Moderate Severity Fire N=149
High Severity Fire N=53
Very High Severity Fire N=16     •

%In n • .0:  
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unburned control site) with different levels of post-burn growth suppressions. The
percent post-burn growth suppression categories are 6-year post-burn mean growth
expressed as a percent of 6-year pre-burn mean growth.
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result in larger growth suppressions than those seen on unburned sites, and these

groups actually had fewer trees with growth suppressions than did unburned sites.

The high severity fire group had 30-59% growth suppressions in 2 percent of

its trees, but no trees in this group had 10-29% growth suppressions (Figure 4.16).

Four percent of trees in this group had 60-89% suppressions and another four percent

had 90-95% suppressions, but these percentages are lower than the mean percent of

unburned site growth suppressions in the same categories. The very high severity

group had the largest deviation from unburned site growth suppression percentages,

with 19% of its trees showing the most severe growth suppressions (post-burn growth

only 10-29% of pre-burn growth). These trees (only three) sustained extensive

foliage scorch. The effects of foliage damage on post-burn growth are treated in

more detail in the next section (4.5.4).

4.5.4 Effect of fire-caused physiological changes on post-fire growth responses

Foliage damage

Extensive foliage damage (>50% of crown scorched) resulted in growth

suppressions throughout the post-burn period, relative to unburned site growth (Figure

4.17). When <50% of the crown was damaged (usually only lower branches

scorched), the post-fire growth response was similar to, and actually slightly higher in

magnitude than that for trees with no foliage damage at all. It is interesting to note
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Figure 4.17. Residual indices (burn minus unburned site indices) for giant sequoias
sustaining different levels of foliage damage in areas of high to very high fire severity
in the Class, Broken Arrow, and Partin burns. The lower graph indicates the
decreasing sample depth with increasing time since fire, as the Class and Broken
Arrow burns only had six and five years of post-burn growth, respectively.
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the increasing growth at the end of the 13-year, post-burn period (years 10 through

13) in the group with light foliage damage, while the group with no foliage damage

declined in growth steadily from years 6 through 13. The group with extensive

foliage damage increased in growth rate toward the end of the 13-year, post-burn

period. Although these data give an estimate of how sequoia growth response to fire

is affected by foliage damage, larger sample sizes of damaged trees from more sites

are needed to have more confidence in the results. From years 7 to 13, all trees are

from one site, the Partin burn, and more samples from older high severity burns are

needed to determine whether the observed patterns are typical, or site-specific.

The Kruskal-Wallis ANOVA indicated that significant differences between

mean residual indices occurred in both the pre- and post-burn periods (Table 4.6).

The Tukey test indicated that mean residual indices for the group with extensive

foliage damage were significantly higher than mean difference indices for the other

two groups in the pre-burn period. In the post-burn period, significant differences

existed between all combinations of foliage group mean residual indices (Table 4.6).
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Table 4.6. Results of Kruskal-Wallis ANOVA for foliage groups testing the null
hypothesis that mean residual indices (burn indices minus unburned site indices)
between groups of sequoias sustaining different levels of foliage damage were not
significantly different for either the pre- or post-burn periods. (None =no foliage
damage, slight= <50% foliage damage, and severe= >50% foliage damage.) Non-
overlapping letters indicate significant differences (P <0.05) within groups, as
determined from the Tukey test.

Foliage Damage Pre-burn Period Post-burn Period
Groups N=10 years N=13 years

Mean (SD) Mean (SD)

None a	 0.02 (0.04) a 0.54 (0.40)
Slight a	 0.02 (0.04) b	 1.01 (0.40)
Severe b	 0.12 (0.09) c -0.71 (0.24)

df=2, chisq=9.36, P=0.009 df=2, chisq=30.65, P=0.0001

Fire scarring

Residual indices indicated similar growth responses between the groups of

trees sustaining no new scarring or less than 50 percent new scarring, while the group

of trees with 50 percent or more new scarring had a higher magnitude growth

increase (Figure 4.18). The Kruskal-Wallis ANOVA indicated no significant

differences in mean indices between these groups in the 10-year, pre-burn period, but

significant differences did exist in the 10-year, post-burn period. In the Tukey test,

the group of trees sustaining 50 percent or more new scarring had significantly higher

mean residual indices in the post-burn period than either of the other two groups

(Table 4.7).
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120

Table 4.7. Results of the ICruslcal-Wallis ANOVA for scar groups, testing the null
hypothesis that mean residual indices (burn indices minus unburned site indices)
between groups of sequoias sustaining different levels of new scarring were not
significantly different for either the pre- or post-burn periods. (None=no new
scarring, <50% =less than 50% of scarring new, and >50% =greater than or equal
to 50% of scarring new.) Where the ANOVA indicated significantly different means,
the Tukey test was conducted to determine where the differences occurred, non-
overlapping letters indicate significant differences as determined from the Tukey test
(P <0.05).

Pre-burn Period Post-burn Period
Scar Groups N=10 years N=10 years

Mean (SD) Mean (SD)

None 0.01 (0.02) a 0.28 (0.13)
<50% 0.02 (0.01) a 0.26 (0.11)
>50% 0.01 (0.02) b	 0.51 (0.16)

df=2, chisq=2.25,
P=0.324

df=2, chisq=12.08,
P=0.002

The distributions of relative frequencies of sequoias in the three scarring

categories for each level of fire severity indicated that different levels of fire severity

may have different effects on amount of new scarring present (Figure 4.19). While

the moderate and high severity fire categories resulted in similar percentages of trees

in different scarring categories, the low severity fire resulted in a larger number of

sequoias with no new scarring and fewer with > 50 percent new scarring. The very

high severity fire resulted in very few trees with no new scarring. Results of the

likelihood ratio chi-square test indicated that significant differences between

distributions occurred only between the low vs. moderate severity, low vs. high

severity, and low vs. very high severity comparisons (Tables 4.8 and 4.9). It appears
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Figure 4.19. Distributions of the relative frequency of giant sequoias in each of four
fire severity levels that sustained no new scarring (scar category 0), <50% new
scarring (scar category 1), or >50% new scarring (scar category 2). Likelihood ratio
chi-square tests indicated that the low severity distribution was significantly different
from the three other distributions (P <0.05).
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the low severity category resulted in significantly more trees with no new scarring and

significantly fewer trees with > 50 percent new scarring. Caution must be used in

interpreting two of the statistical tests (low vs. very high and moderate vs. very high--

Table 4.9), since 33 percent of the cells had expected counts of less than five,

indicating the chi-square may not be a valid test. Collapsing cells did not change this

condition.

Table 4.8. Number of trees in various fire severity classes with different levels of
new fire scarring present.

Table 4.9. Results of likelihood ratio chi-square test to evaluate differences between
distributions of trees given in Table 4.8. Degrees of freedom equal two for each
comparison. Distributions were significantly different from each other when P<0.05.

Low Moderate High Very high

Low -- X2=6.502 X2=9.885 X2=6.834
P=0.039 P=0.007 P=0.033

Moderate -- -- X2=3.173 X2=2.570
P=0.205 P=0.277

High -- -- -- X2=2.950
P=0.229
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4.6 Discussion

4.6.1 Comparison of burned and unburned site growth patterns

The increases in mean growth rates for all burned and unburned sites during

the post-burn periods relative to pre-burn growth rates indicated that both climatic

conditions and fire effects contributed to the improved growing conditions in the post-

burn periods. The wetter climatic conditions of the early 1980s contrasted sharply

with the extreme drought years of 1976-77 and may have been the main factor in the

relative growth increases observed on the unburned sites in the 1980s. All burned

sites, however, had higher mean growth in the post-burn period than unburned sites,

and for four burns the mean growth was significantly higher (P < 0.05) than that on

unburned sites (Table 4.2).

While fire appeared to affect the magnitude of mean growth in the post-burn

periods, it did not result in large differences between burned and unburned sites in

terms of the percent of trees increasing in growth in the post-burn period relative to

the pre-burn period for at least five out of seven burns (Figure 4.5). For example,

although the Circle, Class and Broken Arrow burns had significantly higher mean

growth in the post-burn periods than the Giant Forest unburned site had (Table 4.2),

they had similar percentages of trees increasing or decreasing in growth during a 6-

year post-burn period as the unburned site had (Figure 4.5). The Cattle and Grant

burns also had higher mean growth than unburned sites in the post-burn periods

(although not significantly so) but had similar percentages of trees increasing or
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decreasing as unburned sites (Figure 4.5). In contrast, the Partin burn-Redwood

unburned site comparison indicates that a large percentage of trees decreased in

growth on the unburned site relative to the burned site. In this case, the burn had

both a higher magnitude of mean growth in the post-burn period as well as a much

larger percentage of trees showing growth increases relative to the pre-burn period

than the unburned site had.

My results indicating higher post-burn mean growth on burned sites relative to

unburned sites are in agreement with some of the studies of fire effects on other tree

species. Morris and Mowat (1958), Lynch (1959), Van Sickle and Hickman (1959),

and Pearson et al. (1972) showed increased stem growth in ponderosa pine (Pinus

ponderosa) proportional to fire-related thinning. Reinhardt and Ryan (1988) found

western larch (Larix occidentalis) in Montana had reduced radial growth in the first

year following fire but increased growth in the next seven years which they attribute

to a release from competition. Post-fire growth increases have also been noted in

Eucalyptus species in Australia (Wallace 1965, Kimber 1978, Kellas et al. 1980,

Abbott and Lonegran 1983). These increases have been associated with densely

regenerated crowns of young and photosynthetically efficient leaves on fire-scorched

crowns of Eucalyptus, reduction in seed production in the scorched trees, reduction in

competition from surrounding trees and increase in soil nutrients. Perhaps most

similar to giant sequoia growth increases are the growth increases associated with fire

scar dates on coast redwood (Sequoia sempervirens) cross-sections (Brown 1991,
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Brown and Swetnam 1994). In addition to fire-related thinning and soil nutrient

changes, they propose some physiological mechanisms for the observed growth

increases. These are related to fire scarring and will be discussed in a later section.

Other studies have found post-fire growth decreases on burn sites or no

difference between burned and unburned site tree growth. Wooldridge and Weaver

(1965) found that prescribed burning in a ponderosa pine forest in Washington had no

significant effect on diameter growth of "crop trees" but reduced height growth

significantly in the 6-year post-burn period. Sutherland et al. (1991) found that fire

affected growth significantly and negatively in southwest ponderosa pine sites for two

years, and then burned trees grew similarly to control trees. They suggest that a lack

of post-burn growth increase could be due to the high stand density and relatively low

amount of fire-related thinning that occurred. They also indicate that the fire

smoldered in duff for several days and as a result trees may have sustained root

damage. Swezy and Agee (1991) found that fine-root damage and post-fire tree

mortality were associated with fire severity in old-growth ponderosa pine in Oregon.

In a study of postfire growth of Douglas-fir (Pseudotsuga menziesii) and lodgepole

pine (Pinus contorta) in the northern Rocky Mountains, Peterson et al. (1991)

conclude that mean basal area increment during a four-year postfire period declined in

75% of burned Douglas-fir and 70% of lodgepole pine. Percent of crown volume

scorched was the most important variable related to postfire growth of Douglas-fir,

while basal scorch was slightly more important than crown scorch to the postfire
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growth of lodgepole pine. Reinhardt and Ryan (1988) found that Douglas-fir in

Montana had similar post-fire growth on burned and unburned plots. Extensive

crown scorch (greater than 50 percent) and high intensity fire were associated with

growth reductions in Australian Eucalyptus species (Kellas et al. 1980, Abbott and

Lonegran 1983).

My results indicated that from 74 to 94 percent of giant sequoias increased in

6-year post-burn periods relative to 6-year pre-burn periods (Figure 4.5) on burned

sites. The average percentage of sequoias increasing in post-burn growth for all

seven sites was 89 percent. The range of percentages of sequoias increasing in

growth on unburned sites in post-burn periods was from 19 percent (Redwood

Mountain) to 93 percent (Giant Forest) and the average for all unburned site post-burn

periods was 76 percent. These results suggest a more consistent positive growth

response to fire in giant sequoia than has been observed in other species. This could

be due to the size and the other physical characteristics of giant sequoia that make the

species particularly well-adapted to fire. The very thick bark and elevated canopies

protect adult sequoias from serious damage in all but the most severe fires. The

extensive mass of fine roots observed underneath the bases of newly fallen giant

sequoias (S. Sackett, pers. comm.) suggests that these trees may be able to sustain

some fine root damage from fire and still maintain growth rates equal to or greater

than pre-burn growth. Giant sequoias may have enough protected root mass
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underneath their bases to buffer them against fire-related root damage that may occur

in areas where fuel accumulation is high.

Possible mechanisms for fire-associated growth increases

I hypothesize that a combination of positive post-fire effects, such as increased

nutrient availability, increased water availability, and reduction in interference from

other tree species probably played a role in the higher growth rates of trees on burn

sites. While most investigators have used the term "reduced competition" to refer to

the decrease in plant or tree densities following fire, I will use the term "reduced

interference" in reference to my own results. Competition is defined specifically as

an interaction in which individuals have negative effects upon each other by

influencing access to resources (Keddy 1989). My results of increased post-fire

sequoia growth suggest that the non-sequoia species killed or injured by fire have a

negative influence on sequoia growth, however, I have not demonstrated that giant

sequoias have negative effects on the growth of other species. Although competition

is undoubtedly occurring between giant sequoias and other tree species, this study has

demonstrated only one-way interference, the negative effect of other individual species

on sequoia growth.

Increased nutrient availability after burning can result from a combination of

reduced plant densities, addition of nutrient-rich ash to the soil, and increased rates of

mineralization due to increased microbial activity (Christensen and Muller 1975, St.
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John and Rundel 1976, Wilbur and Christensen 1983, Covington and Sackett 1984,

Covington and Sackett 1986). Nitrogen is an important limiting factor to the growth

of forest trees (Heidmann et al. 1979, Cochran 1979, Powers 1980), therefore

demonstrated post-fire increases in available nitrogen in the form of nitrate or

ammonium (Wagle and Kitchen 1972, Christensen 1973, Christensen and Muller

1975, St. John and Rundel 1976, Wilbur and Christensen 1983, Covington and

Sackett 1986, Sackett et al. in press) suggest that fire effects on nitrogen cycling may

be an important factor in post-fire increases in sequoia growth rates.

Tiedemann and Klemmedson (1994) suggest that burning may cause a loss of

nutrients through volatilization, thereby reducing site productivity. It is true that

there is often a reduction in total N after burning (Knight 1966, Grier 1975,

Klemmedson 1976, De Bano et al. 1979). Total and available N may be lost from

the forest floor, but they have been found to increase in the unburned layers, probably

because of downward transport (Mroz et al. 1985). Because of this downward

movement of N compounds from the forest floor, studies that examine only the

burned material tend to overestimate N losses (Mroz et al. 1980). Even though N is

lost by combustion, it usually is rather rapidly replaced by inputs in rain, increased

microbial activity, and N fixation by free-living organisms (Woodmansee and Wallach

1981). My results indicating elevated growth in giant sequoias on burned sites for

five to thirteen years after burn dates suggest a prolonged increase in site

productivity, contrary to the assertions of Tiedemann and Klemmedson. These forests
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have evolved with frequent fire disturbance, and fire is likely to be an important

process cycling nutrients at intervals consistent with periods when nutrient availability

becomes limiting to plant growth (Gebauer 1991).

After fires, daytime temperatures in forests often increase because of

absorption of light by blackened surfaces and temporary elimination of the insulating

effects of vegetation. The rise of temperature is highest in the surface soil, but some

increase can occur down to a depth of 18 cm (Kozlowski et al. 1991). The higher

soil temperatures after fire often stimulate growth of plants directly, as well as

indirectly by accelerating microbial activity and mineralization of soil organic matter

(Raison 1979). Temperature increases following fire decline progressively as plant

cover becomes reestablished, but may be important to the initial post-fire growth

increases observed in giant sequoia.

The post-fire establishment of nitrogen-fixing understory vegetation in many

burned areas of giant sequoia-mixed conifer forests may also contribute to the

persistence of elevated sequoia growth rates observed in this study. The Partin burn

hotspot, where the largest and most prolonged post-burn increases were observed, had

a dense post-burn establishment of Ceanothus integerrimus. All species of Ceanothus

(including C. integerrimus) tested by application of an isotopic tracer method were

found to fix nitrogen at rates which are ecologically significant (Delwiche et al.

1965). Sequoia seedlings growing in close proximity to Ceanothus shrubs in this

hotspot appear to have more vigorous growth than seedlings growing at some distance
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away (Nate Stephenson, pers. comm.). This suggests that higher concentrations of

nitrogen are present in soils near Ceanothus shrubs and give a competitive advantage

to sequoia seedlings that germinate nearby. Although dense establishment of

nitrogen-fixing vegetation was not present on other burns sampled for this study, I

observed dense lupine (Lupinus latifolius) undergrowth on another high severity burn

(the 1985 Garfield burn) located in the southern part of Sequoia National Park. It is

possible that nitrogen-fixing species such as Ceanothus and Lupinus establish most

successfully on burns that create large gaps in the canopy, and that the presence of

these species helps to maintain more favorable growing conditions on these sites for

longer periods of time after burns.

Another post-burn effect observed in ponderosa pine forests is improved

moisture availability in soils due to decreased interception of precipitation by litter

(Harrington 1991). Aldon (1968) found a strong linear relationship between

evaporation loss due to forest floor interception and forest floor weight in pole-size

ponderosa pine forest in northern Arizona. Thus the reduction of surface fuels typical

in most burns should decrease evaporation rates of precipitation from litter and

downed woody material and increase infiltration into soil where it becomes available

to plants. This may not be as important to southern Sierra Nevada forests as to

southwestern ponderosa pine forests, since most of the precipitation in the Sierra

Nevada occurs as snow in the winter, when evaporation is not likely to be an

important factor contributing to moisture loss from the system. If improved moisture
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availability occurs in Sierra Nevada forests after fire, it may be more related to

reduction in competition for water than to reduced amounts of moisture evaporating

from forest floor material.

In many forests, it is likely that climate is the primary determinant of the

number of trees that increase, decrease or do not change their mean growth rate for a

given period of time, while site conditions (local resource availability, competition)

are probably more important to the actual magnitudes of growth rates. In the case of

high tree densities or unusual climate conditions, it is possible that site factors rather

than climatic factors may become more important in determining the numbers of trees

that will increase or decline in growth from year to year. The higher density of trees

increases competition for resources and also decreases the ability of trees to recover

from extreme climatic events (such as the 1977 drought). Because most of the

sequoias on the Redwood unburned site did not respond favorably to the better

growing conditions in the early 1980s (in contrast to all the other sites in this study),

it appears that they may be so limited by interference from other tree species for

resources such as nutrients that they are unable to respond to periods of increased

moisture.
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4.6.2 Effect of fire severity on post-fire growth response

Significant differences were usually not detected in the post-burn means

between groups of sequoias sustaining different levels of fire severity within the same

burn. The two exceptions were the Cattle burn and the Partin burn. In the Cattle

burn, the moderate severity group had significantly higher mean growth than the low

severity group (Table 4.5 and Figure 4.6). In this case, the low severity group had

even slightly lower mean growth than the unburned site, suggesting that the low

severity fire did not improve growing conditions on this site. In the Partin burn, the

very high severity group had significantly lower mean growth than the high severity

group, and this difference was due to the trees within the very high severity group

that sustained extensive foliage damage. All burns had significantly higher mean

growth than unburned sites for at least one or more severity groups in the post-burn

periods. Most frequently, the moderate to higher severity groups had significantly

higher growth than unburned sites, while lower severity groups did not. In general, it

appears that different levels of fire severity cannot be distinguished from each other

effectively in terms of mean magnitude of post-fire ring-width indices alone. Other

characteristics of the post-fire growth response must be considered.

Year-to-year variability was often greater in burned sites compared to

unburned sites (Figures 4.7-4.9) during post-burn periods. This higher variability

appeared to be more common in the groups that sustained at least moderate to very

high severity fire. The higher variability in these groups may be due to physical
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damage to some trees (root or foliage) as well as to the patchiness of nutrient

distribution that may be present after burns. Concentrations of mineral nutrients after

fire tend to be more variable than those before fire, because of local differences in

fire intensity and uneven distribution of ash (Wooldridge and Weaver 1965, Westman

et al. 1981, Wilbur and Christensen 1983, Christensen and Muller 1985). This higher

variability emphasizes the importance of obtaining relatively large sample sizes in

order to obtain an accurate estimate of the mean signal of interest. On management-

ignited prescribed burns, the sample sizes of groups of trees sustaining high to very

high severity fire are often low because fire that risks high tree mortality and severe

visual impacts (bark charring, foliage damage, etc.) has not been a desirable outcome.

Thus, most prescribed burns have been of low to moderate severity with the intention

of slowly reducing surface fuels and minimizing damage to giant sequoias. Sampling

of older burns where high severity fire can be identified may be one way to obtain

larger sample sizes of trees sustaining high severity fire as well as a longer post-fire

record of growth.

The differences in pattern of post-burn growth responses to different fire

severities may provide the best method of estimating relative fire severities in the

presettlement period from giant sequoia tree rings. When different severity groups

within burns were compared by examining departures from pre-burn means (Figures

4.10-4.13), some consistent differences were evident between groups. The most

consistent difference was that for groups that sustained high or very high severity fire
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within a burn there was often lower growth in the first one to two post-burn years

than for other severity groups, but in later post-burn years, similar or higher

magnitude peaks were attained by the highest severity group. Severe foliage damage

(Partin burn) resulted in a negative departure in the first post-burn year and a more

rapid decline in growth in the late post-burn years. Other differences were less

consistent. Although lower severity groups tended to have lower magnitude increases

on some burns (Moro, Cattle, Class, Grant), they were often similar to higher

severity groups on other burns (Circle, Broken Arrow, Partin).

Similarities in growth responses between different severity groups within the

same burn could be partly due to topographic characteristics of sites. For example,

effects of high severity fire may be spread over large areas by transport of additional

nutrient and water resources from areas of higher to lower fire severity via surface or

subsurface runoff. This is a good possibility in sites such as the Circle, Broken

Arrow and Partin burns, where higher severity fire occurred upslope of lower severity

fire, and similar growth increases were observed between groups of trees sustaining

different fire severities. T. Nichols (pers. comm.) has observed that fuel reduction on

the forest floor tends to be similar between different fire severity levels and suggests

that this may result in similar nutrient increases between these areas and thus similar

growth responses.

An additional explanation for similarities in growth responses between

different fire severity groups is the possibility of root grafting between trees. If root
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grafting is prevalent among giant sequoias, it is likely to play a role in spreading the

beneficial effects from fire hotspots over a broader area, since sequoias may not

necessarily be responding as separate individuals to fire effects or climate. Evidence

of root grafting can be observed in many sequoia groves (especially where logging

has occurred) in both firs and giant sequoias. The best evidence is the phenomenon

of "living stumps" that continue to put on annual rings for decades after they have

been cut. Graham and Bormann (1966) report that natural root grafts occur

commonly among the roots of many forest tree species and may have important

ecological implications in terms of both stand development and individual tree

responses to thinning.

The use of residual indices (burn minus unburned indices) removed most of

the variation due to climate and site conditions and allowed the compositing of indices

from burns of different dates on different sites (Figures 4.14 and 4.15). This

increased the sample size within severity groups and strengthened the "signal" (or

growth response to fire) within each severity group time series. While there are

problems in the Giant Forest residual indices due to declining sample depth after the

fifth post-burn year, both Giant Forest and Kings Canyon residual indices indicated

distinct differences in magnitudes of growth responses to different fire severities

(Figures 4.14 and 4.15). Kings Canyon residual indices also showed differences in

patterns and durations of post-burn responses between groups. Four distinct growth

response patterns could be identified: 1) minimal, or no increase, associated with low
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severity fire; 2) intermediate increase, associated with moderate severity fire; 3) high

magnitude increase, associated with high severity fire; and 4) a delayed growth

increase that declined more rapidly than other groups, associated with very high

severity fire, in which at least some trees sustained foliage damage.

The association of these growth response patterns with known fire severities on

recent burns suggests that severities of older fires could also be estimated based upon

analysis of post-fire radial growth associated with known fire scar dates. One limiting

factor could be the difficulty of finding samples that could serve as unburned

"control" series. In the presettlement period, fire was much more common in mixed

conifer-giant sequoia forests (Swetnam 1992, 1993) so that identification of unburned

areas to serve as climatic controls would be, if not impossible, at least very uncertain.

It is possible that sequoia chronologies that have been detrended to minimize the

influence of fire releases for the purposes of climate reconstruction (Hughes and

Brown 1991) could be useful as unburned "control series". Or, perhaps a regional

chronology, in which effects of individual fires not common to all sites would be

averaged out, might serve as a useful control series for presettlement time periods.

If a control series could be obtained that would be a good estimate of growth

response to climate in sequoia (without major effects of fire present), then residual

indices could be composited for multiple burns occurring under contrasting climatic

conditions. It is commonly observed that disturbance intensity (or severity) and size

tend to be inversely related to disturbance frequency (Sousa 1984, Swetnam 1993),
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however, this inverse relationship has rarely been quantified (Swetnam 1993).

Swetnam (1992, 1993) has documented higher fire frequencies in mixed conifer-giant

sequoia forests during an extended warm period and less frequent but more

widespread fires during cooler periods. It is possible that fires occurring during

relatively wet intervals would not only be less frequent, but also more severe when

they did occur (due to higher buildup of fuels between fires) and conversely, fires

during drier intervals would be more frequent and less severe. The compositing of

fire growth response residual indices within time periods of similar climatic conditions

could provide a test of the hypothesized relationship between fire frequency and fire

severity as well as linking fire regime characteristics to climatic conditions.

One key assumption of using giant sequoia growth responses to recent fires to

infer fire severities in the presettlement period is that the relationship between fire

severity and sequoia growth today is comparable to what it was in the past. It is

possible that the heavier fuel accumulations that have resulted from decades of fire

suppression in many areas could contribute to larger post-fire growth increases today

(due to larger nutrient releases and reductions in tree densities) than what occurred

after fires in the past. This could then be a "no analog condition", in that there may

be no analog in the past for present day forest conditions (Fritts and Swetnam 1989).

There is, however, tree-ring evidence that equally large post-fire growth increases in

giant sequoia occurred after presettlement fires (Stephenson et al. 1991, Caprio et al.

1994), suggesting that the recent post-fire growth responses are not unusual.
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While concern has been expressed about potential damaging effects of fire to

giant sequoias, my results indicate that only the very high severity fire resulted in

growth suppressions that were markedly more severe than those sustained in unburned

site trees in post-burn periods. The trees with severe growth suppressions in burned

areas (post-burn growth 10-29% of pre-burn growth) had visible foliage damage.

This suggests that root damage may not be an important factor in post-fire growth

suppressions in giant sequoia. Root damage would not have been a visible post-fire

effect and if it occurred and caused growth suppressions, I would have expected to

see more trees with growth suppressions in the areas that were designated low to

moderate fire severity in the field, where fire severity occurring as root damage could

have been underestimated.

4.6.3 Effects of fire-caused physiological changes on post-fire growth responses

Foliage damage

The post-fire growth suppressions in giant sequoias sustaining extensive foliage

scorch (_�._ 50% of crown scorched) are consistent with study results reported for

other species sustaining fire-related foliage damage (Langdon 1971, Pearson et al.

1972, Kellas et al. 1984, Peterson et al. 1991). Langdon (1971) cited McCulley's

(1950) results indicating that in Georgia and Florida slash pine (Pinus elliouii),

growth loss is highly correlated with the amount of fire-caused defoliation. Pearson

et al. (1972) report that for a northern Arizona ponderosa pine stand, radial growth
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increased on burned trees where crown kill was less than 60% and decreased where

crown kill was more than 60%. In two stands of messmate stringybark (Eucalyptus

obliqua) in Victoria, Australia, Kellas et al. (1984) found an appreciable temporary

reduction in B.A.I. only in stems receiving more than 50% crown scorch. In the

northern Rocky Mountains, Peterson et al. (1991) found post-fire growth always

declined when crown scorch exceeded 50% in Douglas-fir (Pseudotsuga menziesii)

and 30% in lodgepole pine (Pinus contorta). Clearly, extensive crown injury is an

important factor in post-fire growth suppressions for a variety of tree species.

My results indicated that while extensive crown injury caused post-fire growth

suppressions, giant sequoias with mild crown scorch (lower branches fire-damaged)

actually had significantly higher post-burn growth rates than sequoias with no crown

damage at all (Figure 4.17 and Table 4.6). Other researchers have also found

unaffected or increased growth rates associated with various levels of crown scorch in

other species. Growth was not reduced post-burn by low levels of crown scorch or

cambial injury in a Douglas-fir/western larch (Larix occidentalis) stand in western

Montana (Reinhardt and Ryan 1988). In jarrah (Eucalyptus marginata) forests of

western Australia, researchers report higher rates of growth in scorched versus

unscorched jarrah trees (Kimber 1978, Abbott and Lonegran 1983). Higher growth

rates in scorched trees were attributed to: 1) a dense regenerated crown of young

photosynthetically efficient leaves on scorched trees in post-burn period; and 2)

significant reduction in seed production in scorched trees (Kimber 1978). Jarrah
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trees, however, differ from giant sequoia in their capacity to resprout foliage

following burning. The amount of time required for resprouting depends on the

season of burn, ranging from a few weeks for spring burns to 9-10 months for fall

burns (Kimber 1978). While many scorched giant sequoia do resprout new foliage,

the recovery time appears to be quite long (years), and it is doubtful that severely

scorched sequoias ever completely regain their pre-burn amounts of foliage (personal

observation).

The higher growth rates observed in sequoia with mild foliage damage

compared to sequoia with no foliage damage may be related to both physiological

factors and post-burn variability in microsite conditions. Wyant et al. (1983),

studying fire effects on shoot growth characteristics of ponderosa pine in Colorado,

observed that underburning in which damage is generally limited to the lower portions

of the crown might be expected to produce results similar to pruning. While pruning

decreases the amount of photosynthetic surface, it also decreases the amount of

respiring tissue. Many suppressed lower branches with only a few leaves consume in

respiration all the carbohydrates produced in photosynthesis so they may not

contribute carbohydrates for stem growth (Kozlowski et al. 1991). It is possible then,

that scorching of lower branches by fire improves photosynthetic efficiency to some

extent. Wyant et al. (1983) also point out that scorching of the lower crown reduces

the transpirational surface area of the tree, thus reducing the total moisture
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requirement of the individual tree and increasing moisture available to the remaining

crown.

Increased photosynthetic efficiency and moisture availability may only be part

of the explanation for the higher growth rates in sequoias with mild foliage damage.

These trees also may have been in areas that had better post-burn growing conditions

in terms of reduced interference from other tree species and increased available

nutrients. Many of these trees (and all from years 7 to 13) were located in the Partin

burn hotspot, and as mentioned earlier, this area had high mortality of other tree

species as well as a dense post-burn establishment of nitrogen-fixing Ceanothus

integerrimus. Although I only used trees in this analysis that sustained high to very

high severity fire, in an attempt to control for variability in fire characteristics, it is

still likely that trees sustaining mild foliage damage may have sustained higher

severity fire and somewhat better post-burn site conditions than trees sustaining no

foliage damage.

Although these data suggest that some interesting differences exist between

growth rates of sequoias sustaining different levels of foliage scorch, more sample

trees are needed from a larger number of high severity burn sites before any

definitive conclusions can be drawn. From observational data such as these it is also

difficult to assess the relative importance of different factors affecting post-fire growth

responses.
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Fire scarring

It appears that fire scarring did affect the post-fire growth response when >

50 percent of the scarring present was new scarring (that which resulted from the

most recent fire). The possible physiological changes suggested by Brown (1991)

resulting from scarring, that is reduced cambial circumference, interruption of phloem

transport system, and greater concentration of photosynthates near scarred areas are

likely explanations for the larger growth increases observed when large amounts of

new scarring were present. It is possible that increased concentrations of

photosynthates are not only present near the scar surface, but are also present some

distance from scars, especially when a large amount of new scarring has occurred.

Although all levels of fire severity produced new fire scarring on trees, it

appears that low severity fire resulted in significantly less new scarring than did

moderate, high, and very high severity fire (Figure 4.19 and Tables 4.8 and 4.9).

This suggests that there could be some confounding of fire scarring effects and fire

severity effects, and the larger growth increase associated with the > 50 percent new

scarring class may be due to a combination of post-fire effects that includes fire

severity and fire scarring.
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4.7 Conclusions

Clearly, there is a complex interaction of fire effects on post-fire sequoia

growth, and more specific data on post-fire soil changes, water availability, and

interference reduction are needed to determine the relative importance of various

factors to post-fire growth responses. Experimental work that could suggest what

factors limit sequoia growth would also be helpful in answering mechanistic questions

concerning sequoia growth responses to fire. Although concerns have been expressed

about the potential "negative" impacts of burning in giant sequoia groves, this study

indicates that most sequoias had growth increases after prescribed burning, and all

prescribed burn sites had higher post-burn mean growth than unburned sites. The few

sequoias with post-burn growth suppressions sustained extensive foliage damage from

burning. This range of growth responses is within the range of post-fire growth

responses observed on presettlement fires (Swetnam 1992, Caprio et al. 1994),

indicating that recent prescribed burns are not causing unusual or "unnatural" effects

on giant sequoia.

Distinctly different patterns of growth responses to different fire severity levels

suggest that estimation of fire severity in presettlement periods may be possible from

analysis of post-fire radial growth associated with known fire scar dates.

Relationships between fire severity, fire frequency, and climate could then be

examined for periods of different climatic conditions.
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CHAPTER 5- CHANGES IN GROWTH RESPONSES 1HROUGH TIME—FIRE
AND CLIMATE INTERACTIONS

5.1 Introduction

Studies of fire effects on tree growth usually compare burn site tree growth to

unburned site tree growth and examine variables such as crown scorch, competition

reduction, bark char, and cambial injury. Although unburned site growth is generally

used as an indication of climatic effects, there is often little direct discussion of the

potential of fire to alter growth response to climate, or the effects of post-fire climate

on growth response to fire. Sutherland et al. (1991) addressed post-fire climate

effects on growth by including climatic variation and treatment-year interaction as

independent variables in their final model of post-fire growth response in ponderosa

pine. Peterson et al. (1991) examined post-fire precipitation amounts in their analysis

of post-fire growth depressions in Douglas-fir and lodgepole pine.

Climate is probably an important factor synchronizing fire occurrence both

spatially and temporally in giant sequoia groves (Swetnam 1993). Frequent small

fires were found to occur during an extended warm period, while less frequent but

more widespread fires occurred during cooler periods (Swetnam 1993). In addition to

affecting fire regimes, it is also possible that climate may influence the magnitude

and/or duration of growth responses to fire. That is, post-fire climate conditions may

either enhance or limit potential post-fire growth increases. Conversely, positive

post-fire effects (such as nutrient increases and reduction in inter-tree competition)
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may moderate the effects of poor climate conditions on tree growth. In this chapter, I

compare the post-fire growth responses of sequoias on burns that preceded wet years

to those on burns that preceded dry years. Additionally, for all burns I examine

temporal changes in the post-fire growth response. To evaluate the effect of fire in

moderating climatic effects on growth, I compared burned to unburned site tree

growth for post-fire dry conditions and post-fire wet conditions.

5.2 Methods

5.2.1 Field sampling and lab methods

Increment cores were obtained from giant sequoia trees on prescribed burn and

unburned sites in Sequoia and Kings Canyon National Parks as described in chapter 4,

section 4.2. Sample preparation, crossdating and standardization of tree-ring series

for chronology development were performed as described in chapter 4, section 4.3.

Evaluation of fire severity was done as described in section 4.3.

5.2.2 Analyses

Effects of fire on growth response to climate

Hughes and Brown (1991) found that California Division 5 (San Joaquin basin)

August Palmer Drought Severity Index (PDSI) was mainly correlated with sequoia

growth in years of extreme drought. PDSI is a widely used regional index of drought

that takes into account precipitation, evapotranspiration and soil moisture conditions,
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all of which are determinants of hydrologic drought (Palmer 1965; Alley 1984). In

general, efforts to identify consistent year-to-year climate-growth associations in giant

sequoia have not been successful (Huntington 1914; Hughes et al. 1990; Hughes and

Brown 1991). However, the significant correlation (r=0.625, p <0.001) between

August PDSI and sequoia mean residual series, resulting primarily from the

coincidence of extreme droughts and years of very low sequoia growth, has provided

a means of reconstructing extreme drought frequency for a region in California where

drought is a major concern (Hughes and Brown 1991). This relationship between

August PDSI and sequoia growth may also be useful in determining whether fire

plays a role in altering or moderating sequoia growth response to climate, particularly

in dry years following fires.

To examine the relationship between sequoia indices and PDSI for the time

period included in my chronologies, I first graphed August PDSI versus the indices of

two unburned sites (Giant Forest and Redwood Mountain) and versus the indices of

the four burned sites that showed significantly higher mean growth (P <0.05) than

unburned sites in the post-burn period (Circle, Partin, Class and Broken Arrow). To

focus specifically on the post-burn periods, I then graphed August PDSI versus the

same site chronologies for only 1970 to 1990.

To compare pre- and post-burn growth response to climate statistically between

burned and unburned sites, I used SAS procedure GLM (SAS Institute 1986) to do a

regression of August PDSI versus the residual series for each of the four burns listed
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in the previous paragraph and for all four unburned sites. Because regression analysis

assumes that observations are independent, autocorrelation was removed using the

program ARSTAN (Cook and Holmes 1986). ARSTAN selected AR1 or AR2

autoregressive models to produce the residual series for each burned and unburned

site that I used in the regression analyses. I did regressions on the pre-burn periods

(around 1920 through the year preceding each burn date) and the post-burn periods

(burn year through end of time series) separately. I compared the regression of each

set of burned site residuals versus PDSI to all four unburned site residuals versus

PDSI for the corresponding pre- and post-burn periods.

Influence of post-fire climatic conditions and season of burn on growth response to
fire

Post-fire climatic conditions may have an effect on the magnitude of the

growth response in different post-burn years and/or on the timing of the growth

response. To examine how the growth response to fire changed through time relative

to pre-fire mean growth, I subtracted the 10-year, pre-fire mean growth (mean of the

10 index values just prior to the burn) from each of the ten years prior to the burn,

the burn year, and the number of years present after the burn. This was done for

each burn and its respective unburned comparison site, and these departures from the

pre-burn mean were then graphed along with August PDSI values.
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Post-fire changes across time relative to the mean of the pre-fire indices were

analyzed statistically for burns and for corresponding periods in unburned sites using

a repeated measures analysis. The time series used in each comparison included the

fire year (year 0) and the first five post-burn years (years 1-5) from which the 10-

year, pre-burn mean had been subtracted. Five years was the maximum number of

years present after all seven burn dates.

A repeated measures ANOVA is appropriate for data that are characterized by

more than one observation per experimental unit (Milliken and Johnson 1984; Ott

1993). In the case of tree-ring data, the repeated measures are the different years of

growth for each tree. A repeated measures ANOVA accounts for the autocorrelation

of observations (years of growth) within each experimental unit (tree) by deflating the

numerator and denominator degrees of freedom for the F tests involving the within-

subjects (repeated measures) effect. The GLM procedure was used in SAS (SAS

Institute 1986) with the REPEATED statement.

This test determines:

1) Whether there is a fire effect independent of changes over time across post-
fire years;

2) Whether there are signcant year effects, indicating changes though time
after fire, independent of fire effects; and

3) Whether there is a signcant fire x year effect, indicating that post-burn
differences between burned and unburned sites changed across post-fire
years. Or, in other words, the change in the growth response to fire
with time is significantly different from the change in the growth
response to climate and other environmental factors with time. (A
nonsignificant fire x year interaction effect would indicate that the
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effect of time is the same for both burned and unburned site growth
responses.)

Bock and Bock (1992) used this test in a similar way to examine vegetation responses

to wildfire in Arizona grasslands. The dominant factor controlling year effects should

be climate.

5.3 Results

5.3.1 Effects of fire on growth response to climate

Comparison of two unburned site indices with August PDSI for the period

1920 to 1990 showed some correspondence between extremely dry years (PDSI values

less than -4) and small ring-width indices in giant sequoia (Figure 5.1). For example,

the years 1924, 1959, 1961, and 1977 all showed good correspondence between PDSI

and sequoia index values. In contrast, the wetter years (especially PDSI values > 0)

resulted in poor correspondence between PDSI and sequoia index values. The burned

site indices showed the same relationship with August PDSI as the unburned site

indices in the pre-burn period. There are, however, some interesting differences in

the post-burn periods between burned and unburned site responses to climate.

In the periods following the burns, the association between sequoia indices and

PDSI generally improved when burns preceded wet years and became worse when

burns preceded dry years, compared to the relationship between unburned site indices

and PDSI (Figure 5.2). For example, 1983 was a very wet El Nino year, and the

unburned site indices showed no positive growth response to this event. The Giant
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unburned site indices (upper graph), indices of two burns preceding wet climatic
conditions of the early 1980s (middle graph), and indices of two burns occurring at
the start of the drought conditions in the mid to late 1980s (bottom graph).

150



-- Giant Forest Unburned Site
- - Redwood Mountain Unbur cd Site
— August 13 051

V)
L.L1

0 2.5 •
6
z

2.0 •

I
I— 1.5
c

1.0

C.)
Z 0.5 	

- -••• Broken Arrow Burn
- - CI033 Burn
— August NMI

8

>
4 C

C,
0 C

V)
—I

- —4
-0

- 8 0
(f)

70 72 74 76 78 80 82 84 86 88 90

YEAR

Figure 5.2. August PDSI is graphed with the same indices as in Figure 5.1. A
shorter time period is graphed to accentuate the time period when prescribed burns
occurred.

151



152

Forest unburned site even showed a slight decline in growth. On the two sites that

burned prior to 1983, Partin (1977) and Circle (1981), trees had large growth

increases in 1983 and then generally tracked the decreasing PDSI trend in the mid to

late 80s. On the two sites that burned at the start of the series of drought years from

1984 to 1990, Class (1984) and Broken Arrow (1985), trees increased in growth

throughout the whole period, despite low and declining PDSI values. Unburned site

indices for this dry period, on the other hand, tracked PDSI values quite closely.

The regression analyses supported the graphical patterns of relationships

between PDSI and burned or unburned site residuals (Tables 5.1-5.4 and Figures 5.3-

5.10). The regressions of the Circle burn and four unburned site residuals against

PDSI in the pre-burn period indicated moderate relationships for all five sites (Table

5.1 and Figure 5.3). However, regressions were significant (p <0.001) for all of the

sites. In the post-burn period regressions, the relationship between PDSI and

residuals improved notably for the Circle burn and only one out of four unburned

sites (Grant) (Table 5.1 and Figure 5.4). Regressions were also significant (p<0.05)

for both these sites (Table 5.1). The relationship improved the most for the Circle

burn. Residuals from two unburned sites (Giant Forest and Log) had a much worse

relationship with PDSI in the post-burn period than in the pre-burn period (Table 5.1

and Figures 5.3 and 5.4).
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Table 5.1. Results of regressions of Circle burn and the four unburned site residuals
versus August PDSI for pre- and post-burn periods. Asterisks indicate which
regressions were significant (P <0.05).

In the regressions of the Partin burn and four unburned site residuals against

PDSI in the pre-burn period, the relationship was poor to moderate for all five sites,

although the regressions were significant for three of the unburned sites (Table 5.2

and Figure 5.5). In the 14-year, post-burn period, the relationship between PDSI and

sequoia residuals improved for two unburned sites (Redwood and Grant) and for the

Partin burn site (Table 5.2 and Figure 5.6). The regressions were significant for all

three of these sites. The relationship improved the most for the Partin burn site,

partially due to the positive response of trees to the 1983 El Nino year.
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Table 5.2. Results of regressions of Partin burn and the four unburned site residuals
versus August PDSI for pre- and post-burn periods. Asterisks indicate which
regressions were significant (P <0.05).

Pre-burn residuals from the two burns that occurred in the mid 1980s and from

all four unburned sites showed generally weak relationships with PDSI (Tables 5.3

and 5.4; Figures 5.7 and 5.9). The strongest relationships were in the Grant and

Giant Forest sites, and all ten of the regressions were significant (Tables 5.3 and 5.4).

In the post-burn periods, regressions between burn site residuals and PDSI were poor

for both the Class and Broken Arrow burns (Tables 5.3 and 5.4; Figures 5.8 and

5.10). The regressions were also not significant for either burn. Regressions of

unburned site residuals and PDSI for these same periods show a greatly improved

relationship relative to the pre-burn periods. Post-burn regressions were also
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significant for three out of four unburned sites in both the Class and Broken Arrow

comparison sets.

Table 5.3. Results of regressions of Class burn and the four unburned site residuals
versus August PDSI for pre- and post-burn periods. Asterisks indicate statistically
significant regressions (P <0.05).
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Table 5.4. Results of regressions of Broken Arrow burn and the four unburned site
residuals versus August PDSI. Asterisks indicate which regressions were statistically
significant (P <0.05).
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5.3.2 Influence of post-fire climate and season of burn on growth response to
fire

Departures of annual index values from the mean of the ten pre-burn index

values were similar between burned and unburned sites for the pre-burn periods, but

differed noticeably in the post-burn periods (Figures 5.11 and 5.12). In general, all

the burns had higher magnitude departures than unburned sites in the post-burn

periods. However, the timing of when burn departures increased above unburned site

departures varied between burns, and the duration of time that burn departures

remained well above unburned site departures also varied. The Moro, Cattle, and

Partin burns had larger magnitude positive departures than unburned sites by the first

post-burn year. All three of these burns occurred just prior to wetter growing

conditions. That is, the first post-burn year was wetter than the burn year (Figures

5.11 and 5.12). These three burns were all completed within one season (summer or

fall). The Moro and Cattle burns occurred in July, and the Partin burn was in

September. The Circle, Class and Grant burns did not have larger departures from

pre-burn means than unburned sites until the second post-burn year. At least parts of

all these three burns were done in the fall season. The Broken Arrow burn also did

not show a higher magnitude growth departure than the unburned site until the second

post-burn year, although it was a late June burn. While the Class and Broken Arrow

burns occurred during and prior to the drought conditions of the mid to late 1980s,

the Grant and Circle burns preceded the wetter years of the early 1980s.
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Although all burn sites had higher magnitude departures from pre-burn means

than unburned sites throughout most of the post-burn period, the departures between

burned and unburned sites became quite similar for the last four to five post-burn

years in the Moro, Cattle, and Grant sites. In contrast, the departures from pre-burn

means remained markedly higher in magnitude on the Circle, Class, Broken Arrow

and Partin burns than unburned site departures through the end of the post-burn

periods. Admittedly, it is difficult to compare duration of post-burn growth increases

between burns with different numbers of post-burn years present. Although the post-

burn growth departures on both the Broken Arrow and Class burn trees appear to be

continuing to increase above unburned site departures at the end of the 5- and 6-year

periods, respectively, it is impossible to say whether this trend continued into the

1990s.

Burning during drought years (1977 for Partin and 1985 for Broken Arrow)

did not result in growth declines that lasted for more than one year on burn sites.

Both unburned and burned site indices for the Partin comparison have a large negative

departure in the burn year (1977) due to a severe drought (Figure 5.12). For the

Broken Arrow comparison, burn trees showed a slight negative departure during the

burn year (1985) while unburned site trees had a positive departure (Figure 5.11).

On both burn sites, departures increased noticeably above unburned site departures by

year two after the burns, so on the average, negative departures were not long-lasting.
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Large post-burn increases occurred during dry post-burn years (Class and

Broken Arrow) as well as during wet post-burn years (Partin and Circle). Despite

negative PDSI values from 1984 to 1990 (reflecting the prolonged drought), all sites

generally had positive departures from pre-burn means throughout this period. The

Redwood unburned site had the smallest positive departures, and had a small negative

departure by 1990. Both burned and unburned sites responded to the year-to-year

variability in climate in the pre-burn period, showing positive departures for moister

conditions and negative departures for the dry years, especially the extreme drought

event of 1977. In the post-burn period, year-to-year variability in PDSI was reflected

in increases or decreases in unburned site departures from one year to the next,

although response to drought conditions was not as pronounced as one might expect in

the mid to late 80s. This variability was present on some burn sites in the post-burn

period (Moro, Cattle, and to some extent Grant and Partin), but often the response to

fire seemed to dominate over the response to climate for a number of post-burn years,

especially on sites with higher severity fire.

Repeated measures ANOVA indicated a significant fire effect for five out of

seven burns (Table 5.5). Only the Grant and Cattle burns did not show a significant

fire effect. These were the two lowest severity burns, and it is likely that they did

not have a strong enough impact on site conditions to cause a significant increase in

tree growth. There were, however, highly significant year effects (within-treatment

effects of time) and year x fire interactions (between-treatment effects of time) for all
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seven burns. This is not surprising, since one would expect significant year effects

(independent of fire effects) in tree-ring time series due to the effect of climate on

annual growth response. One would also expect to see a significant year x fire effect,

since the differences between burned and unburned site growth do not remain constant

through time, but rather change as a result of different climatic conditions from year

to year and changes in fire effects on growth as time since fire increases. Burned and

unburned site growth became more similar with time for the Moro, Cattle, and Grant

burns; however, for the Circle, Class, Broken Arrow and Partin burns, burned site

growth continued to increase with time while unburned site growth began decreasing

with the dry climatic conditions in the mid to late 1980s (Figures 5.11 and 5.12).

While means for individual year growth following burns were obviously higher

on burned sites for most post-burn years than on unburned sites, it is also important

to note that standard deviations (representing variation between individual trees) were

also usually higher on burned versus unburned sites for these years (Table 5.5). This

suggests that there is generally less variability between sequoia trees in their growth

response to climate compared to their growth response to fire. Climate influences

trees over a broad spatial area, while the effects of fire occur over a much smaller

spatial scale and vary between microsites.
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Table 5.5. Mean growth of trees on burned versus unburned sites for 10-year post-burn
period and for each individual year in the 6-year post-burn period. Results of repeated
measures ANOVA are given, with burned versus unburned as the treatment (df=1), and post-
burn years as repeated measures (df=5). In order to control for possible pre-burn differences
between sites, the ten-year pre-burn mean growth was subtracted from each of the post-burn
values prior to analyses. To adjust for the number of comparisons done, only P values less
than 0.01 are considered significant.

Partin burn
(1977) Year llur_m

(N=55 trees)
Mean (SD)

Redwood unburned site
(N=53 trees)
Mean (SD)

1967-76 1.19 (0.23) 1.20 (0.14)
1977 0.78 (0.32) 0.71 (0.21)
1978 1.23 (0.77) 1.09 (0.20)
1979 1.66 (1.01) 1.18 (0.25)
1980 1.88 (0.95) 1.34 (0.26)
1981 1.93 (0.92) 1.27 (0.29)
1982 2.11 (1.12) 1.35 (0.36)

Fire effect F=18.28, P=0.0001; Year effect F=92.84, P=0.0001; Interaction F=13.43,
P=0.0001

Grant burn
(1979)	 Year Burn

trees)
(SD)

Grant unburned site
(N=31
Mean

(N=41 trees)
Mean (SD)

1969-78 1.08 (0.15) 1.14 (0.32)
1979 1.17 (0.25) 1.26 (0.36)
1980 1.24 (0.42) 1.42 (0.47)
1981 1.42 (0.50) 1.39 (0.41)
1982 1.81 (0.60) 1.56 (0.48)
1983 1.71 (0.56) 1.56 (0.48)
1984 1.75 (0.60) 1.63 (0.49)

Fire effect F=1.82, P=0.1813; Year effect F=31.47, P=0.0001; Interaction F=4.86,
P=0.0029



(Table 5.5, continued)
Moro burn

(1979)	 Year Burn
trees)

(SD)

Giant Forest unburned site
(N=33
Mean

(N=46 trees)
Mean (SD)

1969-78 1.05 (0.16) 1.02 (0.15)
1979 0.92 (0.29) 0.92 (0.22)
1980 1.20 (0.31) 1.05 (0.20)
1981 1.40 (0.34) 1.11 (0.23)
1982 1.54 (0.39) 1.22 (0.23)
1983 1.37 (0.36) 1.13 (0.28)
1984 1.58 (0.44) 1.19 (0.35)
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Fire effect F=16.07, P=0.0001; Year
P=0.0001

effect F=53.40, P=0.0001; Interaction F=8.10,

Circle burn
(1981)	 Year Burn

trees)
(SD)

Giant Forest unburned site
(N=54
Mean

(N=46 trees)
Mean (SD)

1971-80 1.04 (0.21) 1.01 (0.13)
1981 1.18 (0.43) 1.11 (0.23)
1982 1.30 (0.65) 1.22 (0.23)
1983 1.80 (0.83) 1.13 (0.28)
1984 1.61 (0.63) 1.19 (0.35)
1985 1.50 (0.58) 1.29 (0.31)
1986 1.76 (0.71) 1.45 (0.33)

Fire effect F=12.79, P=0.0005; Year effect F=32.51, P=0.0001; Interaction F=16.41,
P=0.0001

Cattle burn
(1982)	 Year B__um

(N=48 trees)
Mean (SD)

Giant Forest unburned site
(N=46 trees)
Mean (SD)

1972-81 0.96 (0.16) 1.01 (0.13)
1982 0.92 (0.31) 1.22 (0.23)
1983 1.40 (0.66) 1.13 (0.28)
1984 1.52 (0.86) 1.19 (0.35)
1985 1.37 (0.75) 1.29 (0.31)
1986 1.54 (0.91) 1.45 (0.33)
1987 1.48 (1.30) 1.15 (0.29)

Year effect F=15.69, P=0.0001; Interaction F=11.69,Fire effect F=3.00, P=0.0866;
P=0.0001



(Table 5.5, continued)

Class burn
(1984)	 Year	 Burn

trees)
(SD)

Giant Forest unburned site
(N=49
Mean

(N=46 trees)
Mean (SD)

1974-83	 1.22 (0.36) 1.04 (0.14)
1984	 1.32 (0.47) 1.19 (0.35)
1985	 1.42 (0.82) 1.29 (0.31)
1986	 2.11 (1.05) 1.45 (0.33)
1987	 2.20 (1.03) 1.33 (0.32)
1988	 2.16 (1.22) 1.28 (0.32)

Fire effect F=19.43, P=0.0001; Year effect F=33.35, P=0.0001; Interaction F=25.35,
P=0.0001

Broken Arrow burn
(1985)	 Year	 Burn

trees)
(SD)

Giant Forest unburned site
(N=55
Mean

(N=46 trees)
Mean (SD)

1975-84	 1.20 (0.25) 1.04 (0.16)
1985	 1.17 (0.43) 1.29 (0.31)
1986	 1.60 (0.63) 1.45 (0.33)
1987	 1.57 (0.61) 1.15 (0.29)
1988	 1.91 (0.68) 1.33 (0.32)
1989	 1.96 (0.84) 1.28 (0.32)
1990	 2.14 (1.01) 1.28 (0.29)

Fire effect F=11.24, P=0.0011; Year effect F=29.22, P=0.0001; Interaction F=29.20,
P=0.0001
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5.4 Discussion

5.4.1 Effects of fire on growth responses to climate

The differences between unburned and burned site growth relationships to

climate (August PDSI) in the post-burn periods must be considered from at least two

different perspectives. One possible explanation for the apparent altered relationships

with climate on burned sites in post-burn periods could be that fire effects dominate

over climatic effects on tree growth so that trees show growth increases after fire

regardless of climatic conditions. From previous studies (Hughes et al. 1990, Hughes

and Brown 1991) it appears that climate (at least moisture availability) is not limiting

to sequoia growth in most years and that when fire removes a more important limiting

factor to growth, such as nutrient deficiencies, trees are able to increase in growth

whether climate is dry or wet. It is certainly the case that sequoias increased in

growth by similar amounts under both dry and wet post-burn conditions (Figures 5.1

and 5.2).

Another possibility is that climate is limiting to sequoia growth, at least in

particular years, and that positive post-fire effects may moderate climatic effects on

growth during those years. If this is the case, then the improved relationship between

PDSI and sequoia residuals for the burns that preceded the very wet 1982-83 El Nino-

Southern Oscillation (ENSO) event (Figures 5.4 and 5.6 and Tables 5.1 and 5.2) may

have been due to both nutrient increases on burned sites as well as to a lengthened

growing season during 1983, relative to unburned sites' growing season. Snowmelt
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was very late in the spring of 1983 in giant sequoia groves (A. Esperanza, pers.

comm.), and this shortened growing season undoubtedly contributed to the lower

growth observed on unburned sites during this year. Armstrong et al. (1988) found

reduced needle length in lodgepole pine (Pinus contorta) and whitebark pine (P.

albicaulis) for 1983 relative to 1984 in the Sierra Nevada, which they attribute to the

reduced length of the 1983 growing season and decreased growing season

temperatures associated with the ENSO event of 1982-83. Response surface analysis

examining growth response of foxtail pine to climatic variables in the Sierra Nevada

suggests that drought stress limits growth in years of low winter precipitation while

cool temperatures limit growth in years of high winter precipitation (as occurred in

the 1982-83 ENSO event) (Graumlich 1991).

Burned sites could have had a longer growing season than unburned sites in

1983 for a couple of reasons. The more open canopy conditions created by fire allow

more sun to reach the forest floor, resulting in more rapid snowmelt and warmer soil

temperatures throughout the growing season. The darker surfaces on both fire-

charred tree stems and on charred woody material on the ground also result in greater

absorption of light and heat in burned areas (Kozlowski et al. 1991).

The poor relationships between PDSI and burn site residuals for the two burns

preceding drought years (Figures 5.8 and 5.10 and Tables 5.3 and 5.4) suggest that

fire may have moderated negative effects of drought on tree growth. Water

availability may have been improved on burn sites due to both a reduction in
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interference from other tree species as well as a reduced litter layer that could have

increased infiltration of water into the soil. An increase in limiting nutrients in the

post-burn period combined with possible increases in water availability probably

contributed to the ability of sequoias in the Class and Broken Arrow burns to increase

in growth throughout the post-burn periods, despite declining PDSI values.

5.4.2 Influence of post-fire climatic conditions and season of burn on growth
response to fire

Post-fire climate conditions did not seem to be very important to the magnitude

and duration of sequoia growth responses to fire, although they may have influenced

the timing of the growth response. The amount of time after a burn before a more

positive growth departure occurs (relative to unburned site growth departures from

pre-burn means) depends on a number of factors, notably burning and climatic

conditions, season(s) of burn, and perhaps individual site conditions. The

combination of wetter climate conditions in the first post-burn year, the season of

burn (July) and the relatively low fire severity on the Moro and Cattle burns all

probably contributed to the immediate growth increase in the first post-burn year on

these sites.

The growing season that follows a fall burn may be a "recovery" period when

trees put energy into fine root production and new foliage, and microbial populations

in the soil increase in response to warmer soil temperatures. The second growing

season would be more likely to reflect increased resource availability and uptake in
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terms of increased allocation of carbon to stemwood production. Earlier burns (June-

July), on the other hand, may result in some "recovery" within the same growing

season in which the burn occurred, allowing a more immediate growth increase in

sequoias by the first post-burn year. This may be a partial explanation for the timing

of growth increases observed on the Circle, Class, and Grant burns. The fact that all

of these burns included at least some (if not all) fall burning may explain the delay of

a growth departure above that of unburned sites until the second post-burn year in all

three burns. The Partin burn had a negligible positive departure in the first post-burn

year, and although this year was much wetter than the severe drought year of 1977

when the burn occurred, the season of the burn (fall) and the high severity of the burn

may have delayed a significant positive departure until the second post-burn year on

this burn as well. The Broken Arrow burn, however, occurred in late June and still

had a delayed growth increase above the unburned site departure until the second

post-burn year. In this case, one area of high fire severity and the smoldering of fire

in heavy pockets of fuel may have resulted in a slower recovery of sequoias from

foliage and/or fine root damage. The Circle and Class burns also had some areas of

visible high severity fire, and the Grant burn report indicated fire behavior that could

have resulted in fine root damage (Brookins 1979). It is likely that a combination of

fire characteristics, fire effects on soil and vegetation, and post-fire climate all interact

to affect the timing of the post-fire growth increases in giant sequoia, making it

difficult to discuss these factors separately. It will be necessary, however, to obtain
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larger sample sizes of burns occurring during the different seasons before definitive

conclusions can be drawn about the effect of burn season on post-burn growth

responses.

The duration of the higher magnitude post-burn departures on burned sites

compared to unburned sites appeared to be more related to fire severity than to post-

fire climatic conditions. The differences between unburned and burned site departures

from pre-burn mean indices became the smallest on the three low to moderate severity

fires (Moro, Cattle, and Grant), while the differences between unburned and burned

site departures remained high throughout the post-burn period on the burns with

higher severity fire (Circle, Class, Broken Arrow, and Partin). The sequoias on the

three lower severity burns appeared to respond more typically to the drought years of

the late 1980s than sequoias on the higher severity burns (Figures 5.11 and 5.12).

Burning during drought years did not result in decreased post-burn growth

relative to unburned site growth or to pre-burn growth. In fact, drought years have

been demonstrated through analysis of long fire-scar records and climate

reconstructions from tree-ring series to be the most common years of widespread fire

occurrence in mixed conifer-giant sequoia forests in the presettlement period

(Swetnam 1992, 1993). Where fuel accumulations of the past century due to fire

suppression are not extreme, or have already been reduced in prior prescribed burns,

fire during drought years should not have an unusual impact on sequoia growth.
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Post-fire climatic conditions were not important to the magnitude of post-fire

growth increases, given that large magnitude responses occurred in both dry and wet

post-burn conditions. On the lower severity burns (Moro, Cattle, and Grant), year-to-

year variability in post-burn growth reflected annual climate variability. Annual

response to climate was also more apparent in post-burn periods for the more xeric,

climatically sensitive Kings Canyon sites (Partin and Grant) than for most Giant

Forest sites (Figures 5.11 and 5.12). While annual-scale variability reflected growth

response to climate on some sites, on others fire effects appeared to dominate over

climate in the growth response patterns. In all cases, the magnitude of the growth

departure was dominated by fire in a few to many post-burn years, and climate

affected annual variability more obviously on more climatically sensitive sites (Kings

Canyon) or when effects of fire on growth diminished more rapidly with time (low

severity burns).

The repeated measures ANOVA results indicated that a significant year effect

was present on all seven prescribed burns in the six-year post-burn period.

Environmental effects on tree growth, independent of fire effects, were evidently

important on all burn sites in the post-burn periods. This year effect is likely to be

predominantly a climatic effect on tree growth, so that even sites where climatic

effects on growth did not appear as important as fire effects when examined

graphically (especially Class and Broken Arrow) (Figure 5.11), climate apparently

was still an important variable in the post-burn growth response. Fire effects were
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significant for all burns except two of the lower severity burns, Cattle and Grant,

suggesting that fire severity had a more important influence than post-burn climatic

conditions on the magnitude of the growth response to fire. The significant year x

fire interaction on all burns indicated a significant change in the growth response

through time. In other words, the difference in post-burn growth responses between

burned and unburned sites did not remain constant through time for any

burned/unburned site comparison, indicating a dynamic interaction between effects of

climate and fire on post-fire tree growth.

Burned sites generally had higher mean indices in post-burn years as well as

higher standard deviations than unburned sites (Table 5.5). Different fire

characteristics (intensity, severity) due to variations in topography, weather and fuel

characteristics within individual burn sites are probably the most important factors

creating the higher variability in growth responses to fire, compared to growth

responses to other environmental factors (especially climate) indicated by unburned

site growth patterns.
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5.5 Conclusions

Positive post-fire effects on site conditions may dominate over climatic effects

in controlling giant sequoia growth for a few to many post-burn years. Higher

severity fires appeared to have longer lasting positive effects on post-fire sequoia

growth than lower severity fires. Fire severity had a more important effect than post-

fire climate conditions on the duration and magnitude of the post-fire growth increase

in giant sequoias.

The apparent effects of fire on sequoia growth response to climate in post-burn

years have important implications for efforts to use sequoia time series for climate

reconstructions. Fire appeared to improve the growth response to climate when an

unusually wet year (indicative of late snowmelt and a shorter growing season)

followed a burn year by one to several years. Conversely, fire appeared to decrease

the growth response to climate when a fire year was followed by a series of dry

years. In both scenarios, fire moderated negative effects of climate on sequoia

growth. It is important to identify and remove fire-related growth patterns from

sequoia time series before attempting to extract climatic information.

Although there have been concerns expressed about "negative" effects of

burning in giant sequoia groves during drought years (R. Norum, pers. comm.), it

appears that the beneficial effects of fire on site conditions (increased nutrient and

water availability, reduced interference) outweigh what may be perceived as

occasional negative impacts of fire on individual trees (foliage or fine root damage) in
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both dry and wet post-burn years. It is important to note, however, that what

foresters and managers may call "negative" and "positive" growth responses to fire

are all within the natural range of variability of post-fire growth responses observed in

giant sequoia tree rings from the pre-European settlement period (Swetnam 1992,

Caprio et al. 1994). Therefore, prescribed fire has not resulted in unusual growth

responses in giant sequoia.
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CHAPTER 6 - EFFECTS OF FIRE SEVERITY AND POST-FIRE CLIMATIC
CONDITIONS ON GIANT SEQUOIA SEEDLING ESTABLISHMENT

6.1 Introduction

Giant sequoia is a pioneer species that requires for its successful reproduction

the open canopy conditions created by disturbance (Harvey et al. 1980, Stephenson in

press). While a continuous release of seeds from sequoia cones may occur through

the feeding of Douglas squirrels and beetles on cone scales, very few seedlings

germinate and survive under a closed-canopy forest (Harvey et al. 1980). Giant

sequoias are particularly well-adapted to survival of periodic fire and exhibit

"explosive" reproduction following fire of sufficient intensity (Harvey et al. 1980).

Fire removes litter and duff from the forest floor, kills competing species' seeds and

pathogens, and opens up the canopy by killing less fire-tolerant tree species. Fire

also releases a large number of seeds at once from serotinous cones (Harvey et al.

1980, Harvey and Shellhammer 1991). Investigators have observed that higher

intensity fires result in more seed release from sequoia cones than less intense fires,

and more intense fires also create site conditions most favorable for seedling

establishment and survival (Hartesveldt and Harvey 1967; Kilgore and Biswell 1971;

Harvey et al. 1980; Harvey and Shellhammer 1991; Stephenson in press).

I investigated the effects of fire severity and post-fire climatic conditions on

sequoia seedling establishment on prescribed burn sites in Sequoia and Kings Canyon

National Parks. I made categorical observations of sequoia seedling establishment
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around each adult tree sampled. I also categorized fire severity around each adult tree

sampled, based on the fire's visible impacts on surrounding tree species. I chose to

estimate fire "severities" rather than fire "intensities" because fire severity refers to

the impact of the fire on the organism, community, or ecosystem (such as basal area

removed) (Sousa 1984; Pickett and White 1985). Fire intensity is defined as the

physical force of the event per area per unit time (Pickett and White 1985) and is

usually measured in fire sciences as heat units per length of flaming front (fireline

intensity) or heat units per square unit of burning area (fire intensity) (Wright and

Bailey 1982). The response of vegetation to a particular fire event is most dependent

upon fire severity as a function of total heat yield and duration of this heating, while

fire intensity is of lesser importance (Ryan and Noste 1985; Trollope 1984; Morgan

and Neuenschwander 1985).

6.2 Methods

6.2.1 Field methods

Adult giant sequoias were cored on seven prescribed burn sites and four

unburned sites in Sequoia and Kings Canyon National Parks to investigate radial

growth responses to prescribed fire (see section 4.3). Post-fire sequoia seedling

establishment was categorized around each tree cored, in an area equal to two times

the size of the adult sequoia's canopy. Sequoia seedling establishment was

categorized as:
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O) No seedlings;
1) Scattered or few seedlings;
2) Clumps of seedlings; or
3) Continuous, dense seedling growth.

Fire severity was categorized in the same area around each adult sequoia sampled.

Fire severity categories are described in section 4.3.

6.2.2 Analyses

I compared the effect of fire severity on giant sequoia seedling establishment

by graphing the relative frequency of adult sequoias that were associated with the four

different categories of seedling establishment for all unburned sites, and for all

sequoias sustaining low, moderate or high/very high severity fire. (Sequoias

sustaining high or very high severity fire were combined into one group, due to the

low sample size of sequoias sustaining very high severity fire.) I did likelihood ratio

chi-square tests (SAS Institute1985) to test the null hypothesis that the distributions of

sequoias associated with different levels of seedling establishment in each fire severity

category were not significantly different from each other. Seedling categories 2 and 3

in each distribution were collapsed into one group to assure that >25 percent of cells

had expected counts greater than 5, a requirement of the likelihood ratio chi-square

test.

To examine the effect of post-burn climatic conditions on the numbers of

seedlings present on burn sites, I compared two burns followed by wet relatively

climatic conditions (Circle and Partin) to two burns followed by relatively dry
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climatic conditions (Class and Broken Arrow). August Palmer Drought Severity

Index (PDSI) for California climate division five was graphed from 1970-1990 to

illustrate the relatively wet years (in particular the El Nino event of 1982/83) that

followed the 1981 Circle and 1977 Partin burns and the series of drought years in the

mid to late 1980s that followed the 1984 Class and 1985 Broken Arrow burns (Figure

6.1). PDSI represents a measure of moisture conditions that incorporates temperature

effects on evaporation and transpiration demands balanced with precipitation input and

surface runoff allowances. The PDSI index is normalized about zero so that negative

values reflect the degree of dryness, and positive values indicate wetness (Palmer

1965).

Fritts (1976) found that weather during the growing season was less important

to tree growth than is the weather prior to the growing season for semiarid forest sites

in western North America. The Mediterranean climatic regime of the Sierra Nevada

is characterized by little summer precipitation so that the precipitation that comes in

the preceding months may be more important in determining soil moisture available

for plant use during the growing season. I averaged the previous October through

current year September precipitation for the three years following each burn to

compare post-burn amounts of moisture between the four burns (Table 6.1). I also

tabulated the amount of precipitation that occurred in the first growing season

following each burn since at this stage, seedlings are still very small without well-

developed root systems, and the first growing season's precipitation may be critical to
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Figure 6.1. August Palmer Drought Severity Index (PDSI) values for California
climate division 5. Burns are indicated at the dates they occurred. Partin and Circle
burns were followed by positive PDSI values (indicating relatively wet conditions),
while Class and Broken Arrow burns were followed by negative PDSI values
(indicating relatively dry conditions). 1982/83 was an El Nino event, resulting in high
precipitation and late snowmelt in the Sierra Nevada (Armstrong et al. 1988).
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seedlings unable to reach deeper water supplies in the soil. Precipitation data are

from a National Park Service weather station in Giant Forest, Sequoia National Park

at an elevation of 1,940 m.

Table 6.1. Averages of previous October to current September precipitation for three
years following each burn and total growing season precipitation (May-September) for
the first year following each burn.

Burn Site
(Burn Date)

Previous October to
September Ppt—average of
three post-burn years (cm)

Precipitation for the
first post-burn year
growing season (cm)

Partin (1977) 142.14 2.79

Circle (1981) 156.46 5.10

Class (1984) 87.35 0.87

Broken Arrow (1985) 91.70 1.05

I chose four burns for this analysis that all included moderate to high or very

high severity fire to minimize variability in fire severity effects between burns. I

graphed the relative frequency of adult sequoias that were associated with the four

different categories of seedling establishment for each of the four burn sites. I used

likelihood ratio chi-square tests (SAS 1985) to test the null hypothesis that the four

distributions were not significantly different from each other. Seedling categories 2

and 3 were collapsed into one group to assure that >25 percent of cells had expected

counts greater than 5, a requirement of the likelihood ratio chi-square test.
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6.3 Results

Relative frequency distributions of adult sequoias associated with different

levels of seedling establishment on unburned sites and areas of different fire severities

indicated that fire severity is an important variable affecting post-fire sequoia seedling

establishment (Figure 6.2). In unburned sites, only 4 percent of adult sequoias had

surrounding seedling establishment, while in burns, sequoia seedling establishment

was greater and generally proportional to fire severity. Twelve percent of adults

sustaining low severity fire and 46 percent and 87 percent of adults sustaining

moderate and high/very high severity fire, respectively, had surrounding seedling

establishment. Increasing fire severity resulted in larger percentages of adults with

associated seedling establishment as well as larger numbers of seedlings present (more

adults with clumps of seedlings or continuous seedling cover--categories 2 and 3).

Likelihood ratio chi-square tests indicated that there were significant differences

(P < 0.01) between all possible pairings of the four distributions (Tables 6.2 and 6.3).
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Figure 6.2. The relative frequencies of adult sequoias with no surrounding seedling
establishment (0), a few scattered seedlings (1), pockets or clumps of seedlings (2),
and continuous, dense seedling establishment (3) are graphed for unburned sites and
for the different fire severity levels present on prescribed bum sites. Percents of adult
sequoias with different levels of seedling establishment are indicated above bars.
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Table 6.2. Numbers of adult sequoias associated with different levels of seedling
establishment categories for unburned sites and different fire severity areas.

Seedling
Categories

Unburned Sites
N=188

Low Severity
N=104

Moderate
Severity
N = 157

High/very high
Severity
N=69

181 92 85

1 7 7 37 15

37

3 0 0 3 7

Table 6.3. Results of likelihood ratio chi-square tests to evaluate differences between
distributions given in Table 6.2. Chi-square statistics and P-values are given, and
degrees of freedom equal two for each comparison. Each distribution was
significantly different from all other distributions at P <0.01.

Unburned Low Moderate High/
Very High

Unburned -- X2=11.97 X2=103.61 X2=193.03
P=0.003 P<0.001 P<0.001

Low -- -- X2=37.19 X2=107.45
P < 0.001 P<0.001

Moderate -- -- -- X2=43.21
P < 0.001

Post-fire climatic conditions appeared to be important to the establishment and

longer term survival of giant sequoia seedlings. Relative frequency distributions

showed that wet post-burn conditions were more favorable than dry post-burn

conditions to giant sequoia seedlings establishing after fires (Figure 6.3). Sixty-six

and 76 percent of the adult sequoias sampled on the 1981 Circle burn and 1977 Partin
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Figure 6.3. The relative frequencies of adult sequoias with different levels of seedling
establishment (see caption for Figure 6.2) are graphed for two burns preceding wet
climatic conditions (Circle and Partin) and for two burns preceding the drought
conditions in the mid- to late-1980s (Class and Broken Arrow). Percents of adult
sequoias with different levels of seedling establishment are indicated above bars.
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burn, respectively, had surrounding seedling establishment. Thirty-six percent of

adult sequoias in the 1984 Class burn and 42 percent in the 1985 Broken Arrow burn

had surrounding seedling establishment. The two burns followed by wet conditions

had an overall higher percentage of adults with seedling establishment as well as a

larger number of seedlings (more adults with clumps of seedlings or continuous

seedling establishment--seedling categories 2 and 3). Likelihood ratio chi-square tests

indicated significant differences between Circle x Class, Circle x Broken Arrow,

Partin x Class, and Partin x Broken Arrow distributions (P <0.05), but no significant

differences between Circle x Partin or Class x Broken Arrow comparisons (Tables 6.4

and 6.5).

Table 6.4. Numbers of adult giant sequoias associated with different levels of
seedling establishment categories for two burns preceding wet conditions (Circle and
Partin) and two burns preceding dry conditions (Class and Broken Arrow).

Seedling
Categories

Circle Burn
N=50

Partin Burn
N=56

Class Burn
N=50

1 10 14 9

23

3 3 6 0

Broken Arrow
Burn N=57

11

0
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Table 6.5. Results of likelihood ratio chi-square tests to evaluate differences between
distributions given in Table 6.4. Chi-square statistics and P-values are given, and
degrees of freedom equal two for each comparison. Significant differences between
distributions occurred where P <0.05.

Circle Partin Class Broken Arrow

Circle -- X2=2.10 X2=9.65 V=6.41
P=0.349 P=0.008 P=0.04

Partin -- -- X2=20.11 X2 =15.60
P<0.001 P<0.001

Class -- -- -- X2=0.49
P=0.783
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6.4 Discussion

A combination of relatively high severity fire and wet post-fire conditions are

most favorable for sequoia seedling establishment in giant sequoia-mixed conifer

forests. These findings support those of other researchers studying post-fire sequoia

seedling establishment (Hartesveldt and Harvey 1967; Kilgore and Biswell 1971;

Harvey et al. 1980; Harvey and Shellhammer 1991). All of these studies report that

"hotter" fires resulted in better sequoia seedling establishment than other treatments

(substrate manipulation, light fires, no disturbance). Harvey and Shellhammer (1991)

suggest that hot fires, in addition to providing canopy openings and increased sunlight

for seedling establishment, may also kill competing seeds, reduce soil pathogens, and

change physical soil characteristics (wettability and friability).

Increases in available nutrients, in particular nitrogen, after fires in sequoia-

mixed conifer forests (Kilgore 1973; St. John and Rundel 1976; Sackett et al. in

press) also may contribute to rapid early growth of sequoia seedlings, increasing their

chances of surviving future fires and outcompeting other species. Areas of higher

severity fire may have higher levels of available nutrients post-burn due to larger

amounts of nutrient-rich ash deposited from burned organic material and higher post-

burn soil temperatures, favoring greater microbial activity. The establishment of

nitrogen-fixing shrub and herbaceous species in the understory of giant sequoia groves

also appears to be particularly pronounced in areas where fire has opened up the

canopy (personal observation), and these plants may elevate levels of available
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nitrogen on burned sites for many years after fires occur. The nitrogen-fixer

Ceanothus integerrimus present in the Partin burn hotspot may be related to the

vigorous growth of nearby sequoia seedlings. Seedlings close to Ceanothus shrubs

appear much larger than those growing in other locations on this burn (N.

Stephenson, personal communication).

Post-fire wet conditions are also important to successful sequoia seedling

establishment. While many seedlings may establish after a high severity fire,

mortality is likely to be quite high if the burn is followed by a series of dry years.

Observations of the Broken Arrow burn "hotspot" indicated high numbers of seedlings

in the first two post-burn years, but few remained by the fifth post-burn year (T.

Caprio, personal communication), perhaps due to the drought years following this

burn. The Partin and Circle burns occurred several years earlier than the Class and

Broken Arrow burns, and one might expect fewer seedlings on the earlier burns due

to seedling mortality over a longer time period. However, the results indicate

significantly higher numbers of adults with seedlings on the Circle and Partin burns

despite their earlier dates. It is possible that more seedlings established initially on

the Partin and Circle burns due to higher fire severity or more seedlings survived due

to more moist, favorable microsites compared to the Class and Broken Arrow burns.

Table 6.1 indicates the large differences between the Partin and Circle burns

versus the Class and Broken Arrow burns in both average precipitation in the three

years following each burn and in growing season precipitation in the first post-burn
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years. Post-burn moist conditions appear to be critical to survival of seedlings

establishing after fire, particularly in the first post-burn growing season when

seedlings are at their most vulnerable stage. Harvey et al. (1980) found desiccation to

be the major factor in sequoia seedling mortality and indicated that seedling survival

is highest when the first one or two summers following a fire are wet. Agee and

Biswell (1969) found wet microsites had the highest number of surviving sequoia

seedlings in burned areas one year after fire. Stark (1968) observed that once

seedlings extend taproots into zones of permanent and adequate moisture, growth is

rapid. Wet conditions in the first growing seasons following a fire (or wet microsites)

may help to stimulate seedling root development which enables seedlings to tolerate

future droughts (Stephenson in press).
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6.5 Conclusions

Climate and fire regime characteristics (fire size, frequency, intensity, and

severity) have interacting effects on sequoia seedling establishment and survival.

These effects are reflected in the episodic nature of sequoia recruitment over time and

space (Stephenson in press). Most sequoia groves today appear to lack sufficient

young giant sequoias to maintain the present density of mature trees in the future

(VVeatherspoon 1990), and sequoia regeneration appears to have been declining over a

period of 100 to 500 years (Rundel 1971). Stephenson (in press), in a comprehensive

age structure study of four giant sequoia groves, has found that far fewer living

sequoias have establishment dates in this century than in the preceding century and

states that there is far too little reproduction to maintain sequoia populations in these

groves. Evidence suggests that fire suppression is the cause of this century's failure

in sequoia reproduction (Harvey et al. 1980, Stephenson in press). Relatively

frequent fire disturbance in sequoia groves may be necessary for optimal seedling

establishment conditions to coincide with climatic conditions favorable for seedling

survival.
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CHAPTER 7- SUMMARY, FUTURE DIRECTIONS, AND MANAGEMENT
IMPLICATIONS

7.1 Summary of findings

Changes in mean ring-width indices indicated that growth increased in all

study sites for the post-burn periods relative to the pre-burn periods. Favorable

climatic conditions in the early 1980s contributed to growth increases observed at all

these sites. Post-fire mean growth was higher on all burned sites compared to

unburned sites; the differences were statistically significant (P <0.05) for four of the

seven burns. Thus, while climate contributed to growth increases, fire effects played

a role in the larger growth increases observed on burned sites. The four burns with

significantly higher growth than unburned sites all included some high and/or very

high severity fire, while the three burns without significantly higher growth than

unburned sites were low to moderate severity burns. Hence, growth increases were

proportional to fire severity between sites.

Significant differences were usually not detected in the post-burn means

between groups of sequoias sustaining different levels of fire severity within the same

burn. This may be due to topographic characteristics of sites that enabled beneficial

effects of high severity fire to be spread over large areas and also to the potential for

trees to "share" post-burn increases in resources via mechanisms such as root-

grafting. Another possible explanation is that surface fuel reduction is often similar

between areas that burned with different levels of fire severity (T. Nichols, pers.
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comm.), therefore post-burn nutrient increases in the soil may also be similar between

these areas.

The differences in temporal pattern of post-burn radial growth responses to

different fire severities, observed as residual indices (burned site minus unburned site

indices) or as departures from pre-burn mean growth, potentially provide a method of

estimating presettlement fire severities from giant sequoia tree rings. Four distinct

growth response patterns were identified, associated with different fire severity levels:

1) minimal, or no increase, associated with low severity fire; 2) intermediate increase,

associated with moderate severity fire; 3) high magnitude increase, associated with

high severity fire; and 4) a delayed growth increase that declined more rapidly than

the other groups, associated with very high severity fire and foliage damage.

Observations of these patterns in sequoia radial increment series, coupled with fire

scar records, would provide a new parameter of past surface fire regimes (i.e.,

severity) that has previously not been reconstructed.

In addition to fire effects on site conditions, fire-caused physiological changes

in giant sequoias may also play a role in post-burn growth responses. While minor to

moderate growth suppressions occurred in a small percentage of sequoias (2 to 8

percent) in control sites and in low, moderate, and high fire severity groups, only

sequoias with >50% foliage scorch had severe growth suppressions (post-burn mean

growth only 10 to 29 percent of pre-burn mean growth). Sequoias with only lower

branches scorched had higher post-burn mean growth than burn site sequoias with no
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foliage damage at all. This may be due to increased photosynthetic efficiency on

mildly scorched trees, as well as more pronounced fire effects (nutrient increases,

reduction in tree densities) on site conditions in areas where scorching occurred. Fire

scarring resulted in significantly higher post-burn mean growth increases for sequoias

that sustained >50% new scarring. This could be due to both physiological changes

resulting from scarring as well as to effects of the higher severity fire that was more

common where more extensive new scarring occurred.

In some circumstances, fire effects moderated effects of climatic conditions on

sequoia growth. Fire appeared to improve the growth response of sequoias to climate

when an unusually wet year (characterized by late snowmelt and a shorter growing

season) followed a burn year by one to several years. Conversely, fire appeared to

reduce the growth response to climate when a fire year was followed by a series of

dry years. In both scenarios, giant sequoias on burned sites increased in growth

while unburned site sequoias showed smaller increases, no increases, or declines in

growth. Fire effects on site conditions (e.g., increases in limiting nutrients, reduction

in competition for resources, possible extension of growing season due to warmer

soils) may give burned site trees significant advantages over unburned site trees,

particularly in years where climatic conditions are unfavorable. Fire severity was

more important than post-fire climatic conditions to the duration and magnitude of

post-burn growth increases. Higher severity fires appeared to result in more
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sustained and higher magnitude increases than lower severity fires, whether followed

by wet or dry post-burn conditions.

Post-fire giant sequoia seedling establishment was proportional to fire severity,

with increasing fire severity resulting in larger percentages of adult sequoias with

surrounding seedling establishment as well as larger numbers of seedlings present

(more adults associated with clumps of seedlings or continuous seedling cover).

Unburned sites had almost no sequoia seedling establishment. Post-fire wet

conditions were important to the long-term survival of sequoia seedlings establishing

after burns. A combination of higher severity fire and wet post-fire conditions may

therefore be the most favorable conditions for sequoia seedling establishment in giant

sequoia-mixed conifer forests.

In conclusion, this study indicated that most giant sequoias had radial growth

increases after prescribed burning, fire appears to improve growing conditions on

burned sites relative to unburned sites, and fire may moderate impacts of climatic

conditions on tree growth. There was variability in growth responses within burn

sites, demonstrating the importance of heterogeneity of burning conditions (created by

distribution of fuels, topography and variable weather conditions) and variability in

individual tree responses to fire. A few sequoias with extensive foliage scorch had

post-burn growth suppressions, but even these responses are not outside the range of

post-fire growth responses observed after fires in the presettlement period (Caprio et

al. 1994). Post-burn growth increases of similar magnitude were observed in both
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post-burn wet and dry conditions, suggesting that fire effects may dominate over

climatic effects on sequoia growth for several to many post-burn years. Perhaps more

important to the future of giant sequoia populations are the results indicating that

significant sequoia seedling establishment requires moderate to very high fire severity,

followed by wet post-burn climate conditions. Maintenance of natural sequoia

populations will clearly require frequent fire disturbance (allowing for variable

severity within burns) for good seedling establishment conditions to coincide with

climatic conditions favorable for long-term seedling survival.

8.2 Future directions

While this study generally met the stated objectives, a large part of the story

of how sequoias and other species in the mixed conifer zone respond to fire remains

untold. This study showed that adult giant sequoias generally increase their radial

growth rate after fire, but precise mechanisms of these patterns are only hypothesized.

Increased growth rates on burned sites may be due to increases in available nutrients

or other improved soil conditions due to direct effects from burning, and/or increases

in resources due to reduction in interference from other trees. To sort out possible

mechanisms, other types of experimental work would be necessary. For example,

tests of soil differences before and after burning (for mineral and nutrient content),

fertilization experiments, and thinning experiments to reduce non-sequoia tree

densities (perhaps on national forest or state lands) would allow some more specific
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hypothesis testing. It will also be important to characterize the mortality rate and

growth responses of younger (seedling and sapling-sized) sequoia trees after fires in

order to better understand how fire affects giant sequoia population dynamics.

While giant sequoia is the plant species that attracts the most attention from

both the public and park and forest managers, it will also be important to quantify the

response of the giant sequoia-mixed conifer forest as a whole community to fi re.

Harvey et al. (1980) present the most comprehensive set of studies to date of the giant

sequoia-mixed conifer community's response to fire. Since the publishing of their

work, however, other sequoia groves have burned, and opportunities now exist to

compare soil characteristics, vegetation responses, and effects of different post-fire

climate conditions on these responses for a variety of different sites and time periods.

Studies of tree responses to fire should include other species besides the giant sequoia;

reduction in competition among trees may occur through tree mortality but also

through tree injury and subsequent reduced growth rates which may not be evident

without examination of tree rings.

More information on understory shrub and herbaceous species responses to fire

is essential to an understanding of the role fire plays in the giant sequoia-mixed

conifer community. Harvey et al. (1980) report the post-burn appearance of several

annuals on their vegetation plots that were not seen in unburned plots. These plants

subsequently declined in number or disappeared during the seven years after the fire.

This suggests that periodic fire may favor higher species diversity in Sierran mixed
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conifer forests. Fire also appears to favor the establishment of nitrogen-fixing species

such as Lupinus latifolius and Ceanothus spp. (Rundel 1971; Kilgore 1973; Harvey et

al. 1980) which significantly increase the supply of available nitrogen to this

community. Examination of how different components of this community respond to

fire today will give managers a better understanding of what the community structure

and composition may have been in the past and provide quantified relationships

between fire characteristics (frequency, intensity, severity) and community responses.

7.3 Management implications

Some of the results of this study have important implications for prescribed

fire planning in giant sequoia-mixed conifer forests. These results include: the

effects of variable fire severities on post-fire growth responses in adult giant sequoias,

the effects of foliage damage and fire-scarring on post-fire growth responses in adult

giant sequoias, the potential for fire to moderate climatic effects on sequoia growth,

and the effects of fire severity and post-burn climatic conditions on giant sequoia

seedling establishment.

My results suggest that giant sequoias are well-adapted to sustain a variety of

fire severities. While higher severity fi re may cause undesirable visual effects of bark

charring and fire scar enlargement, it does not cause significant growth suppressions

in adult sequoia growth unless 50 percent or more of the crown is scorched. Because

of the elevated crowns of adult giant sequoias and the generally low to moderate fire
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severity that has characterized most prescribed burns, foliage damage of this extent in

giant sequoias is rare. I found no evidence that root damage has caused post-burn

growth suppressions in giant sequoias. (While growth reductions in some trees

occurred at all levels of fire severity, the percentages of trees sustaining low,

moderate, and high fire severity that had mild to moderate growth suppressions are

comparable to the percentages of sequoias in unburned sites with growth

suppressions.) Large percentages of new fire scarring (>50% new scarring, relative

to previous scarring) actually resulted in slightly higher growth rates than were seen

in sequoias with less new scarring or no new scarring. Although fire scars have been

suggested as contributing to crown dieback (Rundel 1973) and structural weakening of

sequoia trees (Piirto et al. 1984), they do not appear to be related to reduction in

sequoia growth rates. Fire resulted in increased growth rates for most burned site

sequoia trees compared to unburned site sequoias, suggesting generally improved

growing conditions on burn sites.

In management ignited prescribed burns, large concentrations of fuels are often

removed from around the bases of giant sequoias with large fire scars prior to the

burn (Sequoia and Kings Canyon National Parks 1991). This is done primarily for

aesthetic reasons (i.e., to reduce scorch heights and minimize fire scar enlargement),

but there have also been concerns expressed about potential for root damage to

sequoias where fuel accumulations are unnaturally high (Sackett et al. in press). My

results do not indicate any injurious effects of burning on sequoia radial growth due to
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fire scar enlargement or possible root damage. While fuel manipulations may be done

for aesthetic reasons, they may have undesirable ecological consequences. Gebauer

(1992) cautions that extensive fuel bed manipulation may reduce heterogeneity of fuels

thus reducing variability in fire behavior and spatial variation in the soil environment

that may be important to spatial patterns of post-burn species establishment.

In prescribed fire programs where the purpose is to restore natural ecological

processes, it is important to allow for variability in fire severity. Substantial

evidence indicates that giant sequoias require open canopies created by higher severity

fire to establish successfully. This study, as well as many prior studies (Hartesveldt

and Harvey 1967; Agee and Biswell 1969; Kilgore and Biswell 1971; Parsons and

DeBenedetti 1979; Harvey et al. 1980; Harvey and Shellhammer 1991; Stephenson in

press) emphasize the importance of fire-created canopy openings and/or soil changes

(friability, wettability, nutrient content) to giant sequoia establishment. Evidence also

suggests that presettlement fires in giant sequoia-mixed conifer forests were of

"patchy high intensity" (relatively low intensity with patches of high intensity)

(Stephenson et al. 1991). Fire management plans should be flexible enough to allow

for this kind of variability in fire characteristics within both management-ignited and

prescribed natural fires if a fire process more closely approximating presettlement fire

regimes is to be restored in giant sequoia-mixed conifer forests.

Season of burning did not appear to be important to the magnitude or duration

of post-fire growth responses observed in this study. While fall burns (Partin,
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portions of Circle and Class) often resulted in patches of higher severity fire, earlier

season burns (Broken Arrow) also resulted in high severity fire if weather and fuel

conditions were dry enough. Post-burn growth increases often appeared to be delayed

one year on fall burns as opposed to earlier season burns, perhaps because at least

part of one growing season after a burn may be needed for fire-related soil changes

(such as increased microbial populations and nitrogen availability) and fine root

production to occur. A larger sample size of burns in spring versus fall would be

necessary to draw definitive conclusions about the effects of burn season on sequoia

growth responses. Fire history studies indicate that late summer and fall were the

usual seasons for fire occurrence in presettlement periods (Swetnam 1992), however,

burning at other times of the year may occasionally be necessary to accomplish initial

fuel reduction burns.

A final important implication of this study is that fire appears to moderate

unfavorable climatic conditions (i.e., drought or shortened growing season) on

sequoia growth. Fires occurring in the mid-1980s (Class and Broken Arrow) resulted

in significantly higher growth rates through 1990 on burned sites than were seen on

unburned sites for this same period. Likewise, fires occurring prior to the El Nino

event of 1982-83, which resulted in a high amount of winter precipitation and

shortened growing season in the Sierra Nevada, resulted in significantly higher growth

rates on burned versus unburned sites. Fire may be an important factor in

periodically improving site conditions and thus buffering trees against potential



209

negative effects of extreme climate conditions on tree growth. Increased tree densities

as a result of fire suppression combined with the stress of the 1976-77 drought have

been implicated as factors predisposing ponderosa pine to mortality via bark beetles

and root rot in Yosemite Valley (Sherman and Warren 1988). While changes in

forest structure and composition as a result of fire suppression are probably more

pronounced in the lower elevation pine/cedar/oak forest of Yosemite Valley than in

the higher elevation giant sequoia-mixed conifer forests, it has been suggested that

fire suppression and the resulting increased density of understory trees has also

resulted in more intense competition for moisture (and perhaps other resources) in the

higher elevation mixed conifer zone as well (Sequoia and Kings Canyon National

Parks 1991).

Although many of the management implications I have stated have been

addressed previously by other researchers and park managers, the results of this study

underscore the tolerance of adult giant sequoias to fire and the dependence of the

species on disturbance for successful reproduction. The prescribed fire program in

Sequoia and Kings Canyon National Parks, like similar programs in other national

parks and forests, is under many constraints, namely: funding and staffing

limitations, air quality restrictions, public and concessioner use conflicts, cultural and

archeological concerns, requirements for expensive fuel manipulations, and lack of

knowledge about long-term fire effects (Parsons in press). These constraints have

often limited prescribed burning in Sequoia and Kings Canyon so that the number of
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acres burned annually is much less than what it should be to either reduce hazard

fuels at a significant rate or to restore natural fire to a significant proportion of the

parks (T. Nichols, meeting--review of fire program, Sequoia and Kings Canyon

National Parks, 1993). Nichols points out the importance of developing methods to

mitigate or remove these constraints:

"The environmental consequence of either not prescribed burning or of
burning at an ineffective rate cannot be called one of 'no action'. It is
a persistent successional trend away from a fire dependent system
towards one which has no precedent in nature. More intense wildfire,
insect-caused mortality of conifers, loss of habitat, and a deteriorated
ecosystem for the visitors to experience are consequences of the
continuing interruption of the fire cycle..."

Restoration of a natural disturbance regime to giant sequoia-mixed conifer forests is a

difficult task in the face of today's constraints on burning programs. In Sequoia and

Kings Canyon National Parks, an important management objective is to maintain

natural processes. In other land management agencies, alternative management

practices may be used to perpetuate giant sequoia populations (such as manually

thinning patches of forest and planting giant sequoia seedlings). In these Parks,

however, fire offers the alternative for restoring and preserving sequoia groves that is

most consistent with national park values.
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APPENDIX A - GUIDE FOR COMPUTER PROGRAM EXTRAP

Richard L. Holmes - 21 April 1994

A.1 Purpose of program EXTRAP

Computer program EXTRAP projects a growth trend established in the early

part of a tree-ring record and extrapolates it forward in time to predict expected ring

growth. It is generally used to determine deviation from expected growth following a

known or conjectural impact on tree growth, such as fire, insect attack, logging, or

other disturbance.

A.2 How EXTRAP works

On starting execution program EXTRAP asks the user the following:

(1) File name for the tree-ring measurements to be processed;

(2) Name for a new file to contain extrapolated growth curve series;

(3) Name for a new file to contain detrended growth index series;

(4) The last year of measurements to which to fit the growth curve, that is, the last

year before the impact or disturbance.

Program EXTRAP reads the file of tree-ring measurements, one series at a

time, processes each series to yield an extrapolated growth curve and detrended
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indices, and saves the curve and indices respectively in two new data files while

recording information on an output file for printing.

The portion of each series of tree-ring measurements from the beginning to the

year specified by the user (the base interval) is fit with a negative exponential curve

(detailed below). If such a curve cannot be fit due either to a general upward in the

data or to a convex upward shape of the data curve, a least-squares linear regression

is computed to fit the data (detailed below). If there are ten years of data or less in

the base interval, the series is skipped, since this is too few to establish a growth

trend.

The program then uses the coefficients of the negative exponential curve or

regression line to produce a curve extending for the full length of the series, that is,

extrapolating the curve forward in time to include the data after the impact date.

Tree-ring measurements are divided by the corresponding growth curve values,

yielding a detrended time series of indices containing the departures from expected

growth.

A.3 Negative exponential curve

A modified negative exponential curve of the form:

Y,=Ae(-Bal) +D

is fit to the data set. A, B, and D vary between series, depending upon the slope of

the curve required to fit the data. Values of t vary from one to n, where n =the
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number of years in the time series. Y, is the expected growth at given year t. An

iteration procedure is used, which continues until the improvement of the fit is very

small. If the fitted curve has a negative constant (D) or a positive slope (B), the

curve is rejected and a linear regression is fit to the data (Fritts et al. 1969). The

coefficients of the equation are applied to the data to estimate the growth curve, and

the data are divided by the estimates to obtain indices that are intended to be

stationary with a mean of 1.00. The negative exponential curve conforms to a

theoretical decrease in annual tree growth increments due to the geometry of an

increasing trunk diameter.

A.4 Linear regression line

The simplest detrending method is to fit a least squares regression line through

the data:

Y, = At+D

It conforms to no theoretical model of tree growth, and is probably best used on

series that are relatively short or that have an unusual growth pattern that the negative

exponential curve cannot accommodate.

A.5 Data format

The program EXTRAP reads ring measurement series from a data file in

standard format for ring measurements established by the International Tree-Ring
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Data Bank (ITRDB), known also as the Tucson format. If the format of one's data is

different from this, it may be changed using program DPL/FMT (Routine FMT in the

Dendrochronology Program Library). Output data files are also in this format.

ITRDB standard ring measurement format is (A8, 14, 1016) for each line,

where (A8) is the series identification, (14) the first year of data in the decade, and

(1016) a decade of ring measurements, usually in units of .01 mm. If the first year

does not end in 0, the actual first year of data is recorded, and the first spaces for

measurement values contain measurements through the year ending in 9. Succeeding

lines contain full decades of measurements from the year ending in 0 through the year

ending in 9. Following the last actual data value is a dummy value of 999 to indicate

the end of the series; this may require a new line with only the dummy value. The

first decade of the next series follows on the next line.

A.6 Additional information and acknowledgments

Program EXTRAP was written at the request of graduate student Linda Mutch

in February 1993 by Richard L. Holmes in ANSI Standard Fortran-77. It is modeled

after an earlier program also written by Holmes at the University of Hamburg in

December 1986 for Dr. Dieter Eckstein and graduate student Ursula Bentrup.

Versions of program EXTRAP are available for the VAX and most other mainframe

computers and for IBM-PC compatible computers. This program and other ITRDB



Program Library programs can be obtained from the Laboratory of Tree-Ring

Research, University of Arizona, Tucson, 85721.
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APPENDIX B - MEAN STANDARDIZED RING-WIDTH CHRONOLOGIES
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