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PREFACE

Reducing lage diameter and old tree mortality during prescribed burimingng
unburned forests could pedged asomewhat of a narrow management goal when considered
against some of the larger problems fagegpurce managetsday. Yet theresi clearly strong
interest in thisubject around the country. When the Joint Fire Science Program (JFSP) funded
this synthesis, two JFSP projects that examined the effect of raking on redidgiogmderosa
and Jeffrey pine mortalitwere nearing completion (Fowler and ah2007; Hood and others
2007a). Another JFSP project examined the effect of prescribed burning under different duff
moisture conditions olong-unburnedld longleaf pine mortality (Varner and others 2007).
Since then two synthesd2erpetuating old pondesa pine(Kolb and others 2007), arithe
conservation and restoration of old growth in frequBre forests of the American Wegigan
2007) have also been published on this subject. This synthesis seeks to expand on these and
other efforts to define thissues surrounding burning in fiegcluded forests of the United States
and suggest recommendations for maintaining and perpetuating old trees in theéspedirdent
ecosystems. The scope is focused onljiraiting overstory treenortality in specieadapted to
survive frequent firgtherefore, the implications of fire suppression and fuel treatments on other
ecosystem components are not discussed.

ABSTRACT

Many forestedecosystems in the United States/e adaptations to survive frequent.fibecades

of fire syppression around the country hdgad to many unintended consequences in these fire
dependent forests, such as increased tree densities and fuel, increased stress on older trees, and
greater rislof bark beetle attack. In historically fifeequent forests, prescribed burning is often

used to reintroduce fir@s an ecological processareasunburned for decades as part of larger

efforts to restore historical stand conditions and prevent mortality from wildfires. Maintaining

the larger diameteand oldfire-resistant trees on the landscapefien a primaryestoration

goal. This GTRsynthesizes the literature and current state of knowlpedgaining to

reintroducing fire irstands where it has been excluded for long peaodsthe impact ahese
introductory fireson overstory tree injury and mortalit@nly U.S. forested ecosystems adapted



to survive frequent fire are included.ebtment options thaminimizelarge diameteand oldtree
injury and mortality in areas with deep duff and me$to manage and redudeff
accumulationsire discussedPertinent background information tree physiology, properties of
duff, and historical versus current disturbance regianeslso discussed
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INTRODUCTION

Many forested ecosystems in the United States (HiSgrically burned frequently, both
from lightning ignited fires and Native American burning. Frequent fire maintained low fuel
loadings and shaped forests composed of tree speleipted to survive low intensity frequent
fire. Longleaf pine Pinus palustrigVill.) forests burnedsfrequentlyasevery2 to 8 years
(Christensen 1981; Frost 199and listorical records and dendrochronological studies provide
evidence that ponderosag (Pinus ponderos&. Lawson), Dougla$ir (Pseudotsuga menziesii
(Mirb.) Franco), western larcth.grix occidentalisNutt.), giant sequoiaSequoiadendron
giganteum(Lindl.) J. Buchholz), red pindP{nus resinosa&iton) forests, ad manyothers also
burred regularly. Beginning in the early 1900s, the lg@&ernmentnitiated a well organized
program in an attempt suppress all fires, both natural and anthropogdémany unintended
consequencdsave resulted from over a century of fire suppressioahas increased tree
densities and fuel, increased stress on older freescompetition and greater riskf bark
beetle attacksespecially in forests that historically burned frequently and have thus missed many
fire cycles.

Maintaining old trees and peetuating largeliameter trees for the future is becomary
increasingly greater conceNVhereas stands of old trees were historically common, across vast
landscapes, currently thaye relatively rare on the landscapemost of the olejrowth forests
in the U.S. have been harvested (Noss and others 1995). While logging is no longer the principle
threat to mosbld forests, thg now face other riskthat threaten their existence (Vosick and
others 2007)The use of prescribed fire has become a magrftw restoring firedependent
ecosystem healthnd sustainabilitthroughout the United States and use will likely increase in
the future However, ncreased mortality of large diameter and old pine following fire has been
reported in many areas aroume tcountry, and there is increased concern aiairtaining
largediameterand/or old treesn the landscape (Kolb and others 2007; Varner and others 2005).
As early as 1960, Ferguson and others reported high longleaf pine mortality after a low intensity
prescribed burn consumed the majority of heavy duff accumulations around the base of the trees.
Mortality of pre-settlemenponderosa pines in prescribed burn areas in Grand Canyon National
Park was higher than in control plots (Kaufmann and Covington)28@t&r beginning a forest
restoration program that reintroduced fire by prescribed burning at Crater Lake National Park,
excessiveostfire mortality of larger ponderosa pine was observed in the burn areas, with early
season burns having even higher tality than late season bur(S8wezy and Agee 1991Both
Swezy and Agee (1991) aiMtHugh and Kolb (2003) reported adhhaped mortality curve
following wildfires for ponderosa pine, with smaller and larger diameter trees having higher
mortality than middiameter trees.

Accumulation of litter and duff around large diameter trees has reached unprecedented
levels in many areas as a result of 100+ years of fire exclusiormctherence of abnormally
highlitter and duff accumulationafter extended firéree periods in ecosystems historically
characterized bfrequentfire is well documentedCovington and others 1997; Dodge 1974;

Haase and Sackett 1998; Sackett and Haase 1998; Sackett and others 1996; Swezy and Agee
1991; Varner and others 200&ven withmechanical thinning to reduce ladder fuels t#n,
thelikelihood of crown injury, deep duff moundsmain,andthus thepotential for stem and root
injury still exists.Becausdlames are not typically associated wstinoldering duffforest floor
consumption after the flaming front passes draws little attention, and its consequences are easily



overlookedHowever, restoration burns in areas with deep basal duff around trees may result in
greater duff consumption and higher soil temperatures than trieeststo periodic lowntensity
fires with thinner basal duff (Swezy and Agee 1991).

Several studies have attributed large diameter tree mortality to basal injury caused by
duff mound smoldering. Lonterm smoldering can causgtendechigh soil heatingfrequently
abovel4(® F (60° C), the temperature required to kill living tissue. Hartford and Frandsen (1992)
reported soil temperatures under smoldering duff moun@s@fF (400° C), with temperatures
in duff above212’ F (10@° C) for over 16 hours,ampared to soil temperatures of less thaf’

F (80° C) and duff temperatures abo2&2 F (100 C) for 1 hour under burning slash.
Temperatures in smoldering duff moureseeded72 F (30C° C) for 2 to 4 hours during a
prescribed burn in Glacier NatiahPark, resulting in the mortality of 45 percent of the cambium
sampled (Ryan and Frandsen 1991)

Basal tree injury from duff smoldering can attract bark beetles, which can greatly
influence posfire delayed tree mortality. Rust (1933) reported forithi @2 8 Tub b és Hi | |
fire at Cthdahatrbarkdbéeflds sefe@ed a greater percentage of ponderosa pines
containing severbasalinjury (from longduration smoldering of accumulations of duff at the
base) for attack, than trees with severe crajury, and this type of fire injury, and subsequent
insect attack, resulted in heavy losses in larger trees in more open stands. Bradley and Tueller
(2001) stated that a burned tree waarly 25times more likely to be attacked by bark beetle
than arunburned tree, and that trees with deep soil charring nezndy 10times more likely to
be attacked than all other trees combined.

Although some work has been done on the effect of duff and litter rerfnorathe base
of trees (Covington and others 7% eeney and others 1998; Laudenslayer and others 2008;
Swezy and Agee 1991ljttle is known about the factors that determine its success or failure as a
practical management to@uccessful removal treatments could wideswindow of
opportunity forusingprescribed burningp achieve management goals, already constrained by
weather, fuel conditions, air quality concerssgietal constraints, fire resource availabilagd
concern aboypotential morality of large diameter treeSample sizes imog of these studies
were small and there were no controls or ralonfy treatments. Fowler and oth€2908)
reported that raking reduced cambium kill at the basetdgfonderosa pine. However, the
cambium kill did not result in tree mortality atitteeyears after burningo trees, either raked or
unraked, died in the study.

It is important to draw a distinction between fiesttry, initial burns and subsequent
maintenance burria areas that have not burned for long periadsmgunburned stands usugll
havesubstantiallyhigher fuel loadings and greater duff to litter ratios than more frequently
burned standsTherefore, gtra care must be taken when firstntenducing fire tdforestsafter
decades of fire absence (Wade and Johansen.18&6¥as wh deep basal duff moundbget
initial prescribed burn willikely have the greatest impact on subsequent tree moxtalitpared
to subsequent burnkn these areastmost precaution to limit duff consumption at the base of
large trees is required. It Iviikely take eithermultiple low severityfires toslowly reduce fuel
loadings to historical levels or mechanioainovalmethods such as rakingmaintain the large
tree componentArno 2000; Harrington and Sackett 199Byesthat consume litter buittle
duff may ceate an environment that spegaresidual duff decomposition and decrease the duff



to litter ratio(Zeleznik and Dickmann 2004; S. Haase, personal communication; Theresa Jain,
personal communicationBecauseitter is consumed very qukly during passage of the flaming
front, residence times are short and do not cause inaggl for trees with thick bark

Organization and scope

Maintaining largediameter anald trees is only one aspect of forest restoration.
Restoring and maintaingnhistoric disturbance patterns and ecosystem functions is the larger
goal of most restoration efforts. However, key to restoring historical stand structure and many
ensuing processes is the perpetuation of the large diameter tree component be tiasestaddel
longer than any other ecosystem component to regkagmann and Covington 20Q1he
forest restoration literature discusses these broader issiseverafire-frequent ecosystems in
the U.S. in detai{Apostol and Sinclair 2006; Clewell adonson 2008; Friederici 2003;
Stanturf and Madsen 2004). This GTdRuses on maintaining existing larged/or oldtrees and
perpetuating futureld trees when reintroducing fire intong-unburnedareas Definitions of
old-growthforestsabound and varlgy ecosystem. Rather than trying to define and limit the
volume to only oldgrowthforests I discuss the impact of fire on all largeameterand/or old
treesfor specieghat current knowledge leads us to belisuevived historicafrequentiow
intensily surfacefire regimes Only tree species that are adapted to survive frequeriolow
moderate intensity surfadee are includedThe majority of the literature focuses on ponderosa
and longleaf pine, but many other pertinent species are disctsiskd).

Table 1 Trees species included in this volume. Mature trees listed historically survived under a
frequent, low intensity fire regime.

Species
Eastern U.S. Western U.S.
Red pine Ponderosa pine
Douglasfir
Sugar pine

Western larch
Incense edar
Southern U.S White fir

Longleaf pine Red fir
Giant sequoia

The synthesis is organized intevenbasic sections: 1) fire impacts on trees and causes
of tree death; 2properties of soil and duff related to firg;l8storical and current fireegimes
and stand structured) improving resilience and physiological capacity of old tr&gs
management options; 6) monitoriramd7) knowledge gaps. The firsvb sections provide a
background abodtre-relatedtreeinjury and ground fuels in firexcluded stands. Théird
section contrasts historical and current stand conditions and disturbance regimes for historically
fire-frequent forest typed.he fourth andifth sectiors provide information on treatment options
at various scales based on pegtit studies and makes general treatment recommendations by
forest typeThe management optiosection also discusses defining treatment objectives,
treatment prioritization, no action, and monitoring techniqiibs.monitoing section discusses
the diffeeences between stand and individual tree monitoring, what variables to monitor, and



appropriate time length$he last section identifies gaps in the scientific literature and
recommends topics for future research.

FIRE IMPACTS ON TREE S AND CAUSES OF TREEDEATH

When discussing fire effects on trees, it is helpful to first define some key terms. Injury
and damage are not synonymous. Smith and Sutherland (2001) clearly make the distinction:
injury is an impairmentoss of function; damage involves losspobperty, value, or
usefulness. Damage is relative to management goals (Sutherland and Smith 2000), while injury
is not.

There are three basic types of fire: crown fire, surface fire, and ground fire. Crown and
surface fires consume surface and canopisfhy active flaming. Thegwo types fires can
cause crown injury through convective heating eatiant heatingbuttypically cause little to
no soil heatingByram 1959; Hartford and Frandsen 1992jound fires burn through duff and
organic soils bygmoldering combustion. Smoldering combustion is a much slower process, with
higher residence times, more smoke production, and lower temperatures than active flaming
(Hartford and Frandsen 1992). No flames are visible during smoldering; during the glowing
combustion phase only wisps of smoke or a small, glowing front is visible (DeBano and others
1998) Ground firesand consumption of large diamegenfacefuels can cause root and basal
stem injury byconsuming fine roots growing in the duff layer and tigtolong term heating of
the soil and cambium at the tree b@dangerford and others 1994; Ryan and Frandsen 1991)

Trees can be killed immediately Hire, die several years pefite from either direcfire
injuriesor biotic or abiotic agents resultifigpm fire injury, or survive despite injuries (Loomis
1973) . Il njuries to a treebds crown, cambium, a
injuries often |l ead to tree death, depending
to withstand other factors such as pirgt bark beetle attacks and drought (Ryan 1982; Wade
and Johansen 1986). These secondary factors resulting from the interaction of the fire and the
treeds r e-sapsedirjuaes arecalfed secend orderdffects.

First order tree responses to heat injury
Crown injury

Crown injury is typicallycited as the most important factteterminingpostfire tree
survival (Fowler and Sieg 2004; Wagener 1961)
capaciy by reducing theolume of the live crownHowever, tis reduction in photosynthetic
capacity is not directly proportional to the percentage of crown volumbdoatise thimwer
onethird of the crown is lesghotosyntheticallyproductive than the uppéwo-thirds (Ryan
1998). Wallin and others (2003) found ponderosa pine trees with greater than 50 percent crown
scorch increasedet fhotosyntheticdate suggesting improved water relations in the remaining
unscorchedoliage after a prescribed burnAmizona, a finding also supported by Ryan (2000)

Crown injury can be grouped into two major types: needle scorch and budykié ().
Crown needle scorch is a measure of the amouprtedfre crown where needles akéled by
heated air (scorched) andninclude areas with live and dead buds. Crown bud kill equals the
amountof prefire crown where budsra either killed by heated air or consumed by direct flame



contact figure 2. These measurements are usually expressed as either percentagea®f pre
crown volume scorched/killed or percentage offmecrown length scorch/killed.

Figure 1 Ponderosa pine showing the different types of crown
injury. The uppermost, green portion of the crown was
=7 unaffected by the fire. The middle portion of the o wn 6 s
BESSD. healihy TIEEEISS needles were scorched and killed, but the buds survived. The
| ower portion of the crownds nee
needles and buds were killed.

Figure 2 Crown consumption from direct flame contact.

For most specieshe areas of therawn withneedle scorch and bud kill are equal.
However, the difference can be substantial for species with large buds, such as the southern
pines, ponderosa pine, red pine, and Jeffrey imeué jeffreyiBalf.), or protective features
around the budsuch as the spur shoots western larctbranchesLarger buds require longer
heat to kill meristematic tissue; therefore species with large buds are more resistant to crown
injury. Long needles also form a protective sheath around the buds, offeringmalditiotection
(Ryan 1982; Wade and Johansen 1986gse species are capable of surviving very high levels
of crown scorch if bud kill is minimal (Dieterich 1979; Wade and Johansen 1986; Wagener
1961). Burning during the dormant season may reduce duddxié than burns during the

1C



growing season when buds are actively groveind ambient air temperature is lowWEerguson

1955; Harrington 1993; Wade and Johansen 198®).southern pines also undergo multiple

needle flushes during the growing seasons Hhility to quickly refoliate increases the chance of
tree survival if high crown scorch occurs early in the season compared to the same level of injury
that occurs after the last flush of the year (Weise and others 1989).

, Crown scorch is most easilytdemined

&= severalweeksto several months after the fire
when the needles have turned brown, but before
they fall (Ryan 1982). Immediately after the fire,
scorched needles have a dull green appearance
making it more difficult to determine scorch
levels tharwhen the needles are brown. Crown
scorch cannot be reliably measured after one
year of the fire because at this point many
scorched needles have fallen and tree ceown
may begin fading due to other factors, such as
bark beetle attacksigure 3 or diseas.

Figure 3 Fading ponderosa pine tree one year
after fire from bark beetle attacks. No needles on
this tree were scorched by the fire.

Bud kill is most easily measured soon after bud break, the first spring followifigethe
or after the next needlfflush for southern pine. At this time, new needle emergsridghly
visible and the majority of scorched needles still remain in the crown. Areas of the crown with
both needle scorch and bud kill retain scorched needles ltregeareas where buds and
branches are alivieecause the dead limbs canaotivelyshed the dead needles. These scorched
needleon dead branches eventualgather offwith wind and precipitatioover time. Areasf
thescorcheccrown withlittle bud kill can abscise the deadeddes, making the crown appear
thin because of the lost scorched needigarg 4 (Ryan 1982).
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Figure4 Tree crown in | eft foreground was scor
needles were scorched, but the buds survived. These halledlone year after the fire and the
majority of scorched needles have already fallen.

Cambium injury

Cambium Kill occurs whelethal temperatures are reached at the cambium layer between
the bark and woadr'he tree is girdled if cambium is killed arauthe entire tree circumference.
Bark thickness is the princip&ctor determiningheamount of heat transferred to the cambium
during a fire(Martin 1963) Bark insulatethe cambium from heaind is not easily combustible
therefore, thicker bark prades more protection. The rate of thickendtiifers by species
individual genetic differencesind environmental factoedinfluences how quicklythis
insulating layer formgHare 1965; Hengst and Dawson 1994). Species that develop thick bark
ealy in life become fire resistasboner and are adapted to survive frequemt intensityfire.

Bark thickness generally increases linearly with tree diameter (Spalt and Reifsnyder 1962).
However, Myers (1963) founold pondeosa pines in the Southwest Htadner bark than the
younger ponderosa pines of equal diameter.

Species differences ark and cambiummoisture content, physical and thermal
properties, and chemical composition al so i
(Jones and othe004; Martin 1963; Spalt and Reifsnyder 1962)r example, Hare (1965)
reported that for equal bark thickness, longleaf and slash imass(elliottii Engelm.) were
nearly twice as resistant to cambium kimpared teweetgumI{iquidambar styraciflud..),

American holly (lex opacaAiton), and black cherryRrunus seroting&hrh.).However, Martin

(1963) andDickinson and Johnson (200doncludethat differences in thermal tolerance among
species and growing seasons wetativelysmall when comparei the effects of bark

thickness. Peterson and Ryan (1986) estimated the length of time necessary to kill portions of the
cambium based on tree diameter for several species in the Northern Rivglresy.

12
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CRITICAL TIME FOR CAMBIAL KILL (minutes)
s
&
T

TREE DIGMETER {em)

Figure 5 Critical time for predicted cambikill as a function of tree diameter and species.
Species are: Douglds (DF), western larch (WL), ponderosa pine (PP), western hemlock (WH),
grand fir (GF), Engelmann spruce (ES), western white pine (WP), western red cedar (WR),
lodgepole pine (LP), @hsubalpine fir (SF). From Peterson and Ryan 1986.

Cambiumis killed at approximately40° F (60° C) (Dickinson and Johnson 2004). Lethal
temperatures may be reached after a few seconds for species with very thin bark. However, for
species with thick barlkt can take hours. Loatgrm heating of this kind only occurs when there
is a large amount of fuel burning near the tree, such as a stump, log, or deep duff. Basal cambium
injury on tree specieadapted to survivirequent low intensityfire is typicallynot a problem in
low intensity surface fires because these species have thick barkrandhl litter and duff
would accumulatdetween firesin long-unburnedareas however, duff deptypically increass
dramatically near the base of a tree, formifgsalmound. Tle longterm smoldering
combustion of thisuel accumulation can increase cambium injury even for species with thick
bark (Ryan and Frandsen 199This type of low intensity, high severity fire often produces a
ring of charred, blackened bamkar the groundline indicating the amount of duff that was
consumed during the firdigure 6)

Figure 6 Sampling the base of a ponderosa pine for
cambium kill after a prescribed burn using a drill.
The charred, blackened area around the tree
indicatesthe amount of litter and duff

consumption. The top of the duff pins radiating out
from the tree base were level with the surface litter
prior to burning.
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Ryan and Frandsen (1991) developed a logistic regression to predict the probability of
ponderosaipe cambium death from prescribed burning. They measured duff consumption
around old ponderosa pine trees during a prescribed burn in northwestern Montana. Cambium
mortality was best predicted by the amount of duff consurfiiguat€ 7). This equation sugges
that ponderosa pine duff depths deeper than 7 inches (18 cm) mayudastasatialcambium
mortality (> 50 percent)f completely consumed:.he results from this study are drawn from one
research prescribed burn; additional research is needed taggsethictive modelJones and
others (2006) developed a physimsed stem heating model to predict cambium death during
fire. However, this model simulates stem heating and cambium death caused from flaming
combustion and does not apply to letlegm smotlering combustion.

1.0

0.9 1

o
©

Pm=1/(1 + exp(2.46 - (0.13*duff consumed)))

Predicted probability of dead cambium, Py,
o o o o o o
N w IS o o ~

o
-

0.0
0 5 10 15 20 25 30 35 40
Forest floor consumed (cm)

Figure 7 Logistic regression model for predicting the probability of cambium mortality in
matureponderosa pingesulting from duff consumptionHs the probability of cambium
mortality (0 to 1) and duff consumed is the amountudf depth reduction (cm). From Ryan and
Frandsen 1991.

If the majority of the tree circumference is girdled by fire, or additional injury to the
crown also occurs, the tree will likely die. A girdled tree may take several years to die because
the xylem igntact and can continue to transport water to support the crown, but photosynthate
cannot be transported down to rodigure 8. The root system eventually is depleted of stored
carbohydrate reserves, stops producing fine nwbtsh absorb soil wateandthereforethe tree
dies from water stress (Greene and Shilling 1987; Michaletz and Johnson 2007).
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Heartwood
Provides structural
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Cambium Sapwood (xylem)
Produces phloem Conducts water and
Outer bark and xylem minerals up tree to
crown

Phloem
Protects inner Conducts food
tissue down tree to roots

Figure8. Cross section of tree showing functional parts of a tree stem.

Partial cambium kill produces a fire scatthough teescan be scarred nwerous times
from reoccurring fires and survivexposed fire scars are particularly susceptibferther
injury in subsequent fireespecially if decayed wood is preséltie leeward side, usually the
uphill side in sloped areas, of the tisenost suseptible to cambium injury because of increased
residence times, flame lengtlasd temperatures as flames weapund the backside of the tree
and create vorticg&ill 1974; Gutsell and Johnson 1996). Guyette and Stambaugh (2004) found
90 percent of firescars were located on the uphill side of the tree in mixeesbakleaf pine
(Quercusspp.- Pinus echinataMill.) forests in Arkansas.

Ryan (1982) developed bark char codes to help indicate stem injury aftseftale 2
for description of bark @r codes However, lark char on spees with thick bark is not a
definitive indicator of actual cambium kill (Breece and others 2008; Hood and others 2008).
Hood and others (2008) evaluated thesgesfor many western conifer species and found that
deepchar usually indicated underlying dead cambiunsfuecies with thinner baikable 3.
Howe\er, the moderate char was not clearly associated with either live or dead cambium for
species with thick bark. Breece (2006; Breece and others 2008) also regoatedbiguous
relationship between bark char codes and cambium kill for ponderosa pine.
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Table2. Bark char codes and description of bark appearance (adapted from Ryan 1982).

Bark char
code

Bark appearance

Unburned No char

Light Evidence of light scorchi;
can still identify species base«
on bark characteristics; bark i
not completely blackened;
edges of bark plates charred

Moderate Bark is uniformly black excep
possibly some inner fissures;
species bark characteristics
still discernable

Deep Bark ha been burned into, bu
not necessarily to the wood;
outer bark species
characteristics are lost

Cambium kill is most easily determined several months after a fire by removing a small
portion of the bark at groundlirf@gure 9. It is important to samplas close to the groufide
as possible, as this is where injury to the cambium from heat is most likely to occur (Hood and
others 2007b). Samples are most easily obtained with a hatchet, alternatively, a drill with a hole
saw attachment, an incrementé&o or increment hammer can also be used (Lentile and others
2005). Drills provide an exposed area of uniform size and go through thick bark quickly,
however they are heavy and cumbersome to use in most field situations. Increment borers and
hammers ararhe consuming, reveal a very small portion of the cambium, and are easily
damaged when using on charred, resinous bark (Hood, personal observation, Lentile and others
2005).

Once cambium is exposed, its status can be determined visutdisted using wital

stain (Ryan 1982)Live tissue will feel moist, soft, and spongy, and will be a light pink
- salmon color. Live cambium is pliable

and usually, is easily peeled away
from the wood and bark. Dead
cambium either will be hardened, with
a dark, shiny gmearance or will feel
sticky, with a darker color, and a sour
smell. Sometimes the resin may have
dried and have a whitish cast. Dead
A cambium will not easily separate from
the wood and barKigure 9 (Hood
and others 2007b; Ryan 1982)

Figure9. Douglasfir cambium. The
upper portion of exposed cambium is
alive, and the lower portion is dead.
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Table3. Recommended management guidelines for using Ryan (1982) bark char codes as a
surrogate for direct cambium sampling after fire. Species/code combinatiblisted are not

clearly associated with either live or dead cambium and should be sampled directly to determine
injury.

Probable
, Bark char .
Species cambium
code

status
Lodgepole pine Light, Dead
Whitebark pine moderate,
Western white pine or deep
Western red cedar
Engelmann spruce
Subalpine fir
White fir Light Alive
Incense cedar
Ponderosa pine
Douglasfir
Sugar pine
White fir Deep Dead

Incense cedar
Ponderosa pine
(wildfire)
Douglasfir
(wildfire)

Sugar pine

Ponderosa pine Modemte Alive
(prescribed fir)  or deep

Douglasfir Moderate Alive
(prescribed fire)
Western larch Light, Alive
moderate,
or deep

4f pre-fire duff mound depths are high and most of duff is consumed in fire, then the probability
of cambium mortality is higher.
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Root njury

Root mortality is a function of temperature and duration of heat. Instantaneous tissue
death occurs at approximatdl¢@® F (60° C). Little is known about the effect of lorterm
elevated temperatures beldw® F (60° C) on tissue. Smoldering grodrires can kill roots
growing nearhe soil surface or in the duff either directly as duff is consumed or from heating
the soil to lethal temperaturdsterature on root location, production, and turnover is sparse for
most tree specieblowever,the magprity of fine roots occuin the upper mineral soil horizon in
most areas (Persson 2008jil is a poor conductor of heat, but studies have shown that deep,
smoldering duftanheat soil to ovet4d F (60° C) at least 8 inches (20 cm) deep in ponderosa
pine (Sackett and Haase 1998) and longleaf Pitaener and others In Reviewh mixed
conifer forests of California, lethal temperatures to 4 inches (10 cm) deep in mineral soil were
common during prescribed burfidaase and Sackett 1998) that studyforest floor depths
beneath tree canopies where soil temperatures were measured ranged twM.9inches(6
to 28 cm) and consumption was complete. Increasingithe that soil was heatetbovel4d F
(60° C) caused a steep decline in coarse roatstoauctural carbohydrates when burning a-fire
excluded longleaf stan@arner and others IRres$. The authors hypothesized that finfured
trees were using available carbohydrates stored in coarse roots to replenisheldeate roots,
thus comprmising the trees and making them vulnerable to second order fire effects, such as
bark beetles, diseases, or climatic strés@ther study in longinburned longleaf pine found
that trees were 20 times more likely to die when basal duff consumption ed&egdercent
compared to trees with | ess basal duff consum
Tree mortality was also attributed to mortality of fine roots located in the accumulated duff layer
that were consumed during the fire.

Studies of rot location in the soil and in proximity to the bole are conflicting. It likely
varies by tree species, site productivity, tree age, duff depth, and drought conditions. Average
fine root content and concentration was higher at the dripline than halfwagdrethe dripline
and tree bole for large Dougtéis (> 17 inchesA3 cm DBH) and ponderosa pineX$ inches
48 cm DBH) in Idaho (Dumm 2003). The relationship was opposite for small trees. The majority
of roots were located in mineral soil,lat tharthe forest floor Duff at this study site was
relatively shallow, with a mean depth of 1.4 inches (3.5 cm), and differences in depth between
sample locations were nmported In contrast, there were no significant differences in fine root
biomass by treage and distance from bole in ponderosa pines in central Oregon (Andersen and
others 2008). This study compared root biomass among 15 to 20, 50 to 60, and greater than 250
year old trees. Sampling occurred at 50, 100, and 150 percent of the distanes bete/bole
and dripline. Fine root lifespan was greater than 1 yéanever, 0 roots weresampédfrom
the forest flootayers and duff depths or time since fire was not reported. Curtis (1964)
excavated the root systemani6.9 inch(42.9 cm)DBH, 60-year ponderosa pine growing on the
Boise Basin Experimental ForeHd,. He found 24 percent of fine roots were located within 5
inches(12.7 cm)of the tree bole.

It is speculated thatré exclusiorhaslead to fine roots growing upto accumulated dbif
on some sitew/here theytypically would becontained mostly to the mineral soil horizamish
frequent fire(Jain and Graham 2004; Wade 1986), d&dgresence of fine roots in the duff is an
important observation when determining potential tree mortbm prescribed burning.

Gordon and Varner (2002) found no significant differences in biomass of longleaf pine roots
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<0.08 inch (2 mm) diameter in the forest floor and upper 9.8 inches (25cm) of mineral soil at the
base obld trees in a fireexcluded g&and. Mortality ofold ponderosa pine trees has been

attributed to firecaused injury of fine roots located in the duff in Oregon (Swezy and Agee

1991) and in shallow volcanic soils Arizona(Fulé and others 2002b). Duff consumption near

the tree bole ding a prescribed fire was significant in predicting whitgAbies concolor

(Gord. & Glend.) Lindl. ex Hildebr.), sugar pineifus lambertiandouglas), and ponderosa

pine mortality(Stephens and Finney 2002). fxarn duff moisture averaged 15.8 perige

resulting inalmostcomplete consumption of tiokff.

Detecting root kill after a fire is much more difficult than crown or cambium injury.
Ground char codes exist to provide a general assessment of potential root dabtege(Ryan
1982; Ryan antNoste 1985). These codes have not been tested to determine if there is a
relationship with increasing ground char and root kill. Average ground char rating was
significantly higher for dead ponderosa pine trees than live trees (McHugh and Kolb 2003; Thies
and others 2006), but was not significant in predicting either ponderosa pine or Efoughes
mortality (Hood and Bentz 2007; McHugh and Kolb 2003; Thies and others 2006).

Table 4 Ground char codes ami@scriptions(Ryan 1982; Ryan and Noste 1985).

Ground char Groundappearance
code

Unburned Not burned

Light Litter charred to partially consumed; upper duff layer may be charrt
but the duff is not altered over the entire depth; surface appears bl
where litter is sparse charring may extasfightly into soil surface but
soil is not visibly altered; woody debris partially burned; logs are
scorched or blackened but not charred; rotten wood is scorched to
partially burned.

Moderate Litter mostly to entirely consumed, leaving coarse, lightaa ash
(ash soon disappears, leaving mineral soil); duff deeply charred, bt
visibly altered; woody debris is mostly consumed; logs are deeply
charred, burned out stump holes are evident.

Deep Litter and duff completely consumed, leaving fine tg&tash (ash
disappears leaving mineral soil); mineral soil charred and/or visibly
altered, often reddish; sound logs are deeply charred, and rotten Ic
completely consumed.

18



Delayed tree mortality from bark beetles

Many bark beetle species araatted to brned areas and caysestfire tree mortality
beyond what would be expected from fire injury al¢Beeece and others 2008; Hood and Bentz
2007; Hood and others 2007c; Lombardero and others 2006; McHugh and others 2003; Perrakis
and Agee 2006Ryan and Amman 1996). The influence of this secondary interaction between
fire and bark beetles on delayed tree mortality varies with beetle population levels and host
availability, but the widespread influence of bark beetles onfpestielayed tree meaility is
evident from the literature. Of thH studies that have examined the effects of fire on old or
large diameter tree mortality in historically fireequent forests in the U.22 reported bark
beetles causing additional mortality pdis¢ (table 5. This secondary interaction of fire and
bark beetles is further documented in other forest types and younger stands (Fowler and Sieg
2004; Negron and others 2008).

Bark beetles can have a major influence on the timing and amount of additiorfaigost
delayed tree mortality. Many studies have reported little additional mortality beyond the second
postfire year (Fowler and Sieg 2004). However, others have observed considerable tree
mortality occurring for much longer where bark beetles attackedhjireed trees (Hood and
Bentz 2007; Sackett and Haase 1998; Weatherby and others 2001). Differences in the influence
of beetle attacks on firmjured trees among studies may in part be a function of the length of
time trees are monitored pdge. Fifteen of the41 existing studies on po$te old or large
diameter mortality in fire dependent U.S. forests monitored mortality and bark beetle attacks for
5 years or longethe remaining studies repqrostfire mortality for3 yeas or less {able 5.

Thelong term effects of bark beetles and fire on mortality are even scarcer, only three studies
have reported results from 10 years or more afterthtde 5. There is clearly a need for longer
term monitoring in order to fully understand the effect oklimetle attacks and other secondary
interactions on podire tree mortality. This is discussed further in Menitoring the Effects of

Fire on Overstory Tree Mortalitgection of this publication.

Bradley and Tueller (2001) found significant correlatidoetween prescribed burning and
bark beetle attacks on Jeffrey pine in the Lake Tahoe Basin, CA. Beetles attacked 24 percent of
trees in burned plots compared to less than 1 percent of unburned plots. A burned tree had a
24.81 times greater chance ofrigeattacked than a similar unburned tree. Red turpentine beetle
(Dendroctonus valenseConte) comprised the majority of attacks. While red turpentine beetle is
not typically considered a tréelling beetle, it seemed to be attracted to-fivpired treesand
predispose burned trees to attacks by more aggrd3sivdroctonudeetle species. All burned
trees attacked by Jeffrey pine beebeijdroctonus jeffreyopkins) were also attackdxy red
turpentine beetles. No red turpentine beetle attacks werevetlsa the control plots.

Prescribed burning an elgfowth mixed conifer forest in the Sierra Nevada, CA
increased bark beetle attacks and subsequent large diameter sugar and Jeffrey pine mortality
compared to unburned units (Maloney and others 2008¢r&dan kill was observed in the
burned units, leading the authors to speculate that a combination of bark beetle attacks and basal
injury killed the trees. However, another study in the Sierra Nevada found no difference in
probability of sugar pine mort#i after mountain pine beetl®éndroctonus ponderosae
Hopkins) attack between small and large trees after prescribed burning (Schwilk and others
2006).
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Table 5. Studies that have examined the effects of fire on old or large diameter tree mortatityicalySire-frequent forests in the
U.S. Studies are listed in alphabetical order. Main reference is the most recent report of mortality. Additional refteehiegsort
older or other pertinent results from the same study.

Reference Years Primary Crown Basal Root Basal duff Bark beetles Additional references Additional
monitored  specie$ injury injury injury depth influenced comments
assessed Assessetl assessed assessed mortality
(Agee 2003) 13 Ponderosa (Thomasand Agee Causal agent of
pine Yes 1986) mortality identified,
Douglasfir but tree level fire
White fir injury not assessed
(Agee and 5 Ponderosa (Perrakis and Agee  Causal agent of
Perrakis 2008) pine v 2006) mortality identified,
es )
but tree level fire
injury not assessed
(Breeceand 3 Ponderosa " X Yes
others 2008) pine
(Campbelland 1,2 Longleaf Causal agent of
others 2008) pine v mortality identified,
es )
but tree level fire
injury not assessed
(Fettig and 2 Jeffrey pine Causal agent of
others 2008) Ponderosa mortality identified,
. Yes .
pine but tree level fire
White fir injury not assessed
(Fowler and 3 Ponderosa
. X X X No
others In Press) pine
(Fulé and 5 Ponderosa (Fulé and others Duff around all
others 2007) pine 2002b; Roccaforte presettlement trees
X X No and others 2008; was raked prior to
Waltz and others burning
2003)
(Fulé and 5 Ponderosa (Fulé and others Duff around
others 2005) pine x x No 2002a) presettlement trees

raked in some
treatments
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Reference Years Primary Crown Basal Root Basal duff Bark beetles Additional references Additional
monitored  specie$ injury injury injury depth influenced comments
assessed Assessell assessed assessed mortality
(Ganz and 1 Jeffrey pine
others 2003) Ponderosa
pine X X X Yes
Incense
cedar
White fir
(Haase and 9 Giant Root injury inferred
Sackett 1998) sequoia from soil
. X X X X No
Sugar pine temperature
measurements
(Hanula and 2 Longleaf
others 2002) pine X X Yes
Slash pine
(Henningand 2,7 Red pine
Dickmann X No
1996)
(Hood and 4 Douglasfir X X Yes
Bentz 2007)
(Hood and 2,3,4 Jeffrey pine
others 2007b) Ponderosa
pine
Incense X X Yes
cedar
White fir
Red fir
(Hood and 2,3 Jeffrey pine
others 2007a) Ponderosa X X X Yes
pine
(Jerman and 2 Ponderosa . x . No
others 2004) pine
(Kaufmann and 3,7 Ponderosa
Covington pine X No
2001)
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Reference Years Primary Crown Basal Root Basal duff Bark beetles Additional references Additional
monitored  specie$ injury injury injury depth influenced comments
assessed Assessell assessed assessed mortality
(Kobziar and 1 Douglasfir
others 2006) Ponderosa
pine
Incense
X X No
cedar
White fir
Tan oak
Black oak
(Kolb and 6 Ponderosa (Covington and others Duff removed from
others 2001) pine 1997; Feeney and site prior to burning
No others 1998; Stone
and others 1999;
Wallin and others
2004)
(Lambertand 2-8 Giant
Stohlgren sequoia X
1988)
Laudenslayer 6 Jeffrey pine
and others 200¢ Ponderosa
: X Yes
pine
Sugar pine
(Loomis 1973) Not Black oak
reported  White oak « No
Post oak
Scarlet oak
(Maloney and 3 Jeffrey pine
others 2008) Sugar pine
Incense
X Yes
cedar
White fir
Red fir
(McHughand 3 Ponderosa x Yes
Kolb 2003) pine
(Mengesand 7 South
Deyrup 2001) Florida X X X Yes
slash pine
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Reference Years Primary Crown Basal Root Basal duff Bark beetles Additional references Additional
monitored  specie$ injury injury injury depth influenced comments
assessed Assessell assessed assessed mortality

(Methven 1 Red pine
1971) Eastern X No
white pine
(Miller and 3 Ponderosa X X Yes
Patterson 1927, pine
(Mutch and 5 Giant (van Mantgem and
Parsons 1998) sequoia others 2003)
Jeffrey pine
Sugar pine
Incense
cedar X Yes
White fir
Red fir
California
black oak
(Outcalt and 1 Longleaf
Foltz 2004) pine
Slash pine X
South
Florida
slash pine
(Regelbrugge 2 Ponderosa
and Conard pine
1993) Incense
cedar X No
California
black oak
Canyon
live oak
(Ryan and 1 Ponderosa . x . No
Frandsen 1991) pine
(Rust 1933) 5 Ponderosa
pine X X Yes
(Sackett and 19, 20 Ponderosa x X x No (Sackett and others
Haase 1998) pine 1996)
(Santoro and 2 Red pine
X X Yes

others 2001)




Reference Years Primary Crown Basal Root Basal duff Bark beetles Additional references Additional
monitored  specie$ injury injury injury depth influenced comments

assessed Assessell assessed assessed mortality
(Schwilk and 2 Sugar pine (Knapp and others
others 2006) White fir 2005)

X X Yes
Incense
cedar

(Sullivanand 3 Longleaf X Yes (Otrosina and others
others 2003) pine 2002)
(Swezy and 4,10 Ponderosa " " " Yes
Agee 1991) pine
(Varner and 2 Longleaf X X X Yes
others D07) pine
(Willard and 4 Ponderosa " No
others 1994) pine
(Willams and 1 Longleaf X X No
others 2006) pine
(Wright and 2,3,6,7 Ponderosa X No
others 2003) pine

Tan oak(LithocarpusdensiflorustHook. & Arn.) Rehdey. California Back oak Quercus kelloggiNewberry): Canyon live oakQ.
chrysolepid.iebm)); Black oak Q. velutinaLam.); White oak Q. albaL.); Post oak Q. stellatawangenh.); Scarlet oak)( coccinea

Munchh).

Basal injury assessed directlylmy noting bark char presence.
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Western pine beetle®éndroctonus brevicomiseConte) alone or in conjunction with
fire injury were the largest mortality agent after prescribed burokligrowth ponderosa pine
units in Crater Lake National Park, OR (Rdis and Agee 2006). In a separate study in Crater
Lake National Park, 5 year mortality of large ponderosa pine from insects or pathogens was 2
percent in the control units compared to 6 percent in spring burn units and 13 percent in fall burn
units (Ageeand Perrakis 2008). Thomas and Agee (1986) reported that the proportion of beetle
killed ponderosa and sugar pines greater #¥aé inches{0 cn) DBH was higher in prescribed
burned areas than unburned areas in Crater Lake.

Douglasfir beetles Dendractonus pseudotsugdtopkins) are attracted to large diameter,
moderately fireinjured Dougladir trees (Furniss 1965; Hood and Bentz 2007; Rasmussen and
others 1996). Large DougHdis trees that initially survive fire injuries are susceptible to
Douglasfir beetle attack, and can cause high levels of delayed tree mortality. In areas with
nearby Douglagir beetle populations, Hood and Bentz (2007) estimated that Defiigteeetle
was responsible for an additional 25 percent of observed mortality of &firgrees greater
than9 inches 23 cm) DBH 4-years after wildfire in Montana and Wyoming. Ryan and Amman
(1996) foundbeetleattacks increased with increasing Dougfia®asal girdling after wildfires in
YellowstoneNational Park

Trapping after precribed burning in a 49ear old longleaf pine plantation did not catch
more southern pine beetlddgnhdroctonus frontaliZ&immermann) oeastern fivespined ip$ps
grandicollisEichhoff) than the unburned, control plots. However, almost all dead tréfes in
burned units were attacked by eastern fivespinedngdssouthern pine beetle, suggesting that
burned trees were more susceptible to attack than unburned trees (Sullivan and others 2003).

Bark beetles and pathogens can interact to cause extensiaditynafter the first post
fire year. Most mortality after prescribed burns in longleaf pine was not observed until 2 to 3
years postire (Otrosina and others 2002; Sullivan and others 2003). Fires that consumed more
duff and killed fine roots resulted ithe highest mortality. The authors hypothesized that root
pathogenic fungi on the site may have been able to opportunistically infect the trees through
injured fine roots and predisposed the trees to subsequent bark beetle attacks (Sullivan and others
2003). The combination of root disease, root injury and secondary bark beetle attacks could have
resulted in the significant mortality observed after the-lot@nsity prescribed burns. The
authors recommetred dormantseason heading fires that consume litigrnot duff to reduce
longleaf pine mortality.

Concerns abound that bark beetle populations will increase after fire and cause
neighboring unburned areas to be attacked. Whether this phenomenon occurs regularly however
is unclear. Miller and Pattersoh927) found western pine beetle attacks increased the first two
years after fire, but dropped to diee levels by year 3. Brood production was decreased in the
attacked, burned trees and no spillover effects were observed. Furniss (1965) expressed concer
about Douglasir beetles spreading to adjacent unburned forests, but reported decreased brood
production in attacked, burned trees. Doudiabeetles attacked adjacent unburned trees two
years after wildfires in Yellowstone (Amman and Ryan 1991). HeweDougladir beetle
populations were increasing before the fires occurred; making it difficult to conclude if fire
further increased the beetle populatiddsetles did not spread to adjacent unburned areas after
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wildfires or prescribed fires in souBiorida slash pineRinus elliottii Engelm. vardensadLittle

& Dorman)(Menges and Deyrup 20QJAccording to Jenkins and others (2008), the likelihood

of bark beetles attacking adjacent, unburned areas depends on 1) susceptibility of stands in both
burned and unburned areas before and after the fire, 2) extent and severity of fire damage, 3)
local bark beetle populations before the fire, and 4) weather conditions both before and after the
fire.

PROPERTIES OF SOIL AND DUFF

The forest floor includes all ganic matter, including litter and decomposing organic
layers, above the mineral soil surface (Pritchett and Fisher 1987). The forest floor typically
consists of three layers, litter, fermentation, and huriigisré 10, although some layers may
not be found or distinguishabl®n all forested soilsSThefermentation and humus layers afeen
collectively called duff and may bdeound by mycelium to form a méke structure The layers
are:

Litter layer (L) or O i: consists of unaltered, recently cast organatter such as leavegedles,
twigs, bark flakesgones and animal scaf his is the uppermost layer of the forest floor. The
origin of the material is easily identifiable.

Fermentation layer (F) or Os: consists of fragmented, partially decomposeghorc material.

This layer is found immediately below the litter layer. The material is discolored, but the origin
is still identifiable. This is also referred to as the upper duff ldiyaas a higher bulk density

and mineral content than litter.

Humus layer (H) or Og: consists of weldecomposed, amorphous organic madtetmay
contain some mineral soil. This layer is found between the F layer and mineral soil. This is also
referred to as lower duff laydt.has a higher bulk density and mineral @nttthan the F layer.

Sackett and Haase (19989scribedhe forest floor in terms of fire behavicalledthe FI
and FS layer§figure 17). The fire intensity (FI) layer consists of the L layer and upper portions
of the F layerThesesurface fuels burby flaming combustion. The FI layer is often highly
combustiblebecause of its surface position and low bulk dersityis anajor component
determiningrates of spread. The fire severity (FS) layer consists of the lower, denser portion of
the F layer anthe entireH layer. This layer is ground fuel that burns as smoldering combustion,
after the main flaming front has passed.
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Differences between duff mounds and typical forest floor duff

In the absence of fire, litter and duff accumulate rapidly around the bases ¢fitse8s
to 4 feet (1 m)from bak and needle shedding depths that can cause injury to the roots and
stemswhen burnedThis is especially evident in dry forest types, with slow rates of
decompositionForest floor depths usually are deepest at the bases of large, older treesethat hav
higher crown massefidure 12. Depth then decreases rapidly from the bole towards the dripline
(figure 13 (Gordon and Varner 2002; Ryan and Frandsen 1991; Swezy and Agee 1991).

Figurel2. Deep duff mound at base of
ponderosa pine after 10@ears 6 fire
suppression. Large pine cones at base are
vectors that increase the likelihood of duff
ignition andconsumption.
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Figurel3. Mean and standard deviation
- of duff depth (cm) as a function of the
distance (cm) from the base of the tree.
From Ryarand Frandsen 1991.
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Composition of duff also changes in proximity to the tree base. Duff at the base of trees
typically has a much higher proportion of bark flakes than duff away fronbhasef{Gordon
and Varner 2002). As bark sloughs off trees, @aposited directly at the tree base and is largely
responsible for the mound of fuel accumulation often seen around large trees.

Duff is generally drier unddree crowns than between them due to interception of
precipitation and radiation by tree crow(itlle and den Ouden 2005; Miyanishi and Johnson
2002). Tree crowns intercept precipitation, reducing moisture input directly beneath the crowns.
At night, tree cravns reduce terrestrial radiatior@loling at the ground surface, limiting dew
formation (Myanishi and Johnson 2002). Litter moistal@ngesliurnaly andis more variable
than duffmoisturebecause it wets and dries more quickly than the lower duff |bge@use of
its surface exposure and lower bulk densitystudy in longleaf pine foundter moisture
content increased sharply after all rain events, but moisture in deep duff layers at the base of
mature longleaf pine treemly increased after heavy and sustained rain eyeris8 inches
(20mm) precipitation in 24 houréfrerguson and bers 2002). The average time lag for
ponderosa pine duf.4 inches§.7 cm) deep was calculated at 50 hours (Fosberg 15€8.
Appendix A for a description of methods used to measure duff moisture.

Duff depth varies greatly throughout a stand, and tealghanges in duff are the hardest
to predict of all fuel components (Hall and others 2006). Duff consumption is often reported and
modeled as a unit averagessuminginiform consumption throughout the burned area. In reality,
duff consumptiorcan bepachy, ranging from completelyurnedareago unburned or scarcely
burned areas (Miyanishi and Johnson 2008g percentage ofudf consumption is often much
higher in the duff mounds thamthe ambient duff found away from tree bases (Hille and den
Ouden 2005). This is likely due to duff moisture variability throughout the stand and because
deep duff can sustain smoldering at higher moisture cor(fditanishi and Johnson 2002
numerous prescribed burns in ponderosa pidgizona almost all duffand litter was consumed
to mineral soil around trees greater than 18 inches (45.DBi)to the dripline. In contrast, the
forest floor was consumed to mineral soil for only a few inches around pole size trees, 4 to 11
inches (10.2 to 27.9 cn)BH, while in doghair thickets, only the littdéayer was consumed and
very little mineral soil was exposed (Sackett and Haase 1998). Prescribed burns in Montana
reduced duff depths from 17 to 30 percent, yet around large tree bases, 100 percent of duff was
consumedKalabokidis 1992). Hille and Stephens (2005) found the probability of duff existence
after a fire goes from near 0 at the tree base to over 60 in tree gaps in mixed conifer forests of
north-central Sierra Nevada, CAiqure 14. Thisvariability in duff depthhighlights the
importance of measuring forest floor depths at different locations throughout a stand before and
after prescribed burning, as fire effects can differ significaartipng point¢Covington and
Sackett 1992).
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First entry prescribed burns

Long-unburned stands usually have greater duff to litter ratios than more frequently
burned stands. Duff in olstands without recent disturbance is deeper and weighspaotmit
areathan younger standgan Wagtendonk and others 19@8dduff bulk density generally
increases with depth (Stephens and others 2004; van Wagtendonk and otheiSuff€é8pth
is deepest at the tree base andhigh percentage of duff to total forest floor depth makes large
trees more susceptibie fire injury during first entry burng the duff is consumedRreducing
duff consumption either slowly through multiple butmsder highduff moisture contentsr by
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physical removal of the duff away from the tree is imperative to reduce cambium injury and
possible tree mortality in area with deep basal duff. Subsequent treatments normally do not
require thigntensive treatment becaudeff depths andhereforeyesidence times are lower.

Factors affectingduff consumption
There are twaonainquestions concerning the probability of duff consumption during a fire:
1. What factors influencduff ignition?
2. What factors influence continued duffsldering after ignition begins?

Initiation of smoldering is influenced by fuel moisture and surface fuel Badace fires
spread over the forest floor and ignite woody fuels and cones as the fire burns through fine fuels.
Burning large surface fueladreases residence times, dries out underlying duff, and increases
the likelihood of igniting duff (Harrington 1987; Hille and den Ouden 2005; Sandberg 1980;
Valette and others 1994). Therefore, areas with higher surface loads will likely lead to increased
duff ignition. Large pine cones caisosmolder for long times, up to 74 minutes for Jeffrey pine
and 49 minutes for longleaf pine (Fonda and Varner 2004).I@ingsduration heatingrom
large cones or lorgurning surface fuels act as duff ignition ters andgreatly increases the
chance of igniting the underlying dyffgure 12. The continued influence of surface fuels on
duff consumption once smoldering begins is unclear. Some studies have shown that surface
loading strongly influences duff consutigm (Hille and den Ouden 2005; Norum 1977). Others
have found little to no relationship between surface loading and consumption after duff moisture
and depth are accounted for (Brown and others 1985; Reinhardt and others 1991b).

After duff is ignited theire may then spread laterally and downward in the duff layer
through smoldering combustiofigure 15. As smoldering progresses, an insulating ash layer
develops that traps heat and that helps support combustion at high duff moisture contents
(Frandseri987; McMahon and others 1980). Smoldering ground fires move up to three orders
of magnitude slower than the slowest spreading surface fire (1.2 to 4.7 inches/hour; 3 to 12
cm/hour) (Frandsen 1987). Very little heat is transferred to the mineral soidneipassage of
a surface firdoecause of the fast rate of spread through the litter layer and insulation by the duff
layer. However, smoldering fires that consume most of the duff layer can transfer large amounts
of heat into the mineral sdilecause othe slow movement, long duration, and direct soll
contact

Propagation of smoldering combustion is influenced by duff moisture, mineral content,
bulk density, and depthable §. The likelihood of sustained smoldering decreases as duff
moisture, mineral@ntent, or bulk density increases (Hartford 1989). Duff depth influences
smoldering propagation by trapping heat inside and conserving convective heat lost at the
surface layer. Therefore, thicker duff layers can burn under higher moisture contentsgMiyani
and Johnson 2002).
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Figurel5. Diagram of the smoldering process. (A) shows the ignition point where smoldering is
initiated by a passing surface fire. (B) shows the lateral and downward spread as duff is
consumed from the initial point. (C) shovetpyrolysis and drying zones ahead of the glowing

zone. The ash cap formed helps to trap heat and sustain smoldering. From Hungerford and others
1995.
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Table 6. Factors influencing duff consumption by smoldering combustion. Compiled from
Frandsen 1987; Hidiord 1989; Miyanishi and Johnson 2002; Otway and others 2007.

Duff Variable Influence Impact on
smoldering as
variable increases

Moisture content  Heat sink Z

Heat sink, increases space Z
between burnable particles

Bulk density Increags packing ratio Z

Traps heat more effectively; les ~
heat is lost to surface convectit

Mineral content

Depth

Duff moisture is widely considered the most important factor controlling duff
consumptior(Brown and others 1985; Hille and Stephens 2005; Sandberg. H880¢ver,
moisture of extinction limityarieswidely and there is great variability in the data (Hungerford
and others 1995; Reinhardt and others 1991a). The moisture of extinction is theifiefte
content at which a fire will not spread, or spreadyg sporadically, and in a nonpredictable
manner (Jenkins 2005). Reinhardt and others (1991b) evaluated 24 duff consumption equations
using data from 449 prescribed fires in short and long needle conifer forests in the western U.S.
and Canada. They foundathat average duff moistures above 175 percent less than 15 percent of
duff was consumed and at duff moistures below 50 percent, more than half of duff was
consumed. The rulef-thumb suggested by Brown and others (1985) and Sandberg (1980) that
most duffis consumed at moistures less than 30grerand little is consumed aboy20 percent
was not supportedigure 16 (Reinhardt and others 1991b). However, the 120 percent upper
level was confirmed in laboratory experiments of Scots ghireug sylvestris.) duff (Hille and
den Ouden 2005). In this study, duff consumption below 120 percent was best modeled as a
parabolic curve; above 120 percent consumptias negligibleand was best modeled as a linear
function figure 17. Van Wagner (1970, 1972) repedtthat red pine duff consumption is
minimal above 60 percent moisture content, and ceases to burn around 140 percent.
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Lower duff moisture was the most important variable predicting duff consumption when
prescribed burning mixedonifer forests in the northern Sierra Nevada of California (Kauffman
and Martin 1989). In this study, experimental burns were condlaicteng early spring, late
spring, early fall, and late fall on 3 sites to test the effect of burning under a wide range of
moistures on consumption. Average forest floor depths at the sites range@i 3rtm8.8 inches
(15.9 t022.3 cm) before burningBurns conducted when lower duff moisture was less than 50
percent always consumed at least 70 percent of the duff. One burn consumed 70 percent of duff
even with an average duff moisture of 120 perciegiie 18. Regression models developed to
predict ddf consumption from duff moisture however only explained 51 percent of the
variability. Site specific equations were more accurate, leading the authors to conclude that
general equations to predict duff consumption may not be useful. Reinhardt andi88#&hy (
reached the same conclusion after evaluating 24 duff consumption equations using independent
data. Ferguson and others (2002) approximated the moisture of extinction for longleaf pine in the
panhandle of Florida as 3 to 8 percent for litter andb1Btpercent for duff based on volumetric
moisture content (volumetric moisture values are generally lower than the typically reported
gravimetric moisture valudsseeGravimetric versus volumetric moisture contenAppendix
A). They concluded that cuant forest floor moisture was almost completely explained by the

previous dayés moisture content and precipita
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Figurel8. Percentage of forest floor fuel loading consumed and corresponding lafiver d
moisture for experimental prescribed burns in Sierra Nevada roowter forests. Figure
adapted from Kauffman and Martin 1989.
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Duff mineral content is another important factor in duff consumption (Frandsen 1987;
Reardon and others 2007). Inorgamiatter in duff absorbs heat, which is a net loss to the
propagation of smoldering. Frandsen (1987) estimated the limits of smoldering combustion in
peat moss by varying the moisture and inorganic ratio during a series of laboratorffiguras
19). Sampés stopped smoldering when the inorganic ratio increased and moisture ratio was held
constant. He attributed different field estimates of smoldering combustion tindiifferences in
duff mineral conterstthat were not accounted for in other studMere recent work in thick
organic soil horizons in North Carolina subst
sustained combustion were a function of moisture and mineral coRteatdon and others
2007).
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Figurel9. Ignition limit from Frandsen (1987). The line is the ignition limit based on moisture
content and inorganic mineral soil content at an organic bulk densi ®tons/acre/inchL(0

kg/m®) from laboratory experiments burning peat m@&sccessful ignitios are accomplished

only by moisture and inorganic contents that lie within the triangle bounded by the axes and the
ignition limit. From Frandsen 1997.

Increasing duff bulk density decreases the surfeemlume ratio, and heat exchange
declines due toeduced surface area per unit of duff volume (Otway and others 2007). The
authors questioned whether sustained smoldering is possible in shallow duff layers Igss than
inches b cm) deep if bulk density is high. Duff bulk density is highly correlated witheral
content. Mineral soil weighs much more than duff given the same sample volume. This is likely
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a contributing factor to observations of increasing bulk density in lower duff layers that are
closer to the mineral soil layer.

There are many equatis topredictduff consumption during fire (Brown and others
1985; Harrington 1987; Reinhardt and others 1991b; Sandberg 1980). All of these models
however, were developed to predict average stand duff consumption, using relatively shallow
duff layers asamples. Hood and others (2007a) compared duff consumption of deep duff at the
base obld Jeffrey and ponderosa pine trees to predicted consumption using the First Order Fire
Effects Model (FOFEM) (Reinhardt and others 19®d)ff consumption was underprieted,
and the authors concluded that the models were not appropriate for use in areas of deep duff.

A general trend emerges from these studies of duff consumption. Complete duff
consumptionndependent of adjacent burning fudtzes not usually occur ake 120 percent
moisture content in relatively shallow duff. In areas of very deep duffntisturelevel
required to limit dufitonsumption is higher than 150 percent. Duff consumption below these
levels is extremely variable. These values reflect fegkleduced duff smoldering aftignition
occurs They do not pertain to ¢éhprobability of duff igniting.

Impacts of moisture on soil heating

Wet duff limits heat transport to the mineral soil (Frandsen and Ryan 1986). Burning
under wet soil conditionseduces soil temperatures and duration caused by overlying duff
smoldering (Busse and others 2005; Frandsen and Ryan 1986; Valette and othefggLi#94) (
20). In an experimental study, Frandsen and Ryan (1986) monitored soil heating and duration
when buning under different combinations of wet and dry peat moss andneledry sand.
Burning wet mossver dry sindgreatly reducedandtemperature®.8 incheg2 cm) below the
surfacecompared to burning dry moeser dry &ind even though alnosswas conamedin
both experimentsBurning wetmossover wet andconsumed 0.4 d¢he0.8 inch (1 cm of 2 cm)
mosslayer and drastically reducedredtemperatures compared to the other moisture regimes
(figure 21). Dry moss over wet sanglas not a tested combinaticand the burns were not
replicated.

39



Mineral soil depth (cm)
— 0.0
(a) — 25
== 5.0
25 mmm 10.0
20
15
gw
c 5
Ke] =) ="
"a 0 T 1 T
5 0.0 25 7.5 12.5
S (b
8
Z 25
-1 20
15
10
: [Tl
0 FH

0.0 2.5 7.5 12.5
Mulch depth (cm)
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HISTORICAL AND CURRE NT FIRE FREQUENCIES AND STAND
CHARACTERISTIC S

Reconstruction of historicéire regimes and stand claa@teristis provide insight to what
forests may have looked liked before European settlement and how disturbance shaped those
characteristicsThe historical record is best used to create a historical range of variation (HRV),
not to recreate forest conidihs from one point in time (Swetham and others 1999).

The species discussedtims synthesis arfire-climax communities. Frequeltaw
intensitysurface fires perpetuated their existedeese fires perpetuated open conditions,
created mineral seedbsir seedlings, kept fuel loadings low, and reducedifitelerant
species establishmemmplementation of a national fire suppression policy and removal of
Native Americansignificantly reduced the amount of land that burned, resultirnfgesetforest
succeedinga more shad#olerant, fireintolerant species.

Red pine

Red pine occurs in a narrow zone about 1,500 mi (2400 km) long and 500 mi (800 km)
wide around the Great Lakes and the St. Lawrence River, most of it within or closely adjacent to
thearea glaciated during the late Pleistocene. In the U.S., red pine extends from Maine,
westward to southeastern Minnesota and eastward to Wisconsin, Michigan, northern
Pennsylvania, northern New Jersey, Connecticut, and Massachusetts. It also grows locally
northern lllinois and eastern West Virginia (Burns and Honkala 1990). Prior to settlement, red
pine-eastern white pin@P. strobud..) forests comprised 97.7 million acres (39.5 million ha).
Today, red pinesastern white pine forests cover approxime®€l.5 million acres (8.3 million
ha), of which approximately 509,000 acres (206,000 ha) igmidth, late seral red pireastern
white pine forests (Hauser 2008).

Red pine forests developedth bothfrequent low intensity surface fires and infrequent
standreplacement fires (Burgess and Methven 1977; Hauser 2008; Spurr 1954). A fire history
study in a red pine dominated area in Upper Michigan determined that the historic fire regime
was characterized by frequent, lewverity, nonstandeplacing fires (Drobyshev and others
2008b). Fire return interval (FRI) was between 23 and 33 years, with a fire cycle (time required
for all the study area to burn) of 150 years for sand ridges and 50 years for glacial outwash
channels. Most fires were laseason (59ercent), and these fires burned a larger portion of the
study area than the smaller, easBason fires. Two main cohanitiation periods corresponded
with large fire years and were likely due to higher intensity, stand replacement fires. Drobyshev
andothers (2008a) found duff depth and fine wood fuels were lower in stands that burned
regularly. This frequent fire regime created muatihort stands that maintained low fine fuel
loadings, shallower duff depths, and limited the establishment of otherfiressensitive tree
species (Burgess and Methven 1977; Drobyshev and others 2008a; Drobyshev and others
2008b).

Engstrom and Mann (1991) studied fire history of red pine in Vermont and also found
evidence for a historically frequent, leseverity fireregime, interspersed with small, but high
intensity stand replacing fires that allowed for red pine regeneration. The mean FRI was 37
years, but some stands had fires as frequent as every 3 to 5 years.
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Seedling establishment is dependent on high intesgiface or crown fire to create a
mineral seedbed and full sun conditions. Red pine then develops thick bark that is resistant to
bole injury by about 40 to 60 years of age (Henning and Dickmann 1996; Van Wagner 1970).
Burgess and Methven (1977) reposttthe majority of 36/ear old red pine survived a wildfire,
even when over 50 percent of the cambium was killed. Trees can survive high levels of crown
scorch. Methven (1971) reported mortality of trees larger than 9 inches DBH (22.9 cm) began
with 46 to50 percent crown scorch, rose to 50 percent with 81 to 85 percent scorch, and was 100
percent for trees with 96 to 100 percent scorch after burning two red pine stands on May 31 and
June 15. In another study, trees survived much higher levels of croveh $@m an early
season, April 12 wildfire due to little bud kill (Sucoff and Allison 1968). In that study, only 40
percent of trees with greater than 95 percent crown scorch and little to no bud kill were killed.
Van Wagner (1970) found no tree mortafitym basal cambium injury alone.

In the absence of fireed pine declines dramatically (Spurr 1954; Van Wagner 1970).
Today, most red pine in the Lake States are -eggt stands planted in the 1930s and 1940s
after most of the native forests were ctedi(Palik and Zasada 20038Yithout fire to create
favorable seedling establishment conditiaesl pine in the understory is now rare throughout
much of its range (Burgess and Methven 1977; Engstrom and Mann 1991).

Longleaf pine

Once the dominant trespecies of the southeast, stretching from Virginia down the coast
to Florida and westward to eastern Texas, the longleaf pine ecosystem is now one of the most
endangered ecosystems in the U.S. (Noss and others 1995). Approximately 2.7 millioh. &cres (
million ha; 3 percent) remain of the estimated 91.4 million acres (37 milipofrpre
settlement longleaf pine forest (Frost 1993; Landers and others 199%)rdith longleapine
is even more imperiled. Varner akdsh(2004) estimated that of remaigifongleaf pine
stands, only 12,600 acres (5,095 ha) ofgrowth longleaf pine currently exist. Historical
structure and fuel conditions therefore are extremely limited to historical accounts, photographs,
and a few remnant stands. Frost (1993) estinthe#B0 percent of there-settlementongleaf
pine forests were dominated by longleaf pine, while the remaining 20 percent were mixed
species stands with a large longleaf pine component.

Dendrochronology is not possible for the few remaining longleaf gtiandgbut see
Bhuta and others 200&)ut historical accounts and reconstructions estimate the forests burned
very frequently by lowintensity lightning caused fires @éres deliberately set by Native
Americans. Frequency depended on the area, butanosunts agree forests burned evety 3
years (Christensen 1981; Frost 1993). This frequent fire regime created open forest conditions.
Most stands were unev@&ged clustered into small evesged groups (Platt and others 1998). In
the southern extewf its range, tree density was very low, with a savannah appearance.

Heyward and Barnette (1936) described frequently burned longleaf pine forest floors as
consisting of at most three years of pimeedleaccumulation and dead grasses, with no duff
layers present. They describe a compact 2 to 3.5 inch (5 to 8.&hmkuppermost mineral soil
layer intermixed with organic matter that was more typical of grassland than forests. They
termedthisAl ayer as a oOfire c¢l i max dbydrequentéresi t was
Their research occurred when fire suppression was just becoming widespread in the region. After
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10 years of fire suppression, they report tha
developing traditional forest floor consigginf true L, F, and H layers.

Mature longleaf pine is extremely tolerant of fire, except for a brief period of time
between the grass stage and sapkaaptations to frequent fire include large buds, protective
dense needle clusters around baaslthick bark that develops at an eaalye (Chapman 1932).
Chapman (1923) noted that longleaf saplings as young as 3 to 4 years survive complete crown
scorch from winter and early spring fires. Longleaf and slash pine can tolerate high crown scorch
with little to no mortality if bud Kill is kept to a minimuifWwade 1986)Storey and Merkel
(1960) reported no mortality of mature longleaf and slash pine unless a portion of the crown was
consumed, even with 100 percent crown scorch. Mortality was only high (8 hpexten more
than 50 percent of the crown was consumed. They hypothesized that low ambient air temperature
at the time of the burn limited bud kill amonges with high needle scorch amal consumption
andwas the reason no mortality occurred.

The majaity of longleaf pine forests was harvested for timber, cleared for agriculture, or
destroyed for naval stores production beginning in the 1800s. Many areas failed to regenerate
after harvesting due to lack of fire and introduction of open range(Bogscrofal.) that ate
the roots of longleaf seedlings (Frost 1993). Slash pine and loblollyRimes(taedd..)
naturally regenerated much of the cutover longleaf pine forests (Frost 1993; McCulley 1950). In
the 1900s, much of the secegbwth longleaf foests were converted to loblolly and slash pine
plantations (Brockway and Lewis 1997).

Longleaf pine establishment quickly declines in the absence of fire, allowing a midstory
layer of hardwoods, primarily oaks, to develop (Gilliam and Platt 1999). Deest ftoor layers
develop and herbaceous diversity drastically declines (Varner and others 2005). Brockway and
Lewis (1997) report forest floor accumulations of 5.9 to 9.8 inches (15 to 25 cm) in a-second
growth longleaf pine stand that had not burnedOiydars.

Southwestern ponderosa pine

Southwestern ponderosa pine forms almost a continuous belt for 40q6vddelem)
diagonally from northerArizonasoutheastward across the Mogollon Rim to the Gila and Black
Range Wildernesses in southwestern New RlexKaufmann and others 2007). Historical
stands were uneveaged, with a clumpy or random distributi@@ood ®ed crop yearsnce
every three years, summanought conditions, cone predati@md high fire frequency combined
to limit tree regeneration andaintain an open forested savaiiBailey and Covington 2002;
Schubert 1974; White 19839Ylost reconstructed pigettlement forests show low tree densities,
averaging around 22.8 trees per acre (56.3 trees per hectare) (Covington and others 1997) to 24.9
trees per acre (61.5 tree per hectare) (Waltz and others 2003). However, densities as high as 74
trees per acre (183 trees per hectare) are reported (Abella 2008). Basal area was concentrated in
large ponderosa pine trees and averaged 17 tG/8@ré (4to 13 nf/hectare) (Waltz and others
2003).

Frequent surface fires tyef the historical fire regime. No accounts of crown fires in

Arizonaexist before 1900 and surface fires rarely killed large trees (Cooper 1960).Fatrthe
Valley Experimental Forésiear Flagstaff, AZ, Dieterich (1980) determined that prior to
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settlement, fire burned every 2 to 4 years as low intensity surface fires.

Ponderosa pine is very tolerant of fire. Adaptations to survive surface fires include open
crowns, seHpruning braxhes, thick bark, thick bud scalésgh foliar moisturea deep rooting
habit andtight needle bunches that enclose and protect meristems, then open into a loose
arrangement that does not favor combustion or propagation of flames, (Howard
2003).Ponderoa pine is able to survive high levels of crown scorch if little bud kill occurs
(Dieterich 1979).

Todaydés sout hwestern ponderosa pine forest
largely due to firesuppressioand grazing. There has been abundesg¢arch about restoration
of southwestern ponderosa pine forests and several syntheses written (Egan 2007; Friederici
2003; Kolb and others 2007). Covington and others (1997) found tree density increased from
22.8 trees per acre (56.3 trees per hectarg76 to 1,253.5 trees per a¢BO96 trees per
hectare) in 1992 in an unlogged ponderosa pine forest near Flagstaff, AZ. At the nearby repeated
burn study site at Fort Valldgxperimental Forestree density was also high before treatments
in 1976 with 993 trees per acre (2,454 trees per hectare) (Covington and Sackett 1984).

Considerable withirstand variatiorof densitycan exist, that can be separated fivte
conditionsdominated by different size classes (stdnds): galing (doghair thickets)yole
stands, mature, olgrowth groves, and open areas in the groves without crowns overhead
(Sackett and Haase 1996)el loadings can differ dramatically within a stand depending on
wheresampling occurs

As early as 1960, Cooper identified that 4@ngeof fire exclusion in the southwest had
increased the potential of destructive wildfires by allowing excessive fuel buildup on the forest
floor, lowering the average crown base height of the trees making crown fire more likely, and
permitting the formabn of dense stands of saplings over wide areas. Continued fire suppression
has only exacerbated the conditions observed by Cooper and created conditions far different tha
pre-settlemenponderosa pine forests (Covington and Moore 1994).

Pacific Northwed and California
Giant SequoiaVlixed Conifer Forests

Giant sequoiamixed conifer forests are found at retevation(4920-7545 ft(1500-2300
m)) on the west slope of the Sierra Nevada in California. These forests are dominated by giant
sequoias in the ugp canopy at heights #7 to 246 ft45 to 75 M, with a secondary canopy
layer of giant sequoia, sugar pine, and white fir at 30 to 55 m. On drier sites, incense cedar
(Calocedrus decurrend@orr.) Florin), ponderosa pine, or Jeffrey pine may be prested fir
(Abies magnificaA. Murray) is likely on higher, cooler sites. Frequent, low intensity fires
surface fires were common, with some small patchy crown fires likely also occurring at longer
intervals (Kaufmann and others 2007). Kilgore and Tayl®7 @) reported historic fire return
interval of 3 to 35 years in sequaiaxed conifer forests, with a mean of 10 years on southwest
aspects and 15 to 18 years on southeast aspects. This is similar to the historic mean fire return
intervals from 2 to 3 yearduring drought periods to 10 to 25 years during cool periods found by
Kaufmann and others (2007).
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Giant sequoia seedling and saplings are highly susceptible to fire. As giant sequoia age
they quickly become very fire tolerant and exhibit the followidgations to firerapid
growth, thick bark, elevated canopies and-palined lower branches, latent buds, and serotinous
cones (Habeck 1992). Frequent fire maintained relatively open conditions dominated by giant
sequoia and ponderosa and Jeffrey pmeelamited fuel accumulations (Kaufmann and others
2007). Periodic small crown fires created mineral seedbeds favorable to giant sequoia and pine
establishment.

Sheep were introduced into the area in the 1860s. Heavy grazing reduced the fine fuel
continuty and disrupted the frequent surface fires. Grazing and fire suppression has caused a
significant increase in white fir tree density, with little regeneration of giant sequoias (Kaufmann
and others 2007Y.he ncreased density of shade tolermaespecesserves as ladder fuels that
alsoincreasdhe potential for crown fire€Stephenson 1999).

Mixed conifer, ponderosa, and Jeffrey pine forests

Mixed conifer and pine forests cover a broad area of California, Oregon, and
Washington. Elevations vary frog®50 ft to 8500 ft (900 to 2600 m). Most precipitation occurs
as snow during the winter months, with very little precipitation during the growing season
(Kaufmann and others 200Q7)

Historically, fire return intervals (FRWvereslightly longer and burrtelater in the season
in thefire-frequent forests of the Sierra Nevada and Cascade Ranges, moving froftosouth
north (Agee 1993; Beaty and Taylor 2008; McNeil and Zobel 1980). Prior to settlement, median
fire occurrence was every 2.5 years, with a rasfgieto 13 years in a mixecbnifer forest in the
San Jacinto Mountains of southern California (Everett 2008). The majority of these fires burned
during mid to late summer. Mean historic FRI was 6.3 angé&assfor Jeffrey pine dominated
forests of Yoseite and Sequoia/KirggCanyon National Parks, respectively (Collins and
Stephens 2007). Mixed conifer forest on the west side of Lake Tahoggsii@Garily burned
during the dormant season, an average of every 8 to 17 years historically (Beaty and Taylor
2008. Lower elevation Jeffrey pine forests at Lassen Volcanic National Park, CA burned an
average of every 4 to 6 years (Taylor 2000). Fire history studies estimate FRI in eastside
Douglasfir forests from 7 to 11 years in the Wenatchee Valley to 10 to 24 peathe
Okanogan National ForedtVA. In the Blue Mountains of Oregon, FRI averaged 10 years. Most
fires were low intensity, although some higher severity fires did occur (Agee 1993). Historic FRI
in ponderosa pine dominated forests in the Pacific Nashaveraged about 7 to 20 years that
likely burned frequent over small areas. In the ponderosawyiite fir forests in Crater Lake
National Park, mean FRI ranged from 9 to 42 years (McNeil and Zobel 1980).

Jeffrey pinemixed conifer forests in the Sra San Pedro Martir, Mexico have never
been harvested nor had widespread fire suppression. The vegetation is similar to forests of the
southern Sierras, allowing insight into historic forest structure, fire regime, and fuel loadings of
the southern Sierr&tephens (2004) reported an aversgéace fuel loading (o 1000 hour
fuels) of 6.4 tons/acre (1kg/n7). Litter averaged 0.6 inches (1.6 cm) with an average loading of
3.5 tons/acre (0.Bg/m?); no duff was present. Fine fuel loadifigto 100 houfuels)was low,
0.87 tons/acre (0.2 kgfn Snags averagetitrees per acre (5 trees pectare) with 85 percent
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over11.8 inches30 cn) DBH. Snag distribution was patchy and large variability in fuel
loadings and snags was found.

A reconstruction oforest structure of an olgrowth mixed conifer forest on the
Teakettle Experimental Forest in California estimated tree dansi§65was 27 stems/acre (67
stems/hectare) and a quadratic mean diameter of 19.5 inches (49.5 cm) (North and others 2007).
The average historic fire return interval was 17 years, with the last widespread fire occurring in
1865. Over 140 years without fire had increased tree density to 190 stems/acre (469
stems/hectare), lowered quadratic mean diameter to 7.7 inches (19.6arljeead species
composition. Historically shade intolerant species comprised approximately 51 percent of the
stems, mostly as white fir and incense cedar. Shade intolerant Jeifreygar pine comprised
the remainderCurrent forest structure revealediramatic decline in pine to only 14 percent of
stems. White fir increased from an estimated 33.7 percent in 1865 to 67.2 percent of stems
currently (North and others 2007).

Fire suppression has increased density of white fir, created more homogemesiss f
and increased fuel loadings (Beaty and Taylor 2008; Knapp and others 2005; Stephens 2004).
Frequent fire regulated tree density by killing seedlings and saplings still susceptible to fire
because their bark was not yet thick enough to prevent aamibjury. Over 100 years of fire
suppression has allowed many of these white firs to become resistantttertovderate
intensity fires (Collins and Stephens 2007; Kilgore 1972; Thomas and Agee 1986). Youngblood
and others (2004) suggested a tree den$i®p + 1.5 trees/acrebQ + 3.5 trees/Hawith mean
diameter23.6 inches: 0.6 inches§0.0 + 1.55 crhDBH as a reference goal when restoring
eastside ponderosa pine forests to minmstoric old-growth conditions in northern California
and Oregon.

Int erior West ponderosa pine, Douglagir and western larch

Ponderosa pine in the interior west stretches from Montana to the north to the Colorado
Front Rangen the southAn estimated 21 percent of the ponderosa pine/Dodiglisests in
the inland nortivest consisted of large (11.8 to 23.6 inc&%to 60 cm DBHI)), widely spaced
ponderosa pine (approximatel@l trees peacre(250 trees er hectaré)historically (Jain and
Graham 2004). Currently, only 5 percent of the landscape consists of maturppoperosa
pine forests (Hann and others 1997).

The low severity fire regime for ponderosa pine in the southwest was not as ubiquitous in
the Interior Westwheremanyponderosa pine/Douglds forests historically developeahder a
mixed severity fireegime, although many areas did burn as-$awerity (Kaufmann and others
2004). Ponderosa pine at lower elevation, drier sites in Montana typically burned under a low
severity fire regime, with average fifeee intervals from 5 to 20 years. Maximum firee
intervals ranged from 21 to 30 years, with minimum intervals of 3 to 4 years (Arno 1980). Lake
sediment cores in northwestern Montana indicate a slightly longer historic fire return interval of
30 years for low elevation ponderosa pine (Power and#@96), but more fires may go
undetected with this method than dendrochronological methods. While these forests experienced
frequent, low intensity surface fires, infrequent hegverity fires also occurred (Baker and
others 2007; Pierce and Meyer 2008)
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Above thedrier ponderosa pine zone, in cooler and moister climates, favesesstill
dominated by ponderosa piaad western larch, mixed withouglasfir and lodgepole pine
(Pinus contortaDouglas ex LoudenHistorically, fire regimes were mixedwsity. Mean fire
return intervals ranged from 15 to 30 years with maximurAffee intervals of approximately
35 to 60 years (Arno 1980 study of 11 ponderosa pine and western larch stands in western
Montana showed all stands had historically expegdrfrequent low intensity fires, while three
of the western larch stands also has occasional-s¢gtating fires (Arno and others 1995; Arno
and others 1997)n the absence of fire, forests in this zone are seral to Defiglas

Sherriff and Veblen @07) estimated approximately 20 percent of ponderosa pine forest
along the Colorado Front Range burned asdewerity fires, with the remaining burning as
mixed severity fires. Sites below 6900 ft (2100 m) likely burned approximately 10 to 30 years as
low intensity surface fires. At higher elevation sites the majority of ponderosa pine forests along
the Colorado Front Range, had fifree intervals of 30 to 100+ years. Fires here burned as
mixed-severity, with large areas of stargplacement fire. The hiical mixed severity fire
regime contributed to creating very patchy, open ponderosa pine forests along the Colorado
Front Range. Kaufmann (2007) estimated that 90 percent of the historical landscape had a
canopy cover of 30 percent or less.

Widespreadharvesting of ponderosa pine in the late 1880s and early 1900s contributed to
the decline in pine dominance in the Interior West. Fire suppression foathgibuted to
changes includingncreased fuel loadings, tree densities, and dominance of Dduglashese
dry forestgArno and others 1997)n the SelwayBitterroot Wilderness, MT, these changes have
resulted in a shift from equal proportions of surface and stand replacement fires to 45 percent
surface fires and 55 percent stand replacement(&resvn and others 1994). Large, stand
replacing fires are also increasing in other areas of the Interior West (Kaufmann and others
2007).

Black Hills ponderosa pine

The Black Hills of southwestern South Dakota and northeast Wyoming support an
isolated foest of ponderosa pine of almost 6,000 ni{@8,540 knd) surrounded by the Great
Plains (Shepperd and Battaglia 2002). The majority of the Black Hills were logged within the
past 100 years. Symstad and Bynum (2007) estimate that approximately 513QG&8dsa) of
old-growth ponderosa pine remain on public lands in the Black Hills.

Fire history studies and historical accounts show fire was a frequent disturbance agent in
the area. Fire frequencies ranged from 10 to 13 years on the lower elevation;, \wadhdier
sites to 20 to 24 years at the higher elevation sites (Shepperd and Battaglia 2002). The historical
fire regime in the Black Hills was likely mixeskverity (Lentile and others 2005). Low intensity
surface fires were common that maintaineddesasa pine dominance, while checking tree
densities. However, there is evidence of higher intensity fires that killed the majority of trees and
led to everaged stand structures in areas.

A century of fire suppression and livestock grazing has led tehigtand densities, fuel
accumulations, and fuel continuity (Lentile and others 2005; Shepperd and Battaglia 2002).
Favorable growing conditions and good seed crops often coincide, leading to abundant seedling
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establishment and dense stands (Battaglisoimets 2008; Shepperd and Battaglia 2002).

recent years, frequent largeale fires in the Black Hills have occurred. Between 2000 and 2004,
seven fires burned over 60,000 ha (148,000 acres) (Keyser and others 2006). The 2000 Jasper
Fire was approximaty 25 percent larger than any recorded fire in Black Hills history (Lentile

and others 2005).

TREATMENT EFFECTS ON OLD TREE RESILIENCE

Old treesgenerallygrow more slowly than young trees (Yoder and others 1994). The
cause of this reduction in rate obwd production is not fully understood, but it is often
attributed to increased maintenance respiration costs as living biomass in(Ryaseand
others 1997)However, other reasons may better account for reduced growth rates, such as
reduced photosynétic rates and more energy invested in fine root production (Grier and others
1981; Kaufmann and Ryan 1986; Ryan and others 1997). Yoder and others (1994) found net
photosynthesis averaged 14 to 30 percent lower in foliage from old ponderosa and lodgepole
pine trees, while growth efficiency (wood growth/leaf area) of old trees averaged 41 percent less
than younger trees. They hypothesized these reductions werkie to reduced hydraulic
conductance in old trees because of their greater height and lvagehes that cause stomata to
close about 2 hours earlier in the day than younger trees, thus reducing photosynthetic rates and,
in turn, growth efficiency. Kaufmann and Ryan (1986) also found growth efficiency declined
with age for lodgepole pine, Engerm sprucé€Picea engelmannkarry ex Engelm.), and
subalpine fir Abies lasiocarpgHook.) Nutt.) trees.

Older trees in dense stands are often in competition with younger, more vigorously
growing trees. Mortality of large diameter 9.4 inches100 cn) DBH) white fir, red fir,
incense cedar, and sugar pine trees was significantly higher than expected in the Teakettle
Experimental Forest, CA (TEF) (Smith and others 2005). Mortality was also significantly higher
in denser standkan in more open standieffrey pine was the only species where mortality in
thelarger diameter class@gs not higherand these grew primarily in the more open, drier
ridgetops. TEF is a mixed conifer, ejglowth forest with very limited history of logging. The
historic firereturn interval was 17 years, but the last recorded widespread fire was in 1865. Fire
suppression hagsulted irsignificant increases in tree density on the forelsé duthors
hypothesized that thiacrease in density and competition is acceleratirggldiameter, old tree
mortality.

Silvicultural treatments to reduce stress may increase vigor of old trees, and improve their
resilience to fire, bark beetle attacks, and drought. Van Mantgem and others (2003) related pre
fire growth rates and crown injuto tree survivabetween burned and unburned stafdegey
determined that the majority of white fir with greater than 50 percent crown volume scorched
andradialgrowmh greater thaf.2 inches/yeas (0 mm/yeay survive; the majority of those
growing less tharD.2 inches/years(0 mm/yeardied. Thinning understory Douglaf® increased
branch production abld ponderosa pine and western larch in Montana (Sala and Callaway
2004).Kolb and others (2007) provide a review of studies examining the effecmdgement
treatments to stimulate old ponderosa pine vigor. They concluded that careful thinning can
increase resource uptake and growth of old ponderosa pines by reducing water stress and also
can cause increases in constitutive resin defenses againbeletle attacks.
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Radial growth

The few studies that have examined the effects of silvicultural treatments on old tree
growth raes in fire dependent forests primaiiyolve ponderosa pine. All but one study
reported increased growth of old ponderose prees following either thinning or thinning
followed by burning. In Oregon, thinning stands dominated by old ponderosa pine significantly
increased basal area increment (BAI) compared to old trees in unthinned stands for up to 15
years (McDowell and bers 2003). Old trees in tmadunitshaddecreasedvaterstress and
increasedtomatalkconductance, which improvesrbon assimilation and growth. Treatment
response time may take longer in old trees than younger trees. In another Oregoagtudg, |
between thinning and increased growth varied by site and specad fages in Oregon, and
growth rates for many of the trees did not increase until more than 5 years after treatment
(Latham and Tappeiner 2002). No differences in radial growgthesgetlementponderosa pine
were observed compared to control trees three years after thinning from below and one year after
burning arold-growthponderosa pine stand near Flagst#,(Skov and others 2005).
Measurements this studymay haveoccurredtoo soon after treatment for the psettlement
trees to respond. In contragte-settlementrees on the Gus Pearson Natural Area, AZ had
increased BAI three years after thinning and thin+burn treatments (Feeney and others 1998).
Prior to burning, litter (§) on the study plots was raked aside, and the duff laye@sn@Q)
were removed. The litter was then rescattered over the plots, in addition to dried native grass
foliage. This forest floor treatment was done to mimic historic forest floor fuel loaainths
reduce potential injury to tree bases and roots (Covington and others 1997). Zausen and others
(2005) compared lonterm changes in ponderosa pine tree physiology among unmanaged
stands, stands thinned 8 to 16 years ago, and similarly thinned siboed by burning in
Arizona Mean BAI was significantly greater in thinned and burned ponderosa pine stands than
unmanaged stands. BAI was intermediate in thin only stands, and not significantly different than
the two other treatments. Thinning increaBéd in old ponderosa pines in Montana (Fajardo
and others 2007). BAI of the 10 yedoiowing treatment was significantly higher fpre-
settlementrees in thinned treatments compared to controls. BAlesettlementrees in the
thinned and burneddatments was intermediate between the thinned only and control treatments,
but not significantly different from the other two treatments.

Moisture stress

Thinning, both with and without burning, has been shown to reduce moisture stress in old
ponderosa ahJeffrey pine trees. A secogdowth Jeffrey pinstand(+100 years oldpn the
Tahoe National Forest, C&as thinned to release dominant and codominant stems. Thinning
reduced moisture stress over thgeair period of study, even though the treatmentaded
with an extended drought (Walker and others 2006). Additionally, burning caused no detrimental
effects on predawn water potential, although no description of crown scorch or bole injury was
given. Thinning 90 percent of pesg¢ttlement trees on tli&us Pearson Natural AredZ
increased water uptake afadiar nitrogen concentration ayld ponderosa pine trees the first
year after thinning. Thinning also increased needle length and bud sizesetiteenent trees
(Stone and others 1999). These pesitreatment effects continued 3 and 7 years after thinning,
including increased needle toughness, a measure of resistance to the pin@\wdilyrion
spp.), a defoliatgrand basal area increment compared to coptesgettiementrees(see
previousRadial growthsection for additional informatiorffreeney and others 1998; Wallin and
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others 2004)Predawn water potential was significantly higher in ponderosa pine stands thinned
8 to 16 years ago, both with and without burning during the peak ofytsedson (Zausen and
others 2005). Thinning and thinning followed by prescribed burning caused-telomgecrease

in water competition and improvement in growth rates across the noAheomastudy sites.

Resistance to insect attacks

Increasedresipr oduction is thought to be a measur
attacks. Many studies have found increased resin production after burning. Ponderosa pine resin
flows were significantly higher after both spring and fall burns than control(fPeesakis and
Agee 2006). Burned, unattacked Virginia piRen(s virginianaMiller), table mountain pineR.
pungend.ambert), pitch pineR. rigida Miller), and eastern white pine in North Carolina
produced more resin for up to 18 months after fire thrdsurned, unattacked trees (Knebel and
Wentworth 2007). Resin production was lower 5 months after prescribed Arezanafor
ponderosa pine trees with greater than 51 percent crown scorch than trees with lower levels of
crown scorchand aly trees wih higher crown scorctvere attacked by bark beetl¢g/allin
and others 2003). Red pine resin production, initially decreased after prescribed,burning
returnedo pretreatment levelsithin 7 to 10 days, and then increased to twice that of control
trees B days postire (Lombardero and others 2008)gee and Perrakis (2008) found this same
trend of decreased resin production after fire, followed by increased production in the subsequent
4 years posfire. These results suggest thatfingured trees maincrease constitutive and
induced resin defenses to better deter against successful bark beetle attacks.

The effect of thinning in combination with burning on bark beetle attack success is
unclear. Bark beetle attack rates and colonization success wereitothinned and burned units
than the control unit in a study Arizona(Wallin and others 2008). Every ponderosa pine tree
baited with pheromone lures in the control was attacked, compared to 50 and 7 percent of trees in
the full and partial restoratn treatments, respectively. Beetle success rates were 100 percent in
the control, 33.3 percent in the partial restoration, and 3 percent in the full restoration. The partial
restoration treatment removed 35 percent of the basal area by thinnisgtlestent trees. The
full restoration treatment removed 58 percent of basal area. Beetle populations were low in the
study area, and no unbaited trees were successfully attacked. However, this study supports
thinning ponderosa pine stands to reduce the patdatibark beetle attacks. Thinning likely
aids in pheromone plume dispersal and burning increases resin productioayhatiuce
successfubeetle attack

Bark beetle attacks increased in thinned units following burning at the Blacks Mountain
Experimental Forest in northeastern California (Fettig and others 2008)y€ampostire
mortality was low, 5 percent, and the authors attributed 28.8 percent of mortality to bark beetle
attacks. No differences in attack rates were found among diameter chagbémge diameter
(>23.5 inchesq9.7 cn) DBH) Jeffery and ponderosa pine mortality was not higher than smaller
diameter classes.

Bark beetle attack success may be influenced by the timing of prescribed burns to beetle
flight. Lombardero and others (@6) cautiordagainst burning during peds beetle flightdue
to decreasedesin production the first several dafter prescribed burninghe authors
hypothesized thatd pine may be particularly susceptible to bark beetle attaokg the short
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window of loweedresin prodiction immediately after a burRollowing an April prescribed fire

in an oldgrowth red pine forestps abundance doubled in May and returned to control levels by
late summer. Half of attacked trees died within one ypaattack preference was not related to
pre-burn tree growth rates, but seemed to prefer charred areas on the low&abtdeo and

others 2001)

MANAGEMENT OPTIONS

Management options relating to minimizing large diameter and olthjteg and
mortality whenreintroducing fire into fire dependent forests vary greatly depending on scale.
Landscape level, stand level, and individual tree level treatments are all necessary to meet the
multitude of resource management objectivesafgiven land area. Many smatand or
individual tree level projects can benbedded withitarger landscape level projects. Regardless
of scale succesful restoration of fire dependeecosystemsgypically includes reducing tree
density and ladder fuels to reduce crown fire riskigmting large treesom significant injury
restoring surface fires, and increasiragiveherbaceous ground cover and biodiversity levels
(Allen and others 2002). Reducing tree density also reduces competition around large trees,
which may improve vigqrand returns forest structuaed perhaps, compositiatoser to
historical levels.

Our knowledge of appropriate treatment options indigpendent oldjrowth ecosystems
is limited by the relatively few studies that exist on the sulfjabte 5. Only a handfulof these
studiesare longterm studies with prescribed fire treatmenéble 7.
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Table 7. Longterm restoration ecology studies that include fire effects ogmdith trees in forests that historically burned

frequently.
Study Establishmen' Location Dominant tree Treatments Selected References
year species

Gus Pearson 1992 Arizona Ponderosa 1. Control (Covington and others
Natural Area pine 2. Thinning 1997)

3. Thinning with areawide forest  (Feeney and othg 1998)

floor removal, litter addition, (Stone and others 1999)
and burning (Wallin and others 2004)

Chimney 1976 Arizona Ponderosa 1. Control (Sackett and others 199€
Springs, Fort pine 2. Burning every 1 year (Sackett and Haase 199¢
Valley 3. Burning every 2 years (Sackett and Haase 199¢
Experimental 4. Burning every 4 years
Forest 5. Burning every 6 years

6. Burning every 8 years

7. Burning every 10 years
Limestone 1977 Arizona Ponderosa 8. Control (Sackett and others 199€
Flats, Long pine 9. Burning every 1 year (Sackett and Haase 199¢
Valley 10.Burning every 2 years (Sackett and Haase 199¢
Experimental 11.Burning every 4 years
Forest, 12.Burningevery 6 years

13.Burning every 8 years

14.Burning every 10 years
Mt. Trumbull 1997 Arizona Ponderosa 1. Control (Fulé andothers 2007)

pine 2. Thinning, raking presettlement (Waltz and others 2003)

trees and snags, and burning
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Blacks
Mountain

1997

California

Ponderosa an(
Jeffrey pine,
white fir,
incense cedar

Control

Burn only

Low structural diversity
(thinning from above )

High structural diversity
(thinning from below)

Low structural divesity and
burning

High structural diversity and
burning

(Fettig and others 2008;
Zhang and others 2008)

Wade Tract

1982

Georgia

Longleaf pine

=

Annual summer burning

(Noel and others 1998;
Platt and others 1998)

Tiger Corner

1958

South
Carolina

Longleaf pne

Unburned control
Annual burning
Biennial burning
Triennial burning
Quadrennial burning

(Glitzenstein and others
2003)

Osceola

1958

Florida

Longleaf pine

Unburned control
Annual burning
Biennial burning
Quadrennial burning

(Glitzenstein and others
2003)

Lick Creek

1991

Montana

Ponderosa
pine

NEIRWONPRORODNE

Control

Thinning followed by spring
burning

Thinning followed by fall
burning

Thinning

(Fajardo and others 2007
Sala and others 2005;
Smith and Arno 1999)
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Management issues regardless of scale
Treatment prioritzations

Reducing the risk dfigh intensityfire, including crown fireshould be the first treatment
priority when restoringorests thahistoricallyburnedfrequently. Other key consideratioims
fuels managemerre the proximity to communities andportant watersheds, protection of-old
growth and areas with sensitive species, and strategic placement of treatmentstp break
continuous fuels (Allen and others 2002).

In the context of prioritizing treatments to perpetuate and develop areasgrbwtti,
Fielder and others (2007) suggest classifying forests into one of three categories:

1. Forests that currently feature ajgowth structural components,
2. Forests with developing olgrowth structural components,
3. Forests lacking oldjrowth structural compeents.

Forests in category 1 that currently contain@tdwthcomponentgaremost commonly
identified by nanagerasmostlikely to benefit fromrestoration treatmesitHowever, treatments
that fostethe development ofold-growth structural and functiahconditions in categories 2 and
3 are also necessary in order to perpetuatgdth on the landscamwer a longer time scale

No action alternative

Choosing the no action alternative and letting nature takesvit course is an intentional
managemerdecision (Cole and others 200Bjowever, there is a conflict between the
philosophy of no action and continued attempted fire exclu€éften the no action alternative
may be more of a threat to old and large trees than restoration activities (No$seaa@006).
Even in some protected areas such as national parks and wilderness areas, there is growing
concern that humaperceived valuable ecosystem conditions cannot be maintained without
natural disturbance or humamplementedreatmens (Cole andothers 2008)lt is important to
recognize that@mne largetree mortality must bengicipatedwhen implementing restoration
treatments. This mortalityreates structural diversity by providimgportant habitat by creating
large snagand eventually downyoody debrighat are often scarce on the landscape (Allen and
others 2002).

Choosing the no action alternative can leave forests more susceptible to high intensity
wildfire. In fire-dependent, low elevation forests the likelihood of fire occurring aegmomt is
very highbecause of long, dry seasons and high potential for natural and human ignitions.
Obviously, we cannot predict when or where these wildfires will occur, but restadiés and
numerous anecdotal examp®ow that fuel reduction tremaents in these forests can often
reducefire severity and thugyverstory tree mortality from wildfire. Mortality of trees greater
than 30 cm DBH from a wildfire in an untreated ponderosa pine forest on the Blacks Mountain
Experimental Forest, CA warearly 100 percent compared to almast mortalitywithin thinned
and burned units. Mortality from wildfire in thinned only unitasless than 20 percent.
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Treatments were implemented within 6 years of the wilgfirer to that the areas had not
burned in ove100 years (Ritchie and others 2007).

It is helpful to know typical background mortality in the absendarglescale
disturbance in order to set reasonable and attainable burn objectives when conservation of large,
old trees is important. This is tlegpected mortality if the no action alternative is chosen: Ten
year mortality of ponderosa pine greater than 8.7 inbig¢$ (22 cm) in unburned areas of
Crater Lake National Park, OR was less than 10 percent (Swezy and Agee 1991). This area was
dominated i ponderosa pine and white fir, with scattered lodgepole pine, sugar pine, and other
conifers, on well drained soils derived from Mount Mazama deposits. In a separate study in
Crater Lake National Park;year mortality of ponderosa piterger tharn7.9 inches(20 cm)
DBH from insects or pathogens was 2.3 percent in the control units (Agee and Perrakis 2008).
Most mortality occurred in low vigor trees. Mortality rates were 2.1 ang&@&nftor trees
rated C and Olow vigor)u s i ng Ke e n 06 sespeativgly (Perrakls ansl Agees2006)c No
trees in the A or B vigor classf@sigh vigor)died. Thirteen years after another prescribed burn at
Crater Lake (Thomas and Agee 1986), mortality of trees greatev hamchesZ0 cn) DBH in
unburned areas wa$ percent for sugar pine, 4 percent for white fir, and 14 percent for
ponderosa pine (Agee 2003). Sugar pine and white fir mortality was significantly higher in the
burned areas, 36 and 25 percent, respectively, but not for ponderosa pine (17 percent).

The Blacks Mountain Experimental Forest, CA was unlogged and dominated by
ponderosa and Jeffrey pine, white fir, and incense cedar when originally established in 1934. A
comparison of forest structure based on a tree census conducted at the time direstatidisd
another in the late 1990s showed large treeglkalined by about half arginall tree density
increased more than fofwld (Ritchie and others 2008). Basal area of ponderosa and Jeffrey
pine declined, with a concomitant increase in white fit excense cedar. Fiftjour to 61
percent of the remaining living, large traeghe untreated unitsere rated as high risk,
compared to 15 percent in the thinned unit and 17 percent in the thinned and burned. Mortality
rate of the large tree componerdas\6 to 19 percent in untreated areas in a recgeabstudy
(Ritchie and others 2008). The predicted fifteen year change in tree density estimated similar
declines in the large tree component for the control. Clearly in this area, a no action adternativ
leading to theeventual loss of all large treasith little opportunity for replacements of
ponderosa and Jeffrey pine

In another study of backgroundontality, the lossof old ponderosa pine in untreated
areas increased froth2 tree per acngerdecadg0.5 trees per hectgrim the 1920s t@.4 tree
per acreger decad€s.9 trees per hectgrim the 1970s at the Gus Pearson Natural Ad&a
(Mast and others 1999Jhis increased mortality rate was attributedbik of fire that allowed
establibment of dense posettlement treeandincreased competition.

Defining prescribedourn andothermanagement objectives

There are many appropriate objectives when planning prescribed burns and other fuel
reduction treatments. Each objective should besomahle on a stated scaleer a stated
timeframe. Appropriate treatment options will vary by scale and forestFgpanstance,msall,
remnant stands of olgrowth longleaf pine can warrant very intensivstoeationefforts that are
noteconomically ophysicallyfeasible on the landscape scale. Objectives that pertain to
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maintaining large diameter and old trees should first include descemifdsoth the untreated

forest structure anthe desired pogteatment forest structure. This includes stagwisy,

diameter distribution, age distribution, species composition, and spatial arrangement. These are
all measurable objectives that will determine if immediate treatment goals were met (Fiedler and
others 2007).

Whenusing prescribed firdboth firstorder and second order fire effects should be
included in the objectives. First order fire effects may include immediate mortality tahgféts,
and surface fuel consumptica;ceptable crown scorch levels, or desired area bumaber
specified severitydvels These should be assessed witimeyear of the fire to determine if
objectives were met. Second order fire effects and resource management objectives may include
acceptable longeerm delayed tree mortality and changes in tree vigor, regenemtion,
understory species diversity. Maintaining or reestablishing historical forest disturbance processes
(for examplefire frequency, severity, intensity,&n, insect attack levglsay be other
important objectivewhen prescribed burning (Agee 200Bjocess and structural objectives
should be considered together, as process goals can help create and perpetuate desired structural
conditions.Monitoring programs that revisit treated areas are essémtidétermining if
immediate and longerm treatmengoals are being méethe only way to determine if goals are
met is through the stated measurable objectives.

Identifying ecosystem components of interest is key to developing burn objectives and
monitoring plando assess fire effects beyond hazard cédaos Also, treatment results should
be tied to the identified objectives. For examfiéarge diameter tree retention is an objective
for a prescribed burn it is important to assasd reportduff depth and moisture near the base of
theselarge treegsin additional to the interspacd3uff consumption is usually highly variable
across a burned unit. This variability results largely from microsite changes in fuel moistures due
to differences ircanopy thicknesand changes in surface fuel consumptitime tree crown
shelters the forest floor immediately unakeath it, therefore fuels are deepad driethere than
the areas between tree crowns. For example, an experimental prescribed burn in ponderosa pine
at Chimney SpringAZ reduced forest floor fuébadings by 63 percent. However, consumption
was 100 percent from the bole to the dripline around all the large trees, where the fuel loading
was also the highest (Sackett and others 1996). In this case, reporting @vgrdge stanfliel
consumption wuld make it difficult to determine a possible cause of the later observed mortality
in the larger diameter trees.

Landscape scale options
Landscape restoration

Noss and others (2006) provide several recommendations for successful widespread
restoratiorof southwestern ponderosa pine ecosystems on a landscap@d¢ypsrtain to
retaining old treeshen reintroducing prescribed firgo long-unburned area$lany of these
recommendations are also suitable for other ecosystems that evolved with ffegquent

1. Think Bigi Plan conservation and restoration projects on landscape and regional scales.
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Restoring a natural fire regime can result in a heterogeneous landscape, with multiple
stands conditions that are likely to provide suitable habitat for anardge of

species. Focusing on just a small project area can be contentious and hard to justify
potential adverse impacts treatmemtishreatened or endangered species. Planning
restoration treatments on a landscape scale can restore a frequent fiegwégen

allowing for areas of denser stands and differences in fire severity to provide diverse
structural conditions.

2. Recognize that protected areas may require active management.

Protected areas should not be automatically excluded from consideaation f
restoration treatments in areas that historically burned frequently. While treatments in
high-elevation protected areas are probably not suitable, treatments in lower elevation
areas that have experienced the effects of fire exclusion may fosterpgktupéon

of qualities for which they were originally protected.

3. Restoration strategies should encompmth wildlands andhewildland-urban interface.

Restoration treatments should include both the WUI and the extended landscape away
from human develapent.Treatment prescriptionsill likely differ based on location

to nearby communities, but restoration efforts are necessary across the whole
landscape.

Wildland fire use

In some areas, naturally ignited fires are allowed to burn with minimal toppoession
efforts to meet resource benefit objectives. Federal agencies haweatised termgo describe
this activitysi nce t he program was first i mplemented
APrescribed Natur al F i an&Vagiendmnk @007). Weginrdnly ia B0A9, Fi r e
fires will no longer be categorized by the latest term, Wildland Fire Use for Resource Benefit
(WFU). Fires now will be designated as wildfires or prescribed fires based on whether the
ignition was planned. Based tre existing Land Management Plan, wildfires will be managed
for a combination of protection and resource objectives (U.S. Department of Agriculture and
U.S. Department of the Interior 2009). Although the WFU term is now outdated, this document
uses WFU beause it is the term used by the references discussed here.

Differences in ponderosa pine forest structure and fire occurrence were compared in the
Gila WildernessNM and Saguaro Wildernes&Z (Holden and others 200 7jires in the
SaguardVNildernesshave been managed as WFU fires since 1971 and in the Gila since 1975
(van Wagtendonk 2007). In both wilderness study areas, tree density was significantly lower in
areas that had burned one or more times than unburned areas. Small tree density was
significartly lower in burned areas versus unburned in the Saguaro Wilderness. In the Gila
Wilderness, small tree densities were lower in areas that had burned two or more times compared
to less frequently burned areas. Average DBH was also significantly higher buted areas
compared to unburned araaghe Gila but no differences were found in the Saguaro. No
differences in basal area or large tree density were found between burned and unburned in either
wilderness, except for areas in the Saguaro wildethas$iad burned two or more times and
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also in a praVFU fire, wherelarge tree density was significantly higher than less frequently

burned areas. These results suggest that in areas where fire can safely be allowed to burn, forest
structure may more clolsemimic historical forests while maintaining large tree density.

However, it may take multiple fires to achieve these results.

Fulé and Laughlin (2007) investigated the effects of WFU fires on the North Rim of the
Grand Canyon, AZ. They were able to qmare changes in forest structure and fuels between
burned and unburned plots established prior to the WFU fires. The low elevation sites dominated
by ponderosa pine historically burned every 3.2 to 5.5 years before livestock introduction and
fire suppressinresulted irthe cessation of large fires in 1879. Before the 2003 WFU fire, these
sites had burned three times since 1879, in 1892, 1924, and 1987 (Fulé and others 2003). The
mid- and highelevation sites had not burned@r879. The WFU fire decreaktree density by
36 percent on the | ow e7l9&meohas?0co)DBH) commising®bi t h s m
percent of mortality two yeald8inchdsy/dbrnm) t he fir e
DBH) ponderosa pine tree mortality was 7 patad the total mortality (Fulé and Laughlin
2007). This study suggests that the WFU fires on the North Rim of the Grand Canyon moved the
sites closer to historical reference conditions and are a viable management alternative.

Effects of a 2003 WFU fireroold ponderosa pine in the Bob Marshall Wildernd4s,
were investigated by Keane and others (2006). Before 1930, the area burned every 20 to 30
years, but no fires had occurred since then. During thidréeeperiod, thick duff layers of 6 to
15 incheq15 to 38 cmpaccumulated at the base of fire-settlemenponderosa pineand
Douglasfir andlodgepole pingreesbecame established. The WFU fire was primarily a low
intensity surface fire. One year after the fire, 16 percent of trees greater timeh&{51 cm)
DBH haddied, and an additional 18 percent were noted as dying. Some dead and dying trees had
relatively high levels of crown scorch, but the authors attributed much of the mortality to basal
girdling from complete duff consumption and maintpine beetlattacls. Many trees in this
area were peeled by Native Americans for food and are important living cultural arfitaots (
22). The fire killed approximately half of the historic bagy&eled trees. This study suggests that
high mortalitymayoccur after WFUiresin old-growth ponderosa pine stands in the Northern
Rockies that have missed several fire cydtemswnvever, the use of other treatments in wilderness
areas is greatly restricted and not allowing fire at all is a worse alterfatithee longterm
perpetuation of ponderosa pine.

Figure22. Native American peeled ponderosa
pine tree in the Bob Marshall WilderneS4T .
Photo by Robert Keane.
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Stand level options
Prescribed burning

It took decades of no fires to develop the tthekal duff layer that now exists in many
stands Therefore, it will also likely take multiple treatments dmdadcast burn® reduce fuel
loadingsin order to imit overstorytree mortality This is especially trum the absence of other
individual treeduff reduction treatmeni{$or example, raking)Eachconsecutiveprescribed
broadcast burn should aimremove only a portion of the accumulathdf around the bases of
overstory trees.

Fire intensity, or fireline intensity, is the rate of energyeathrelease per unit length of
fire frontand is méhematically relatetb flame lengtByram 1959)Fireline intensity or flame
length is a good choice for predicting crown scorch; howevisrnibt a good indicator of the
amount of heat transferred downto the soilDeBano and others 1998; Wade 19&6i)e
severity is the effect of the fire on an ecosystem (Ryan and Noste 1985). It relates to how the fire
affects plant survival, as well asonsumptiorof forest floor materiabr surface fuels (in othe
words, the depth of burnTherefore, fire severity is a better indicator of the amount of heat
transferred into the sajWade 1986)It is possible to have a low intensity, high severity fire
with little crown scorch, but high duff or largairfacefuel consunption. These types of fires
may cause considerable stanmd rootinjury through longterm smoldering combustion.

Manipulating fire intensity through ignition patternseigective inachievingthedesired
abovegroundfire effects. Heading firesdve longer flame lengthfasterrates of spread, and
higherfire intensities than backing fires. Backing fires have longer residence tinmeseidding
fires, which can increase the chance of duff ignition lead to more smoldering (DeBano and
others 198). Backing fires consumed significantly more duff than heading fires in experimental
prescribed burns in longleaf pine, but the amount of litter consumed was not affected by ignition
pattern (Sullivan and others 2003).

Heading fires are effective in kilg small diametershortettrees by scorching most of
the treesd crowns. For thinning doghair thick
followed by a ring fire around the thicket is effective. Areas where flanking fires merge or
headig and backing fires merge also increase fire intensity (Sackett and Haase 1998). Backing
fires generally do ndtill small diameter trees, unless their bark is very thin.

Prescribed burning loranburned longleaf pine forests

Introduction of growing seasdines in longunburned longleaf pine forests may cause
delayed mortality of the older treeSeveral dormargeason prescribed burns should be applied
when lower duff is very moist to gradually reduce duff layers before switching to growing
season burn@rockway and others 2004; Kush and others 20Bdins conducted under lower
ambient air temperatures help to reduce crown scorch because it requires more heat #ffreach
F (60° C), the lethal level for living tissue (Wade and Johansen 18&6hoval ofmidstory
hardwoods either by mechanical thinningogrerbicides also reduces fire intensity, crown
injury to overstory trees, and competition. Thinning followed by prescribed burning promotes
understory grasses and forbs, while reducing hardwood spwhitdh aids in promoting future
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low intensity prescribed fires (Brockway and others 2004; Kush and others ROSdpll
restoration burns,emerous amounts of water candmplied during and after prescribed burns at
the bases of trees with heavy duftamulations to stop smoldering (Kush and others 2004).

Mortality of largediameter longleaf pines after prescribed burninggstavth stands was
directly related to duff consumption and duff moisture (Varner and others 2007). In this study,
burns were aoducted under three different gravimetric duff moisture conditions, dry (55
percent), moist (85 percent), and wet (115 percent) (note that moistures are not volumetric as
reported in Varner and others 2007, Roger Ottmar, personal communication). Stanos had
burned for approximatgl30 years prior to treatment (Morg&arner, personal communication).
Lower duff moisture explained 78 percent of duff consumption. Duff consumption around
mature tree stems greater than 5.6 inches (15 cm) DBH was significaytéy in the dry burns
than the moist and wet burns, 46.5, 14.5, and 5 percent respedcivehgtory tree mortality
averaged 20.5 percent in the dry burns, with no significant differences in mortality among the
wet, moist, and control unitdortality rates increased with increasing tree diameter in the dry
burns {igure 23. Crown scorch and stem char height was not significantly different dovoss
treatments. Mortality did not begin until 12 to 18 months after the burns and all pines that died
wereattacked bylack turpentine beetl®gendroctonus terebrafsnd ambrosia beetle
(Playypus flavicornis The moist prescription is now widely used at Eglin Air FdBeseto
achieve moderate basal duff consumption with little overstory longleaf moxtdiéy burning
fire-excluded stands (Morgan Varner, personal communication). This condition is achieved by
burning within 2 days of a 1 inch (2.5 cm) rain event (Kevin Hiers, personal communication).

Dale Wade, retired USDA Forest Service scientist at theh®m Research Station,
recommends the following prescription when reintroducing fire into-loMgurned southern
forests that have a dense midstory of hardwoddsler most conditions, the midstameates a
humid, shelterecenvironmentandprevents thdtter layer from drying quickly after rajryet the
lower duff layers are moist enough to limit consumptibimerefore, he primary criteriorfor a
successful firsentry prescribed burs a very steep forest floor moisture gradiesuised by the
passagef two cold frontsn quick succession that wets the duff layer, but brings wind to dry out
fine surface fuels and puse firequickly through the stand. The first cold franustbring
precipitation, followed by a second, dry cold front. Ignition sdadcur within a few hours after
the passage of the second front to utilize the high wandsso litter isvet enougho not carry a
backing fire Because of the sheltered conditions in the stand, the burn prescription is very
narrow in level terrain andonditions may materialize only once or twice a year. The needles on
the lower branches of the overstory pines may s¢borgiresidence times are very shamtl
little duff is consumedThis prescription topkills many small diameter stems, widening the
prescribed fire window for the next burn in 1 to 2 years. The steep duff moisture gradient is a
requirement for ensuing prescribed burns until duff depths are greatly refbcedrescription
and others appropriate for restoring longleaf pine ecosystenigrérer described by Brockway
and others (2005).

In sloped arease chevron ignition technique proceeding down from the ridges is
recommended. Igniters should never light from the bottom of the slope. The steep moisture
gradient is the key to succesather than season of the year. Hand removal of some
understory/midstorjuelshelps to reduce fireline intensity and allows more wind into the stand,
but cut material should not be left on site to burn. For the same reasons as thinning, herbicides
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are alsovery helpful in expanding the prescribed fire burn window where their use is allowed (D.
Wade, personal communication).

Figure23. Diameter distribution of overstory longleaf pine tree$ frches 15 cm) DBH) killed
following experimental prescribedds of various duff moisture prescriptions in lemgburned
longleaf pine forests in northern Florida. No overstory pines died in the unburned control
treatment. From Varner and others 2007.

Fire was reintroduced successfully into angtdwth longleapine forest in Flomaton,
AL using many of the techniques described above (Wade and others 1998). This(B6 acre
hectare}ract had not burned in 45 years before the first prescribed burn was initiated in 1995.
The area was burned when the duff layer wexy moist and brisk, persistent winds were present
to quickly push strip headfires through the stand. In this way, much of hazardewschid
understory layers were consumed, but not the duff layer. Two subsequent burns and thinning of
the midstory havecontinued to slowly reduce fuel accumulations by 25 to 35 percent with
limited overstory longleaf pine mortality (Kush and others 2004; Varner and others 2005; Varner
and others 2000; Wade and others 1998).

Presence of fallen longleaf pine cones arstyears musalsobe considered when
scheduling burns in firexcluded longleaf stands, or duff consumption will be much higher than

61






















































































































































