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The effects of intermediate harvesting activities and subsequent prescribed

burning of thinning-slash on fuel mass and nitrogen redistribution were investigated

in second-growth Pinus ponderosa stands at the Deschutes National Forest,

Oregon. Treatments consisted of: (1) no thinning (control); (2) thinned-whole tree

removed; (3) thinned-bolewood removed; (4) thinned-no slash removed; and (5)

thinned-bolewood removed and remaining slash piled. Mass of surface fuels,

prefire fuel moisture content, climatic conditions, fire behavior characteristics, and

the proportion of fuels consumed during burning were quantified. Total prefire

fuel loads ranged from 102 Mg ha' (10.2 kg/m2 in the bole removal to 161 Mg

ha (16.1 kg/rn2) in the thin-no slash removal treatment. Total woody biomass

exported in association with whole tree removal was 50 Mg ha1 (5 kg/rn2), and



37 Mg ha1 (3.7 kg/rn2) in bole removal. Number of burn piles ranged from 1

to 3 piles per plot, with individual pile areas ranging between 7-33 m2. Mean fuel

loads of burn piles ranged from 125-240 kg/rn2 of which the majority was coarse

woody debris (> 7.6 cm diam). Organic horizons comprised > 50% of the total

fuel load among non-piled plots. Mean flame lengths ranged from 0.5-1.2 m

among all underburn treatments, while rate of spread for backing fires ranged from

1-2 m min1 Temperature profiles of the 0-2 and 2-10 cm soil horizons and forest

floor were measured during burning in the piled slash, no thin, bolewood removal,

and thin-no slash removal treatments. Maximum surface temperatures in non-pile

plots ranged from 550 to 850°C. Total fuel consumption ranged from 40-75 %

among all underburn plots. Temperatures between 200-450°C were measured at

the
organic horizon/soil interface and seldom exceeded 100°C at the 2 cm soil

depth. Among pile plots, internal pile temperatures between 1000-1800°C were

recorded and fuel consumption was > 85 %. Temperatures at the 2 cm soil depth

ranged from 195-750°C and remained above 60°C for > 20 hrs. In addition,

temperatures exceeded 120°C at the 5 cm soil depth and exceeded 60°C for > 20

hrs at the 12 cm depth. The pools of nitrogen present in surface fuels and surface

soils (0-2 and 2-10 cm depths) and soil pH were quantified before and after

prescribed burning. Total prefire aboveground N pools ranged from 80-90 g/rn2

among non-pile treatments, of which 90% was present in organic horizons.

Total aboveground N pool losses resulting from burning only was 576 Mg ha4 in

the no felling treatment, but was between 406 and 583 Mg ha' as a result of

biomass export and burning in whole tree removal and bole removal. Following



fire, there were no significant differences in the pools of N in soils among

underburn treatments. However, the concentration and mass of N in the 0-2 cm

soil depth was significantly reduced as result of pile burning, and was significantly

lower than that of all underburning treatments. Among all treatments, prefire soil

(0-10 cm depth) pH values ranged from 5.5-6.0 units. There were no significant

differences in pH values of the 0-2 cm soil depth among underburn treatments

following fire while postfire soil pH values significantly increased from 6.0 to 7.3

after pile burning. It is apparent that the differences in fuel distribution, fuel

structure and density greatly influence ignition potential and fire effects, and thus

result in differential levels of fuel consumption and soil heating. This stongly

regulates N pool fluxes resulting from fire and therefore has direct implications

regarding long-term ecosystem nutrient balance.
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EFFECTS OF PRESCRIBED FIRE AND SILVICULTURAL ACTIVITIES ON

FUEL MASS AND NITROGEN REDISTRIBUTION IN PINUS PONDEROSA

ECOSYSTEMS OF CENTRAL OREGON

I. INTRODUCTION

Pinus ponderosa Doug!. ex Laws. (ponderosa pine) dominated ecosystems

occupy approximately 1.87 million hectares in central Oregon (Barrett 1979) and

have served as an important economic and cultural resource in the region for

thousands of years. Beginning with the introduction of railroads in the late 1800s,

Oregon's expanding population rapidly increased the state's demand for timber

products. This generated a cycle of frequent and extensive entry into the forests

by those people taking advantage of the expanding economic opportunities.

In the early 1900s central Oregon landowners and investors began to establish

land-use practices which they believed would improve and protect forest resources,

homesites and businesses. Wildfires were widely considered the single greatest

threat to forests throughout the western United States, and by 1910 widescale fire

suppression and fire exclusion practices were initiated (Pyne 1982). These policies

remained the most accepted means for living with fire for nearly sixty years,

however fire suppression has ultimately resulted in dramatic changes in ecosystem

structure and composition (Kilgore 1981). Fire intolerant species have increased

and often are either dominant or codominate members in many central Oregon

forest communities formally dominated by P. ponderosa. For example, Abies

concolor Gord. & Glend. (white fir) and Calocedrus decurrens (Ton.) Florin.



(incense-cedar) have increased in dominance and density during the past 50 years.

These midstory species now function as highly flammable fuel ladders into the

forest canopy (Parsons and DeBendetti 1979).

During the 1980s and 1990s, widespread insect damage and an increasing

frequency of wildfires in central Oregon generated serious concerns regarding past

and present forest management practices and their potential effects on long-term

ecosystem productivity and health. In response to these concerns, the natural

resources research community began re-evaluating the use of established

silvicultural tools such as piling or chipping forest residues, chemical fertilization,

and prescribed burning.

Before the period of active fire suppression, fires typically burned in P.

ponderosa ecosystems with a mean return interval of 6 to 20 years in central

Oregon (Weaver 1967, Bork 1985). These fires were generally ignited by

lightning and were low intensity surface fires which would primarily consume

understory vegetation and surface fuels. It is argued that this burning scenario

perpetuated the "open" pine stands often described by early pioneers. However,

Pyne (1982) noted that strong evidence supports the wide-scale use of fire by

native Americans decades before European occupation as well as during the period

of westward expansion. The cumulative effects of their activities undoubtedly

shaped and modified the "pristine" forests and grasslands.

Historically, fire has played a crucial role in organic matter accumulation and

decomposition in P. ponderosa ecosystems. Fire also directly influences stand

2
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patterns (Martin 1982), insect populations (Mitchell 1990) and plant pathogens

(Thies 1990). However, the combined effects of prescribed fire and silvicultural

activities on fuel biomass, nutrient redistribution, and total site productivity within

these ecosystems are poorly understood. Lotan et al. (1981) suggested that to

effectively utilize fire in natural resource management we must first learn how to

properly measure, interpret, and predict biological and ecological responses to fire.

Miller and Seidel (1990) concluded that the long-term effects of prescribed

fire on site productivity are not easily predicted, primarily due to the complexity

and inherent variability of fire and forest dynamics. This uncertainty, in

conjunction with the unknown effects generated from mechanical harvesting of

forest biomass and manipulation of woody debris, must be reduced in order to

implement ecologically sound and economically viable forest management

techniques. Biswell et al. (1973) suggested that understanding the nature of

undisturbed forest ecosystems dynamics is vital to competent ecological

management of contemporary multiple-use forests. Although few remanent

undisturbed P. ponderosa ecosystems remain in central Oregon, continual study

and evaluation of all forest processes is essential and should remain central to

forest management evolution.

The central hypothesis of this research was that silvicultura! activities which

result in losses in woody debris and organic horizons, either through mechanical

removal and/or prescribed burning, result in differential fuel biomass quantities,

differential fuel biomass consumption, differential levels of heat penetration into
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differential fuel biomass consumption, differential levels of heat penetration into

mineral soil, and differential nutrient losses.

In order to test this hypothesis, a series of 10 experimental plots were

established at each of three sites located in central Oregon. Two replicates of the

following five thinning-slash treatments and subsequent prescribed burning were

randomly assigned to plots at each site: (1) No Fell (no thinning-control); (2)

Whole Tree Removal (Feller buncher); (3) Bole Removal (remove merchantable

bolewood > 7.62 cm in diameter); (4) Fell-No Removal; (5) Pile and Burn

(machine pile slash remaining following merchantable bolewood removal).

Quantitative and observational comparisons were then made between

the silvicultural treatments and all conditions pertaining to each experimental fire

were described.

The primary research goal is to provide information which will contribute to a

better understanding of the role of fire in contemporary P. ponderosa ecosystems,

and help people to make informed land-use decisions that truly safeguard

ecosystem health, productivity, and sustainability.

To facilitate information distribution, this dissertation has been divided into

four chapters. This chapter is a general introduction, and outlines the historical

progression which helped formulate the research hypothesis and goal. The second

chapter details the effects of prescribed fire and silvicultural activities on surface

fuel biomass in four thinning treatments in central Oregon P. ponderosa

ecosystems. In chapter three, prescribed fire and soil heating effects in four



thinning treatments in central Oregon P. ponderosa ecosystems are reported.

Chapter four examines the effects of prescribed fire and silvicultural activities on

nitrogen redistribution in five thinning treatments in central Oregon P. ponderosa

ecosystems, and provides a synthesis of fuel biomass, combustion dynamics and

nitrogen pathway interactions. Appendices are also included which contain fuel

sampling transect schematics, and additional tables.

5



II. EFFECTS OF SILVICULTURAL ACTIVITIES AND PRESCRIBED

FIRE ON SURFACE FUEL MASS IN FOUR THINNING

TREATMENTS IN PINUS PONDEROSA ECOSYSTEMS

OF CENTRAL OREGON

6
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Abstract

The effects of four thinning-slash treatments and subsequent prescribed

underburning on fuel mass were investigated in second-growth Pinus ponderosa

stands at the Deschutes National Forest, Oregon. The mass of surface fuels,

prefire fuel moisture content, climatic conditions, fire behavior characteristics, and

the proportion of fuels consumed during burning were quantified on 24

experimental plots. Thinning treatments included: (1) whole tree removal (utili7ing

a feller-buncher); (2) fell - bolewood removal only; (3) fell - no slash removed;

and (4) no fell (control). Total prefire fuel loads which consisted of the Oa and Oe

horizons, litter layer, downed and dead woody debris, and stumps ranged from

102.2 Mg ha' in the Bole Removal to 161 Mg ha' in the Fell-No Removal

treatment. Total woody biomass exported in association with Whole Tree Removal

was - 50 Mg ha', and was - 37 mg ha-' in Bole Removal. The organic

horizons comprised from 50-70% of the total fuel load among all treatments.

Coarse woody debris (> 7.6 cm diam) was significantly greater in Fell-No

Removal, averaging 46.4 Mg ha-1 in comparison to 5.2-9.1 Mg ha' in the other

treatments. Weather conditions at the time of burning were similar among all

plots. The mean moisture content of the organic horizons ranged from 38.5% in

Whole Tree Removal to 52.5% in Fell-No Removal. Fine woody fuel (0.64-2.54

cm diam) moisture varied from 14% in No Fell to 22 % in Fell-No Removal.

Flame lengths ranged from 0.5 to 1.2 m while rate of flaming front advance was

between 1-2 m min' among all treatments. The mass of total fuels consumed
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ranged from 46.9 Mg ha in Whole Tree Removal to 71.6 Mg ha in Fell-No

Removal. However, the percentage of total fuels consumed was significantly

higher in the No Fell and Bole Removal treatments. Organic horizon consumption

ranged from 41-60% and was significantly lower in Whole Tree Removal in

comparison to that of the other treatments. The mass of total residual fuels was

90 Mg ha-' in Fell-No Removal, and ranged from 39 Mg ha in the Bole Removal

treatment to 61 Mg ha-' in Whole Tree Removal. Following fire, the mass of ash

ranged from 1.5 Mg ha'in No Fell to 8.2 Mg ha in Fell-No Removal. It is

apparent that the differences in fuel distribution, fuel structure and density greatly

influence ignition potential and fire effects. This regulates proportional losses of

biomass and therefore residual biomass, and thus has strong implications regarding

long-term ecosystem nutrient balance.



Introduction

In presettlement Pinus ponderosa Doug!. ex Laws, ecosystems, Weaver (1967)

described forest stand development and structure as having been directly influenced

by low-intensity surface fires that burned through the forest at 7 to 20 year

intervals. Historically, lightning-induced fires were quite frequent during late

summer thunderstorms in central Oregon (Bork 1985). When fuel moistures were

low, fire spread across the forest floor typically consuming litter, downed and dead

woody debris, and occasionally small, dense patches of saplings and standing dead

trees killed by disease or insects. (Biswell et al. 1973). This resulted in a broad

mosaic of uneven-aged stands comprised of small groups of even-aged trees

(Cooper 1961).

Several physiological and morphological adaptations of P. ponderosa enhance

the probability of survival and reproduction in a frequent-fire environment. For

example, Saveland and Bunting (1988) suggested that self pruning, high foliar

moisture content, and low-density foliar arrangement help to ensure survival of

foliage and buds during surface fires. Thick, dense bark and high cambial

moisture content are significant factors in protecting sensitive cambial tissues from

the potentially lethal temperatures induced by fire (Spalt and Reifsneider 1962,

Martin 1963, Hall 1976) and generally help minimize fire-induced bole damage.

Fire suppression and exclusion in western coniferous forests for the past 50 to

100 years have created visible changes in vertical and horizontal vegetation

structure, stand age classes and species composition (Weaver 1959, Cooper 1961,
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Biswell 1967, Parsons and DeBenedetti 1979). As a result of heavy fuel

accumulations and elevated ladder fuels, Kauffman and Martin (1989) suggested

that a strong probability now exists for high-intensity, stand replacement fires in

western mixed conifer forests. Agee (1981) also noted that fires occurring in

contemporary P. ponderosa forests are typically of higher intensity and produce

greater tree mortality than fires that occurred prior to the era of fire suppression.

The reintroduction of fire, through prescribed burning in second-growth P.

ponderosa ecosystems is predicted to have highly variable effects on surface-fuel

biomass due to complex fuel and environment interactions. The effects of

intermediate wood harvest combined with slash treatments and subsequent biomass

burning are not known. This is important considering the thousands of hectares of

second-growth forests in central Oregon that are presently, or potentially, subject

to these activities.

Problems regarding wildfire hazard reduction, smoke effects on air quality,

insect outbreaks, and long-term forest health have generated many questions

regarding contemporary forest management practices. This uncertainty must be

reduced in order to develop an ecologically sound yet economically feasible forest

management strategy. To better understand these relationships, the following study

objectives were established: (1) to quantify surface fuel biomass before and after

prescribed burning of four thinning treatments in second-growth P. ponderosa

stands at the Deschutes National Forest, Oregon; (2) to determine the proportion of

those fuels consumed during burning; (3) to document and quantify fire behavior
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characteristics; and (4) to quantify climatic conditions and fuel moisture content at

the time of burning.

Methods

Study Area

The study was conducted as part of a long-term productivity study established

in 1988 (Little et al. 1988). The three study areas are located at the Bend and Fort

Rock Districts, Deschutes National Forest, Oregon. Each study site occupies

approximately 20 ha within areas representative of managed, second-growth P.

ponderosa forests currently found in central Oregon. Old-growth stands were

harvested from all study areas during the late 1920s and early 1930s, and the

regenerated stands were precommercially thinned in 1963. Sites were

differentiated by site quality in order to account for natural ecosystem variability.

Franklin and Dyrness (1973) described the area as typically having hot and very

dry summers, with average July temperatures of 18°C. Annual precipitation

ranges from 330 - 380 mm, and occurs predominately from November through

April in the form of snow. The sites are specifically described as follows:



12

Swede Ridge Study Site

This site is located approximately 18 km southwest of Bend, Oregon on the

Bend District, Deschutes National Forest (T18S, R10,11E, Sec. 14, 19, 24, 25 and

30), approximately 3.5 km north of OR Hwy 46. Elevation averages 1,520 m,

with 9 - 25 % slopes occurring upon southeast aspects. Typical soils are well

drained Cryandepts, derived from air-laid pumice/lava colluvium and tuft, with

loamy coarse sand and course sandy loam textures and Al +AC horizon depths

ranging from 20 - 76 cm overlying an older, buried (36 - 250 cm) coarse sandy

loam (Volland,1985).

The vegetation was classified as CP-S3-11 (Volland 1985), a Pinus ponderosa

Dougl. Ex. Loud .IPurshia tridentata (Pursh) Oc. - Ceanothus velutinus Dougl. Ex.

Hook.!Stipa occidentalis Thurb. Ex. Wats. (Ponderosa pine! bitterbrush -

snowbrushlneedlegrass) community. Other species present included Abies concolor

Gord. & Glend. (white fir). Arctostaphylos panda Greene. (greenleaf manzanita)

is an early seral species following site disturbance on this site.

Stand age was 40 years at breast height in 1988 with a Barrett site index of 33

m (100-year basis) (Barrett 1978). Mean basal area was 32.8 m2 ha', and stand

stocking was 782 stems hai' (Bend Silviculture Laboratory 1988, personal

communication).
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Sugar Cast Study Site

This site is located approximately 24 km south of Bend, Oregon on the Fort

Rock District of the Deschutes National Forest (T2OS, Ri 1E, Sec. 10, 11 and 12),

2.5 km east of U.S Hwy 97. The average elevation is 1,398 m. Slopes range

from 2 - 17%, occurring upon slight northeast aspects. The site has gently rolling

topography with occasional rocky benches. Volland (1985) described the soils as

well drained Cryorthents, derived from Mazama air-laid or flow pumice over lava

or outwash, with loamy coarse sand, sandy loam textures and Al + AC horizon

depths ranging from 20 - 76 cm overlying an older, buried loam.

Vegetation was classified as CP-S2-12 (Volland 1985), a Pinus ponderosa

Dougl. Ex. Loud .IPurshia tridentata (Pursh) Oc./Snpa occidentalis Thurb. Ex.

Wats. (Ponderosa pine/bitterbrush/needlegrass) community. Other species present

included Sitanion histrix (Nutt.) J. G. Sm. (bottlebrush squirreltail), and

Arctostaphylos patula Greene. The manzanita was usually found near rocky

outcrops and on south-facing slopes.

Stand age averaged 51 years at breast height in 1988 with a Barrett site index

of 24 m (100-year basis)(Barrett 1978). Mean basal area was 32.1 m2 ha-1, and

stand stocking was 706 stems ha1 (Bend Silviculture Laboratory 1988, personal

communication).
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Far East Study Site

This study site is located approximately 30 km southeast of Bend, Oregon on

the Fort Rock District of the Deschutes National Forest (T2OS, R13E, Sec. 4 and

5), 1 km southeast of Lava Top Butte. Elevation averages 1,554 m, with slopes

ranging from 2 - 8% occurring upon slight southeast aspects. Typical soils are

well-drained Cryorthents, derived from Mazama air-laid/lava colluvium and

cinders with a loamy coarse sand texture and Al + AC horizon depths ranging

from 20 - 61 cm overlying very stony, older buried material (Volland 1985).

The vegetation was classified CP-S2-13 (Volland 1985), a Pinus ponderosa

Doug!. Ex. Loud./Purshia tridentata (Pursh) Oc. - Arctostaphylos patula

Greene./Stipa occidentalis Thurb. Ex. Wats. (Ponderosa pine/bitterbrush -

manzanita/needlegrass) community. Other species present include Sitanion histrix

(Nutt.) J. G. Sm. and Festuca idahoensis Elmer. (Idaho fescue).

Stand age averaged 56 years at breast height in 1988 with a Barrett site index

of 21 m (100-year basis)(Barrett 1978). Mean basal area was 23.8 m2 ha1, and

stand stocking was 481 stems ha1 (Bend Silviculture Laboratory 1988, personal

communication).

This study utilized eight plots at each of the three study sites. Each individual

plot had an area of 0.5 ha, to which one of the following thinning-slash treatments

and subsequent prescribed burning was randomly assigned: (1) No Fell (no

thinning-control); (2) Whole Tree Removal (Feller-buncher removal of entire tree);

(3) Bole Removal (thinned- harvest merchantable bolewood > 7.62 cm in
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diameter); and (4) Fell-No Removal (thinned- slash remains in situ). The

treatment matrix was determined using a completely randomized block design with

two replicates of each slash treatment at each site.

All study plots were thinned in 1989 to a basal area of 13.7 m2 ha1 on a 5.5 x

6.1 m spacing. Harvesting was conducted with a feller-buncher on the Whole Tree

Removal treatment plots; all other treatments were prepared using chain-saws.

Underburning was conducted during May - June 1991 by USDA Forest Service

personnel and followed established burning prescriptions. Spring burning was

required in order to prevent high fuel consumption and unacceptable heat damage

to residual stands.

Surface Fuel Characterization

In this study, available fuel was defmed as aboveground necromass partitioned

into the following categories: organic horizons (Oa, Oe), litter (Oi), stumps, and

downed woody debris. All measurements were taken on a 40 x 40 meter (0.2 ha)

sub-plot within each 0.5 ha plot area; the outer perimeter functioning as a

destructive sampling zone and as a buffer against possible "edge effect". A 1.5

meter (Ht.) metal fence post was positioned at all plot corners and marked with a

metal plot I.D. tag. Each plot was surrounded by a 2.5 meter-wide fire break.

Twelve permanent transects were established and mapped within each underburn

sub-plot. The arrangement consisted of four "clusters" of three transects. Each

cluster transect extended 15 m from a central 9 mm diameter metal stake to a

metal 6 mm transect endpoint stake. All transect lengths were slope corrected and
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the azimuths recorded. Pre and postfire photographs were taken of the four

cardinal transects in each plot.

The biomass of organic horizons (also referred to as "duff' and defmed as the

decaying organic layer unincorporated with the mineral soil) was estimated by

measuring duff bulk density and the pre and postfire duff depth (Beaufait et al.

1977) utilizing 60 metal spikes at each underburn plot. A single spike (20 cm in

length) was inserted into the soil at the 3, 5, 7, 9, and 11 m mark directly beneath

each transect line with the top of each pin positioned at the litter/duff interface.

The prefire forest floor litter biomass (i.e. the Oi horizon - nondecayed

needles, cones and woody fragments) were collected from within a 50 x 50 cm plot

positioned parallel one meter to the right of each transect's 10 m mark. Needles

still attached to their respective branches on downed and dead woody debris (i.e.

red slash) were collected and segregated from other litter samples. Postfire forest

floor biomass was partitioned into ash and remaining uncombusted fuels. These

sample were collected from a plot positioned one meter to the right of each

transect's 9.5 m mark. Postfire sample collection was initiated immediately upon

cessation of combustion. All pre and postfire samples were placed in paper bags,

oven-dried for 48 hours at 70° C, and weighed.

Pre and postfire biomass of downed woody debris was estimated utilizing the

planar intercept technique (Brown 1974) and partitioned into the following timelag

moisture loss-fuel size classes (Deeming et al. 1977): 1-hr fuels (0 - 0.64 cm

diam.), 10-hr fuels (0.65 - 2.54 cm diam.), 100-hr fuels (2.55 - 7.6 cm diam.),
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1000-hr fuels (7.6 - 20.3 cm diam.) and 10000-hr fuels 20.4 cm diam.). This

classification method facilitates measurement of fuel equilibrium moisture contents,

fire behavior potential, percent fuel consumption and energy release rates.

Sampling for each fuel class was conducted at the following locations along each

transect: 1-hr (5-8 m), 10-hr (5-8 m), 100-hr (3-13 m), 1000-hr (0-15 m), and

10000-hr (0-15 m). Specific gravity was calculated for the 1, 10, 100, and 1000-

hr fuel diameter classes. For samples 7.62 cm in diameter, a radial section was

collected in order to account for changes in wood density as tree age increases.

Aboveground stump biomass was estimated by measuring the volume of all

stumps found in a 1 x 15 m belt transect positioned adjacent to each line transect.

Mass was then calculated utilizing specific gravity values collected for coarse

woody debris.

Environmental Condition and Fire Behavior

Immediately prior to burning, the moisture content of 10-hr fuels, litter, duff,

and soil (0-2 and 2-10 cm soil horizons) were estimated by randomly collecting

five samples (3 "grab" samples 1 sample) of each component at each plot. Just

prior to the first fire at each site, five 1000-hr fuel samples were collected using a

chain saw from a randomly selected plot in each treatment. All samples were

taken from areas outside the 40 x 40 m subplot, placed in sealed containers and

weighed immediately following collection. Woody fuel samples were oven-dried

48 hrs at 103°C. All other samples were oven-dried 48 hrs at 70°C.



18

Moisture content was derived utilizing the following formula:

MC(%) = {(fw - dw)/dw} * 100

Where fw = field weight, and dw dry weight (oven-dry).

Burn date and time, ambient air temperature (°C), relative humidity (%), wind

speed (km h') and direction were recorded at the time of ignition and then every

30 minutes during each fire. Individual plot documentation included the ignition

time, firing pattern mapping, and at least six random observations of the following

fire behavioral characteristics: type of fire, rate of spread (m miii1), flame

residence time (see), flame length (m), flame height (m), flame depth (m), and

flame angle (°)(Alexander 1982). These data were then used to calculate fireline

intensity (kW/m), reaction intensity (kW/m2), and heat per unit area (kJ/m2) using

equations presented by Alexander (1982). In addition, 35 mm photography was

used to provide a visual record of fire behavior and associated fire effects.



Statistical Analysis

The study was established in a completely randomized block design. Initial

treatment and site comparisons were conducted through analysis of variance.

When treatment effects or site differences were significant (P 0.10) the Tukey

multiple comparison test was used to determine where statistical differences

occurred (Zar 1984). Comparisons between prefire and postfire fuel biomass for

each component within plots, and between plots within treatments within sites,

were made using the Student's t-test (Steele and Torrie 1980).

Results

Prefire Fuel Biomass

Prefire total surface fuel biomass ranged from 102.2 to 161.6 Mg ha1 among

the four treatments (Table 11.1). The biomass of Fell-No Removal (161.6 Mg ha')

was significantly greater than that in all other treatments. There were no

significant differences in total fuel loads within treatments between sites. Litter

biomass comprised only 3 to 6% of the total fuel load and was not significantly

different among treatments or sites. Similarly, stump biomass ranged between 2.3

to 5.9 Mg ha, and no significant treatment differences were detected.

Among all treatments, duff was the most abundant fuel component. For

example, duff loading was 81.7 Mg ha in the Fell-No Removal treatment and

accounted for 50.5 % of the total fuel load. In contrast, duff loading ranged from

71.3 Mg ha4 in Bole Removal to 80.2 Mg ha-' in Whole Tree Removal, but was

70% of the total fuel load. Duff biomass was significantly higher in Fell-No

19



Table 11.1. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-1) before and after
burning and the combustion factor (%) of four experimental thinning treatments in second-growth Pinus ponderosa at the
Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n 72 transects per treatment.

Diffenm* superscripted lo.nrcnae 1ev..,, denote naignifirent difference (P 0.10) in biomes, .4cm testing bet...., tientmoeta pto btw.thtg atilizing the Tuhey Its!) test. Diffetest superscripted
upperosse letter, denote asignifirent difference in bitten,, .4.. testing b.treen tonetmed, fo1Iocrng flee.

POmmoter

No Felling Whole Tree Removal Bole Removal Fell-No Removal

Prefir, Post!),. C Pert,. Peefir. Post!),. C Parts, Pee!),, Pretfir, C Factor Postli,. C Fartor

Litter (01) 4.07 (0.61) 0.23 (0.25) 96.93 (1.77) 5.77 (0.61) 0.49 (0.24) 95.65 (1.77) 5.86 (0.61) 0.44 (0.24) 97.22 (1.76) 5.58 (0.61) 0.00 (0.24) 100.00 (1.76)

Duff ((a, On) 76.79 (3.15)" 33.71 (2.24)" 54.82 (2.64)' 80.22 (3.13)' 47.44 (2.23)' 41.20 (2.64)' 71.30 (3.13)' 27.62 (2.23)' 60.28 (2.63)' 81.67 (3.14)' 37.96 (2.24)' 56.32 (192)

Woo4), debris
(diem. cm)

0-0.64 1.62 (0.18) 0.29(0.04)" 75.03 (3.07)' 1.91 (0.18) 0.43 (0.04)' 76.95 (3.05)" 1.60 (0.18)' 0.21 (0.04)' 78.42 (3.05) 2.83 (018)' 0.29(0.04)" 86.97 (3.05)'

0.64 - 2.54 2.82 (0.61)' 0.91 (0.24)' 64.33 (3.67)°' 5.09 (0.61)' 2.44 (0.24)' 53.29 (3.59)° 5.78 (061)' 1.78 (0.24)' 67.28 (3.59)' 9.64 (0.61)0 2.47 (0.24)' 67.89 (3.57)'

2.54 -7.62 0.92 (0.12)' 0.61 (0.1)' 28.28 (3.66) 1.08 (0.12)' 0.85 (0.1)" 27.75 (3.47) 1.35 (0.12)' 1.05 (0.1)' 27.25 (3.54) 2.16(0.12)' 1.81 (0.1)' 23.72 (3.48)

> 7.62 (,oun4) 5.23 (2.72)' 4.45 (2.34)° 27.25 (6.05)" 8.fl (2.72)' 6.58 (2.34)' 40.00 (4.16)' 9.14(2.72)' 7.93 (2.34)' 15.11 (4.57)' 46.36 (2.72)' 42.40 (2.34)' 12.11 (3.7)'

> 7.62 (rotten) 8.0 (1.55)' 2.63 (0.4)' 57.17 (6.33)°' 1.75 (1.55)' 1.18 (0.4)' 45.84 (8.09)' 3.06 (1.55)' 0.96 (0.4)' 79.68 (8.98)' 7.73 (1.55)' 0.80 (0.4)' 70.86 (7.11)'

Total oo4y 18.69 (3.53)' 8.9(2.43)' 49.72 (3.08)' 18.55 (3.53)' 11.5 (2.43)' 39.82 (3.08)" 20.93 (3.53)' 11.93 (2.43)' 45.82 (3.08)' 68.72 (3.53)' 47.85 (2.43)' 32.85 (3.08)'

&umpe 2.53 (1.03) 0.65 (0.62)' 71.54 (4.17)' 3.26 (1.03) 2.26 (0.62)" 18.85 (3.88)' 4.23 (1.03) 0.33 (0.62)' 90.35 (4.11)' 5.86 (1.03) 4.18 (Q.62)' 24.6! (4.09)'

Total 103.05 (5.69)' 42.99 (4.03)' 56.04 (2.21)' 100.13 (5.69)' 61.27 (4.03)' 44.24 (2.21)' 102.fl (5.69)' 39.07 (4.03)' 61.06 (2.21)' 161.6 (5.69)' 89.95 (4.03)' 46.28 (2.2!)'

Ash 1.52 (0.72)' 4.32 (0.71)' 6.14 (0.71)" 8.2! (0.71)'
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Removal compared to the Bole Removal treatment. The duff biomass in the No

Fell and Whole Tree Removal treatments did not differ significantly among sites

(Tables 11.2 and 3). Duff loading in No Fell at Swede Ridge was 85.4 Mg ha1

compared to 78 and 69.9 Mg ha-' at Far East and Sugar Cast, respectively. In

contrast, Bole Removal duff biomass was 59.3 Mg ha1 at the Far East site and

75.1 to 79.2 Mg ha-' at Sugar Cast and Swede Ridge. There were no significant

treatment differences in duff bulk density (Appendix Table B-i).

Coarse woody debris 7.62 cm in diameter) was significantly greater in

Fell-No Removal than that of all treatments (Table 11.1.), comprising 29% of the

total fuel load in comparison to only 7.5% in the other treatments. The difference

in the estimates of coarse woody debris in Fell-No Removal and No Fell (50 Mg

ha1) represents the mass of wood exported from the site as a result of Whole Tree

Removal. The mass of woody biomass exported during Bole Removal was 37

Mg ha1.

The Whole Tree Removal was significantly lower in the mass of rotten coarse

woody fuel debris in comparison to No Fell and Fell-No Removal. For example,

rotten debris fuel loading was 8.08 and 7.73 Mg ha' in No Fell and Fell-No

Removal, respectively, compared to only 1.75 Mg ha' in the Whole Tree Removal

treatment. At Swede Ridge, rotten coarse woody fuel loading was 14.4 Mg ha' in

the No Fell treatment (Table 11.2), compared to 1.95 Mg ha' in Whole Tree

Removal (Table 11.3). In addition, woody fragment mass in Whole Tree Removal
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Table 11.3. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-') before and after
burning and the combustion factor (%) of Whole Tree Removal thinning treatment plots on three experimental long term

* Different superscripted lowercase letters denote a significant difference (P 0.10) in biomass when testing between sites prior to burning utilizing the Tukey HSD test. Different
superscripted uppercase letters denote a significant difference in biomass when testing between sites following fire.

productivity sites in second-growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and
standard error in parentheses. n = 24 transects per site.

Far East Sugar Cast Swede Ridge

Parameter Prefire Postfire C Factor Prefire Postflre C Factor Prefire Postfire C Factor

Litter (Oi) 5.82 (1.26) 0.00 (0.47) 100.00 (3.52 4.79 (1.26) 1.48 (0.47) 86.96 (3.52) 6.69 (1.26) 0.00 (0.47) 100.00 (3.60)A

Duff(Oa, Oe) 76.17(6.67) 54.21 (5.15) 27.14 (3.63)A 73.05 (6.67) 43.83 (5.15) 41.44 (3.63)B 92.42 (6.67) 44.47 (5.15) 55.04 (3.63)C

Woody debris
(diam. cm)

0 -0.64 2.87 (0.18) 0.67 (0.07y 73.98 (4.31) 1.38 (0.18)b 0.20 (0.07) 81.23 (4.31) 1.47 (0.18)b 0.42 (0.07) 75.64 (4.31)

0.64-2.54 5.73 (0.56) 2.92 (0.39y 48.71 (6.11) 6.45 (0.56r 2.82 (0.39 53.52(6.11) 3.09 (0.56)b 1.58 (0.39) 58.51 (6.25)

2.54-7.62 1.37(0.14y 1.14 (0.lOyk 23.78 (5.94) 1.22 (0.14t 0.95 (0.10y 30.16(6.24) 0.66 (0.14)b 0.48 (0.10) 30.33 (6.23)

> 7.62 (sound) 12.63 (2.89) 7.97 (2.18) 29.43 (7.97) 9.97 (2.89) 8.85 (2.18) 43.80 (8.38) 3.57 (2.89) 2.93 (2.18) 46.52 (9.12)

> 7.62 (rotten) 1.89 (0.71) 0.95 (0.52) 65.31 (20.34) 1.40 (0.71) 1.3 (0.52) 33.18 (20.18) 1.95 (0.71) 1.3 (0.52) 36.27 (15.92)

Total woody
debris

24.49 (3.19) 13.65 (2.22) 39.57 (4.99) 20.42 (3.19) 14.12 (2.22)A 39.7 (4.99) 10.74 (3.19)b 6.72 (2.22)B 40.27 (4.99)

Stumps 1.65 (0.94) 1.43 (0.55) 24.23 (6.97) 4.28 (0.94) 2.85 (0.55) 12.48 (8.14) 3.85 (0.94) 2.51 (0.55) 21.74 (7.11)

Total 108.14(7.67) 69.3 (5.60) 34.71 (3.10)" 102.54 (7.67) 60.80 (5.60) 42.92 (3.10) 113.71 (7.67) 53.70 (5.60) 55.10 (3.10)

Ash 3.37(1.07) 3.27(1.07) 6.34 (1.07)
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was 5.5 times higher than that of No Fell. Based upon these differences, it is

apparent that harvesting machinery results in rotten woody debris fragmentation.

Fine woody debris 7.62cm in diameter) was 4.5 to 8.5% of the total fuel

biomass in all treatments. However at the Far East site, fme woody debris

comprised 10.6 Mg ha-1 of the total fuel biomass in the Bole Removal treatment

(Table 11.4), and at Sugar Cast comprised 17.6 Mg ha-' of the total fuel load in

Fell-No Removal (Table 11.5). In contrast, No Fell fme woody fuel loading was

6.9 and 5.4 Mg ha-' at the Far East and Sugar Cast sites, respectively. The largest

fraction of the fme woody fuel component was in the 0.64-2.54 cm size class

among all treatments (Table 11.1), ranging from 52% in No Fell to 66% in Bole

Removal and Fell-No Removal. Mass of 0.64 - 2.54 cm diameter fuels was

significantly greater in the Fell-No Removal (9.4 Mg ha-1) in comparison to all

other treatments but was significantly lower in No Fell (2.8 Mg had) compared to

all other treatments. In addition, the mass of red slash in Fell-No Removal was 2

Mg ha-', significantly higher than that measured in the other three treatments.

Environmental Condition and Fire Effects

Ambient air temperature at the time of burning was very similar among all

treatments, averaging 13.5°C, and relative humidity ranged between 35 and 44%

(Table 11.6). Wind conditions were also similar at the time of burning among all

treatments.



Table 11.4. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-') before and after
burning and the combustion factor (%) of Bole Removal thinning treatment plots on three experimental long term
productivity sites in second-growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard
error in parentheses. n = 24 transects per site.

* Different superscripted lowercase letters denote a significant difference (P 0.10) in biomass when testing between sites prior to burning utilizing the Tukey 1-JSD test. Different superscripted uppercase
letters denote a significant difference in biomass when testing between sites following rife.

Parameter

Far East Sugar Cast Swede Ridge

Prefire Postfire C Factor Prefire Postfire C Factor Prefire Postfire C Factor

Litter (Oi) 6.21 (1.17) 0.00 (0.6) 100.00 (3.24) 5.08 (1.17) 1.31 (0.6) 91.67 (3.24) 6.31 (1,17) 0.00 (0.6) 100.00 (3.24)

Duff (Oa, Oe) 59.34 (5.64) 24.66 (3,14)A 56.95 (4.12)"' 75.07 (5.65) 42.96 (3,4)5 40.29 (4.l2) 79.16 (565)b 12.79 (3,14)C 83.61 (412)C

Woody debris

(diam. cm)

0- 0.64 1.46 (0.27) 0.24 (0.06) 76.34 (6.08) 1.29 (0.27) 0.27 (0.06) 69.01 (6.08)"' 2.04 (0.27) 0.10 (0.06) 89.91 (6.08)

0.64- 2.54 7.7 (1.10) 1.9 (0.37) 66.59 (5.69) 5.97 (1.10 2.78 (0.37)" 50.21 (569)" 3.67 (1.10)" 0.66 (0,37)5 84.62 (5.82)

2.54-7.62 1.52 (0.18) 1.38 (0.17)"' 17.75 (583)A 1.51 (0.18) 1.20 (0.l7" 18.58 (5.96)" 1.02 (0.18) 0.56 (0.17) 48.47 (6.8)

> 7.62 (sound) 11.75 (2.08) 8.30(1.83)" 27.59 (5.23)"' 11.52 (2.08) 11.10 (1.83)B 6.41 (493)5 4.14 (2.08) 4.39 (1.83)" 7.11 (7.46)

> 7.62 (rotten) 2.32 (1.72) 1.46 (0.79) 59.03 (13.02) 2.07 (1.72) 1.29 (0.79) 75.00(18.41) 4.79 (1.72) 0.13 (0.79) 100.00(16.46)

Total woody debris 24.76 (3.46) 13.3 (2,13)A 47.48 (5.26)" 22.37 (3.45) 16.65 (2.13)" 29.35 (5.26) 15.67 (3.45) 5.85 (2.13) 60.64 (5.26)c

Stumps 3.01 (1.43) 0.26 (0.10) 93.62 (2.89) 5.56 (1.43) 0.54 (0.10)"' 84.1 (3.23) 4.11 (1.43) 0.18 (0.10)B 93.41 (3.26)

Total 93.32 (6.93) 38.22 (3.97)"' 58.35 (3.31)" 108.08 (6.93) 60.15 (3,97)B 42.57 (3.3l) 105.26 (6.92) 18.82 (397)C 82.25 (3.31)c

Ash 3.92 (0.87)" 7.43 (0.87) 7.05 (0,87)



Table 11.5. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-1) before and after
burning and the combustion factor (%) of Fell-No Removal thinning treatment plots on three experimental long term

* Different auperseripted lowercase letters denote a significant difference (P 0.10) in biomass when testing between sites prior to burning utilizing the Tukey HSD test. Different superscripted
uppercase letters denote a significant difference in biomass when testing between sites following fire.

productivity sites in second-growth Pinus ponderosa at the Deschutes National Forest, Oregon.
standard error in parentheses. n = 24 transects per site.

Data are mean and

Parameter

Far East Sugar Cast Swede Ridge

Prefire Postfire C Factor Prefire Postfire C Factor Prefire Postfire C Factor

Litter (Oi) 4.32 (1.10) 0.00 (0.00) 100.00 (0.00) 5.98 (1.10) 0.00 (0.00) 100.00 (0.00) 6.45 (1.10) 0.00 (0.00) 100.00 (0.00)

Duff(Oa, Oe) 91.75 (5.94)" 50.07 (4.56)A 44.70 (3.15)A 68.89 (594)5 26.3 (4.56) 62.94 (3.15)B 83.65 (5.94)' 44.47 (5.15) 61.32 (3.15)

Woody debris
(diam. cm)

0-0.64 3.77 (0.43)' 0.37 (0.07) 89.36 (2.78)A 2.54 (0.43)b 0.18 (0.07) 90.59 (2.78)" 2.17 (0.43)' 0.31 (0.07) 80.96 (2.78)

0.64 -2.54 8.96 (1,59)b 2.19 (0.43) 76.09 (5.48)" 12.72 (1.59)' 2.53 (0.43) 72.94 (5.48)" 7.22 (1.59)' 2.71 (0.43) 54.64 (548)

2.54 - 7.62 2.52 (0.28) 2.43 (0.25)" 17.28 (4.92) 2.32 (0.28) 1.83 (0.25)" 23.07 (4.92) 1.64 (0.28) 1.17 (0.25) 30.82 (5.39)

.> 7.62 (sound) 28.13 (7.38)' 25.17 (6.40)' 17.31 (4.76) 76.08 (7.38)' 69.82 (6.40) 5.75 (4.76) 34.88 (7.38)' 32.20(6.40)" 13.83 (5)

> 7.62 (rotten) 4.25 (3.62)' 1.69 (0.37)' 35.67 (9.2)' 2.19 (3.62)' 0.95 (0.37)a 81.51 (11,78)B 16.77 (3.62)' 0 (0.37)' 100.00 (12.61)'

Total woody debris 47,63 (9.11)' 31.85 (6.5)" 34.01 (4.24)"' 95.85 (9.11)' 75.31 (6.5)' 23.49 (4.24)' 62.68 (9.11)' 36.4 (6.5r' 38.65 (4.24)'

Stomps 6.68 (2.94) 4.04 (1.97) 42.38 (5.68)" 7.5 (2.94) 5.77 (1.97) 17.81 (6.86)' 3.39 (2.94) 2.71 (1.97) 13.19 (6.32)'

Total 150.38 (11.95) 85.97 (8.43)" 42.93 (2.25)' 178.24 (11.95) 107.38 (8.43)' 40.66(2.25)' 156.17 (11.95) 76.50 (8.43)' 55.26 (2.25)'

Ash 11.51 (1.37)" 8.17 (1.37)" 4.94 (137)a



Table 11.6. Environmental conditions and fuel moisture content (%) associated with prescribed burning of four
experimental long term productivity thinning treatments in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses.

* Different superscripted letters denote a significant difference (P 0.05) in parameters when testing between
treatments utilizing the Tukey HSD test.
f Mean fuel moisture not measured by treatment.

No Felling Whole Tree Removal Bole Removal Fell-No Removal

Environmental Conditions

Temperature (OC) 13 (2) 14 (2) 14 (2) 13 (2)

Relative Humidity (%) 35 (5) 44 (5) 35 (2) 40 (5)

Wind Speed (km hr') 6 (1) 5 (1) 6 (1) 3 (1)

Soil Moisture (%)

0 - 2.5 cm 32.1 (2.2)a* 373 (22)ab 37.9 (2.2)a1 43 (2)b

2.5 - 10 cm 26.9 (O.8)a 31.1 (O.8)' 304 (2)b 31.8 (22)b

Fuel Moisture Content

Duff(Oa, Oe) 41.4 (6) 38.5 (6) 48.4 (6) 52.5 (6)

Litter (01) 14.7 (1.7) 16.6 (1.7) 14 (1.7) 16.7 (1.7)

Downed and Dead Woody
Debris

Diameter 0.64-2.54 cm 14.1 (1.7)a 18.9 (l.7)ab 18.3 (l.l)ab 22.1 (l.7)'

Diameter > 7.62 cmf 95.7 (5.2) 95.7 (5.2) 95.7 (5.2) 95.7 (5.2)
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The moisture content of 0-2.5 cm soil in No Fell was 32% and was

significantly lower as compared to that of the Fell-No Removal, while the 2.5-10

cm soil depth moisture content was significantly higher in all treatments compared

to that of No Fell (Table 11.6.). Decreases in tree density and increases in the

depth of surface boundary layers lead to increases in soil moisture content.

Moisture contents of duff and litter were not significantly different between

treatments. Litter moisture content ranged from 14 to 16.7% while duff moisture

content ranged from 38.5% in Whole Tree Removal to 52.5 % in Fell-No Removal

(Table 11.6). Fine woody fuel (0.64 - 2.54 cm in diameter) moisture content

ranged from 14.1 to 22.1 % and was significantly lower in No Fell compared to

Fell-No Removal. The mean moisture content of coarse woody debris was 95.7%

among all treatments.

Prescribed burning began at Far East and progressed to Sugar Cast and Swede

Ridge, respectively, following the west to east orographic fuel moisture gradient.

All burning was conducted by District fire management personnel using drip

torches for ignition devices. Typically, two to three plots per day were burned

with plot selection based upon fuel load, fuel moisture, and current fire weather

information. All fires were ignited as strip-head fires with ignition speed and strip

width dependent upon rate of fire spread and flame length. Individual plot ignition

typically required approximately two hours.

Average flame lengths were 0.5 to 1.2 m among treatments, and were

significantly greater in No Fell and Fell-No Removal (Table 11.7). During fires in



Table 11.7. Fire behavior and fuel consumption during prescribed burning of four experimental long term productivity
thinning treatments in second-growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and
standard error in parentheses.

* Different superscripted letters denote a significant difference (P 0.10) in parameters when testing between treatments
utilizing the Tukey HSD test.

No Felling Whole Tree Removal Bole Removal Fell-No Removal

Flame Length (m) 1 (0.1)a* 0.5 (0.1)" 0.6 (0.1)" 1.2 (0.l)a

Flame Height (m) 0.6 (0.1)2 0.3 (0.1)" 0.3 (o.l)b 0.7 (0.1)a

FlameDepth(m) 1.1 (0.1)2 0.5 (0.1)' 0.6 (U.l)b 1.2 (0.1)2

Flame Angle (0) 48.2 (1.7)2" 52.2 (2)2 43.6 (l.9)b 49.3 (1.8)"

Rate of Spread (m min') 2 (0.1)2 1.1 (0. 1)b 1 (0.1)" 2.2 (0. l)

Residence Time (sec.) 27.4 (1.1)2" 28.9 (1 .2)a 24 (1.2)" 26.6 (1 1)ab

Fireline Intensity (kW rn') 330 (45)2 81.1 (54)b 102.2 (51.7)" 458.1 (49.9)2

Reaction Intensity (kW/m2) 250 (34)2 125 (38)" 191 (36)ahi 387 (35)°

Heat per Unit Area (kJ/m2) 9024 (1380)2 4218 (1557)" 6548 (149l)ab 15287 (1438)°

Fuel Consumed (Mg ha-') 60 (3.9)2 46.9 (3.9)" 63.1 (39)a 71.6 (3.9)a

Fuel Consumption (%) 56 (2.2)2 44.2 (2.2)" 61.1 (2.2)a 46.3 (2.2)"
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Fell-No Removal, Bole Removal, and No Fell treatments, flare-ups with flame

lengths that exceeded 3 m for brief periods were observed. Rate of spread for

backing fires was m min1 in both Fell-No Removal and No Fell, compared to

1 m miir1 in the other two treatments. Heat per unit area in Fell-No Removal

(15287 kJ/m2) was significantly greater than all other treatments. In contrast,

Whole Tree Removal was significantly lower (4218 kJ/m2) compared to all other

treatments.

Total fuel consumed significantly increased from 46.9 Mg ha1 in Whole Tree

Removal, to 71.6 Mg ha in Fell-No Removal (Table 11.7). However, the

combustion factor in Fell-No Removal was 46% as compared to 44% in Whole

Tree Removal. Even though less mass was combusted, a greater proportion of the

total available biomass was consumed in the Bole Removal and No Fell treatments

(i.e. combustion factors of 61 % and 56%, respectively). Greater than 96% of the

litter component was consumed by fire in all treatments (Table 11.1). However,

litter comprised only 4 to 6% of the total fuel load consumed. Duff consumption

ranged from 41 % in Whole Tree Removal to 60% in Bole Removal, and was

significantly lower in Whole Tree Removal compared to the other treatments

(Table 11.1). The 2.54 - 7.62 cm fuel diameter combustion factor never exceeded

29% in any treatment. Conversely, 0.64 -2.54 cm fuel consumption ranged from

53% to 67%, while 0 - 0.63 cm consumption was greater than 75%. Total woody

fuel combustion factors ranged from 39.8% in Whole Tree Removal to 45.8 and

49.7% in Bole Removal and No Fell, respectively. In contrast, the No Fell and
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Bole Removal total woody fuel combustion factors were significantly greater than

that of Fell-No Removal. Stump combustion factors ranged from 19 % in Whole

Tree Removal to 90% in Bole Removal (Table 11.1).

Total residual (posthre) fuel mass was 89.9 Mg ha1 in Fell-No Removal, and

was significantly greater than that measured in the other treatments (Table 11.1).

In addition, approximately 53 % of the residual mass in Fell-No Removal was

coarse woody debris (47.8 Mg had). Residual total fuels loads ranged between

39.1 and 61.3 Mg ha' among the other treatments. Residual duff biomass ranged

from 27.6 to 47.4 Mg ha-' in Bole Removal and Whole Tree Removal,

respectively, and was significantly greater in Whole Tree Removal compared to all

other treatments. Following duff, nonrotten coarse woody debris accounted for the

greatest residual fuel component found among all treatments. Ash mass ranged

from 1.5 to 8.2 Mg ha' and was significantly different between the No Fell,

Whole Tree Removal, and Bole Removal treatments. The combined residual fuel

and ash in Fell-No Removal was 98.2 Mg ha', 1.5 to 2.2 times higher than that

remaining in the other three treatments.



Discussion

Ecosystem Fuel Characteristics

Total pretreatment surface fuel load estimates for this second-growth Pinus

ponderosa ecosystem at the Deschutes National Forest are comparable to those

reported for similar nonthinned P. ponderosa and mixed coniferous ecosystems in

the western United States (Landesburg et al. 1984, Kauffman and Martin 1989).

In an undisturbed Sierra Nevada P. ponderosa forest type, Parsons and

DeBenedetti (1979) reported a total fuel load of 83.2 Mg ha1, an amount 20%

lower than the mean fuel load found on the nonthinned (No Fell) treatment plots in

this study. In contrast, Kauffman and Martin (1989) measured a mean total fuel

load at a northern Sierra Nevada P.ponderosa - mixed conifer site of 142.2 Mg

ha1. In several central Oregon and Washington Pinus contorta and P. ponderosa

clearcut sites, Ward et al. (1989) recorded total logging-slash fuel loads that ranged

from 38 to 55 Mg ha'. The highest mean total downed woody fuel loading in this

study (68.7 Mg ha1) was in the Fell-No Removal treatment. In the three other

treatments, downed and dead woody debris constituted less than 20% of the total

fuel load.

It is not surprising that duff biomass accounted for more than 50% of the total

fuel load in every treatment (Table 11.1). Under the presettlement scenario of

frequent, low-intensity surface fires, it is likely that organic horizons would be

much less developed and therefore much lower in mass (Covington and Sackett

1984). Because duff depth is often highly variable within even a small area, mean

32
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biomass estimates alone do not reasonably describe the unit area covered by duff.

For example, disturbance related to logging activities (i.e. skid trails and heavy

equipment) probably affected Bole Removal duff depth, patchiness, and bulk

density. Duff bulk density ranged from 0.179 to 0.189 g cm3 in No Fell and Fell-

No Removal, and averaged 0.208 g cm3 in Whole Tree and Bole Removal. Heavy

amounts of crushed rotten debris incorporated with duff may also have inflated

Whole Tree Removal duff loading estimates. This is supported by the significantly

lower rotten coarse woody debris loading in Whole Tree Removal compared to the

two non-mechanized treatments.

Fuel and Fire Interactions

Understanding the relationship between fuels, fuel moisture, and fire behavior

is critical to the successful implementation of prescribed fire as a management tool.

Fuel moisture is one of the greatest regulators of fuel ignitability, combustion rates

and consumption amounts (Harrington 1982). Although climatic conditions were

quite similar during this study, the 0-10 cm soil horizon moisture contents were 5

to 10% higher in Fell-No Removal compared to No Fell. Higher tree density

(higher leaf area) and increased rates of evapotranspiration in the No Fell treatment

likely reduced the lower soil horizon moisture content.

Landsberg et al. (1984) reported duff moisture content ranging from 10 to

68 % prior to fires in other undisturbed second-growth central Oregon P. ponderosa

stands. Duff moisture in this study ranged from 38.5% in Whole Tree Removal to
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52.5 % in Fell-No Removal. High variability in duff moisture content contributes

to variability in duff consumption (Shearer 1975).

Differences in fire behavior were often influenced by specific lighting

techniques as well as unique topographic and weather related events (i.e. severe

down drafts altering rate of spread and flame lengths). For example, burning in

Fell-No Removal was usually conducted by the more experienced personnel on

each fire crew because of human safety concerns and the need to safeguard residual

trees. Spotting outside the study plot area was also a concern because of the heavy

quantities of red slash and fme fuels. Although flame lengths were typically less

than 2 meters, flareups resulted in low to moderate crown scorch in Fell-No

Removal, No Fell, and Bole Removal plots. Fire in the Whole Tree Removal

treatment was patchy and yielded the lowest fireline intensity (81.1 kW rn-1) and

heat per unit area (4218 kJ/m2) estimates in this study. However, there was no

significant difference in comparison to Bole Removal (Table 11.7). Utilizing fire

behavior documentation techniques in discontinuous fuelbeds can invalidate

estimates of fire-line intensity and heat per unit area (Rothermel and Deeming

1980). In operational underburning scenarios, crown scorch height and fuel

combustion data supplemented with fire behavior documentation provide a more

reliable suite of fire effects measures.

Total fuel biomass consumption was greater than 44% among all treatments,

but never exceeded 62% (Table 11.1). Several studies conducted in western conifer

ecosystems report similar total fuel combustion factors (Table 11.8).



Table 11.8. Total fuel biomass (Be), woody fuel biomass (B), and forest floor biomass (Bif) including the percent of
biomass consumed (C) following fire in selected western United States coniferous ecosystems.

* PP, ponderosa pine; MC, mixed conifer
t References: (1) this study; (2) Landesburg et al. 1984; (3) Harrington 1981; (4) Covington and Sackett (1992); (5)
White 1986; (6) Kauffman and Martin 1989; (7) Brown et al. 1991

Ecosystemt Location

B

(Mg ha')

C

(%)

B1

(Mg ha-')

C

(%)

B

(Mg ha-')

C

(%) References*

ppNo Fell

ppFe1lNo Removal

pjps000zKI
growth

ppUnevena&ecI

Deschutes Co., OR

Deschutes Co., OR

Deschutes Co., OR

Santa Catalina Mts.,

103

161.6

-

76

56

46

54

18.7

68.7

33.6

7.9

50

32

52

45

80.9

87.3

-

49A

58

56

55

(1)

(1)

(2)

(3)

ppold growth

pps000nd growth

AZ

Flagstaff, AZ

Jemez Mts., NM

- -

-

- 123.4

25.9

80

45

(4)

(5)

MC&cond growth Northern Sierra 142.7 55 52.3 29 90.4 44 (6)
Mts., CA

MCLO slash Coeur d'Alene, ID 167 40 131 33 36 64 (7)
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For example, compared to the uneven-aged P. ponderosa ecosystem in Arizona,

the No Fell treatment consumption factors were nearly identical even though

prefire fuel loading was 25 % higher. In the multi-aged mixed-conifer site in

northern California, total fuel biomass was 28% greater than that found in No Fell,

however the combustion factors differed by only 1 % (Kauffman and Martin

1989)(Table 11.8). It is the high percentage of the total fuel load present as duff

that apparently produces these similarities.

Inherent differences in seasons may create broader prescription windows in

which to achieve a wider range of fuel consumption. For example, duff loadings

in No Fell, Fell-No Removal and the Sierra mixed-conifer site were 39 to 45 %

greater than that of the uneven-aged Arizona site but duff combustion factors only

differed by 5 % during spring burning. In contrast, duff consumption during an

autumn burn in the Arizona old growth P. ponderosa ecosystem was near 80%,

while duff loading was 30% greater (Covington and Sackett 1992)(Table 11.8).

Downed woody fuel consumption in No Fell was 50%, and was 52% in a

similar central Oregon second growth P. ponderosa ecosystem (Table 11.8). In

comparison, woody fuel consumption was 32 % in Fell-No Removal and 29% in

California mixed-conifer. Similarly, woody fuel consumption in an Idaho mixed-

conifer clearcut was 33 % (Brown et al. 1991) even though woody fuel loading was

from 2 to 2.5 times higher than that of the Fell-No Removal. It is apparent that

the seasonality of burn and differences in fuel structure, density and distribution

greatly influence proportional losses of biomass and therefore residual biomass.
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Successful prescribed burning is often evaluated by specific fuel component

mass reductions. The mass of total woody fuels consumed was significantly higher

in Fell-No Removal compared to all other treatments, but the mass of coarse

woody fuel debris 7.6 cm diam.) consumed was only greater than that of the

Bole Removal treatment (Table 1.9). Because the fuelbed structure was not very

homogeneous in the Whole Tree Removal treatment, there were many unburned

patches which effected mean duff and total fuel biomass consumption estimates.

Fine woody fuel consumption was typically highest in Fell-No Removal and Bole

Removal. However, were fire did carry in Whole Tree Removal, fme woody fuel

consumption was fairly complete. The importance of fme fuels is not the total

mass contributed to the fuel complex, but the continuity they provide for sustained

ignition and fire spread (Rundel 1981).

Residual ash mass proportionally reflected the values estimated for total fuel

consumed except in No Fell, which had a much lower ash content. Duff

consumption in No Fell uniformly reduced the upper duff profile while

consumption patterns in the other treatments were more variable. For example,

duff consumption in Bole removal and Fell-No Removal was typically complete

down to mineral soil, but small, partially combusted patches were often evident.

Translocation of residual ash into residual duff layers may lead to under-estimates

of ash mass. This is important since the combined residual fuels and ash in Fell-

No Removal was significantly higher than that remaining in the other three

treatments, thus has strong implications regarding long-term nutrient availability.



* Different superscripted letters denote a significant difference (P 0.10) in biomass
when testing between treatments utilizing the Tukey HSD test.

No Felling Whole Tree Removal Bole Removal Fell-No Removal

Parameter

Litter (01) 3.97 (0.61) 5.48 (0.61) 5.77 (0.61) 5.58 (0.61)

Duff (Oa, Oe) 44.31 (3.lor 33.04 (316)b 44.39(3.16)' 43.51 (3.16)'

Woody debris
(diam. cm)

o - 0.64 1.34 (0.17)' 1.48 (0.17)' 1.41 (0.17)' 2.54 (0.17)b

0.64 - 2.54 1.94(0.56)' 2.78 (O56)b 4.01 (O.56)b 7.22 (0.56)'

2.54 - 7.62 0.31 (0.06) 0.35 (0.06) 0.37 (0.06) 0.49 (0.06)

> 7.62 (sound) 1.34 (0.74)' 2.41 (074)b 1.67 (0.74)' 4.34 (O.74)b

> 7.62 (rotten) 5.91 (1.46)' 0.8 (1.46)b 2.61 (1.46ya 6.95 (1.46)'

Total woody debris 10.21 (1.87)' 7.33 (1.87)' 9.43 (1.87)' 20.99 (I.87)b

Stumps 1.90(0.61)' 1.03 (0.61)' 3.90 (0.61)b 1.77(0.61)'

Total 60.08 (3.85)' 46.88 (3.85)b 63.15(3.85)' 71.65 (3.85)'

Table 11.9. Fuel biomass consumption (Mg ha-') associated with prescribed
38

burning four experimental long term productivity thinning treatments in
second-growth Pinus ponderosa at the Deschutes National Forest, Oregon.
Data are mean and standard error in parentheses. n = 72 transects per
treatment.
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Conclusion

This paper described the effects of differential fuel quantities, fuel composition

and distribution, and prescribed fire in four thinning slash treatments currently

utilized by resource managers in central Oregon P. ponderosa ecosystems. The

reintroduction of fire in conjunction with these residue treatments is a valuable step

toward understanding fire and fuel interactions in this ecosystem.

Fell-No Removal had a significantly greater prefire fuel loading (161.6 Mg

ha-1), and subsequently greater total fuel and total woody fuel consumption (71.6

and 21 Mg ha4, respectively) compared to all other treatments. Heat per unit area

and ash biomass were also significantly greater in Fell-No Removal. Prescribed

burning in Fell-No Removal would undoubtedly require careful implementation on

an broadscale operational basis due to high fme fuel loads. However, this

treatment had the highest postfire fuel and residual ash load among all other

treatments as well as significantly higher soil moisture content in the 0-10 cm

profile compared to the No Fell treatment. Following fire, the residual woody fuel

biomass of Fell-No Removal exceeded the prefire biomass of all other treatments

by more than 27 Mg ha'. In terms of long-term productivity, rates of biomass

decomposition and the amount of soil moisture strongly effect site nutrient storage

and nutrient turnover.

Whole Tree Removal resulted in significantly higher total woody biomass

losses compared to that of Fell-No Removal. Whole-scale losses of nutrients

stored in woody biomass will likely have detrimental effects upon site productivity
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if nutrient exports exceed nutrient inputs. This treatment also resulted in decreased

rotten coarse woody debris, bole damage to residual trees and patchy fuel

consumption. Unless duff reduction is a primary objective, prescribed burning in

this treatment does not appear to be cost effective.

Total woody fuel and coarse woody fuel biomass in Bole Removal were

significantly lower than that of Fell-No Removal. However, the combustion

factors for total fuel and duff exceeded 60% in this treatment and prefire duff

loading was 5.5 Mg ha' less than that of the non-disturbed No Fell treatment. It is

important to detennine the benefit-cost ratio for treatments that result in whole-

scale changes in biomass distribution.

Reintroduction of fire in conjunction with fuels manipulation must be defmed

by biological response in relation to management objectives. Because the fuel

biomass complex ultimately contributes to ecosystem nutrient balance through

nutrient release, fire frequency and intensity are important determinants of potential

nutrient cycling rates. Fuel biomass quantity and structure dictate ignition

potential, fire behavior and ensuing fire effects. These factors therefore directly

influence ecosystem function and long-term viability.
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Abstract

The temperature profile of the 0-10 cm soil horizon and forest floor was

measured during pile burning and prescribed underburning of thinning-slash at

three long-term productivity sites in second-growth Pinus ponderosa stands at the

Deschutes National Forest, Oregon. Surface fuel characteristics, soil conditions

and fuel moisture content, climatic conditions, and fire effects on soil and fuel

mass were quantified on 15 experimental plots. Fuel loads were comprised of

slash resulting from (1) a bole removal thinning treatment; (2) a thin - no slash

removal treatment; and (3) a no thin treatment (control). The mean fuel loads of

burn piles ranged from 125-240 kg/rn2, and ranged from 8.4 kg/rn2 in the no thin

treatment plots to 20.9 kg/rn2 in the no slash removal plots. Number of burn piles

ranged from 1 to 3 piles per plot, with individual pile areas ranging between 7-33

The majority of the fuel mass was coarse woody debris (> 7.6 cm diam)

among the piled plots and consisted of the Oa and Oe horizons, litter layer,

downed and dead woody debris, and stumps among the non-piled plots. The

organic horizons comprised > 50% of the total fuel mass among non-piled plots.

The moisture content of the 0-10 cm soil horizon ranged from 9 to 30% among all

treatment plots. Coarse woody fuel moisture content was between 24-30% in pile

plots compared to 82-116% among the non-pile plots. Maximum surface

temperatures in non-pile plots ranged from 550 to 850°C and the duration of

flaming combustion was between 5-7 minutes. Total fuel consumption ranged

from 40-75 % among all underburn plots. Temperatures at the organic horizon/soil
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interface were 200-450°C while soil temperatures at the 2 cm depth seldom

exceeded 100°C. In the pile plots, internal pile temperatures between 1000-1800°C

were recorded while the temperature at the 2 cm soil depth ranged from 195-750°C

and remained above 60°C for > 20 hrs. In addition, soil temperatures > 120°C

were recorded at the 5 cm depth and exceeded 60°C for > 20 hrs at the 12 cm

depth. Fuel consumption was > 85 % among pile and burn plots. Following fire,

the bulk density of the 0-2.5 cm soil horizon was significantly higher than the

prefire estimate among all pile plots. Based upon the recorded temperature

profiles, it appears that soils beneath burn piles are subjected to temperatures far in

excess of those occurring during underburning. In addition, the percentage of total

fuel consumption during pile burning greatly exceeds that of underburning.

Because of the extreme conditions associated with pile burning, declines in nutrient

pools contained in surface soils and coarse woody debris could result in losses in

site productivity.
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Introduction

Throughout the coniferous forests of the western United States, prescribed

burning is widely used as a tool for the reduction of forest slash-residues following

silvicultural and harvesting activities. Frequent, low-intensity surface fires played

a major role in the decomposition of wood debris and litter before fire exclusion

was initiated in Pinus ponderosa ecosystems (Biswell 1967, Kilgore 1981). As a

result of suppression, heavy fuel loads are common throughout the interior west.

Agee (1981) noted that fires occurring in contemporary P. ponderosa forests are

typically of higher intensity and produce greater tree mortality than pre-suppression

era fires. These fires are also more likely to cause serious damage to the soil

environment (Harvey et al. 1989). For example, soil temperatures between 120

and 250°C can create significant losses of soil microorganisms, soil nitrogen, and

soil organic matter (White et al. 1973, Woodmansee and Wallach 1981, Chandler

et al. 1983).

Because heat released via the combustion process is readily conducted into

plant tissues and soil, fire effects are directly related to the interaction of various

thermochemical and thermophysical properties (Pyne, 1984). Many relevant

descriptions of fire chemistry and physics in relation to wildiand fuels have been

reported and provide detailed interpretations of combustion processes (Byram 1959,

Fristrom and Westenberg 1969, Philpot 1971, Rothermel 1972, Albini 1980).

However, there is still a need for more detailed research documenting the
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relationship between the fuel complex, fire behavior, fuel consumption and

resultant soil heating.

Hungerford (1989) noted that quantitative predictions of downward heat flow

into the soil environment are needed in order to assess fire effects upon biological

soil components and belowground plant tissue. Byram (1958) defmed the lethal

temperature for leaf tissue as exposure at 55-6(YC for at least one minute.

However, Volland and Dell (1981) noted that different tissues exhibit variable

tolerance to extreme heat exposure and that plant roots may actually be the most

sensitive to heat, although most fme roots are located well within the soil profile.

Even in soils with high moisture content, deep heat penetration from long duration,

high intensity surface fires may result in fme root mortality (Grier, 1975). Swezy

and Agee (1990) reported that the greatest concentration of live 1-2 mm roots was

found in the first 10 cm of mineral soil in an old-growth P. ponderosa stand near

Crater Lake National Park, Oregon. They also reported that > 75 % of

temperature samples down to the 5 cm depth recorded lethal tissue temperatures

during early season burns, and that 50 -75 % reductions in fme-root mass occurred

1 to 5 months following burning.

While most research has concentrated on soil heating that leads to plant tissue

mortality, few studies have documented effects on soils during operational

prescribed burning. Heat transfer into the soil is regulated by: (A) surface fuel

characteristics such as fuel loading, fuelbed arrangement and depth; (B) fire

behavior parameters such as fuel moisture content, fireline intensity, residence
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time, the duration and total quantity of biomass consumed (Walker et al. 1986),

and (C) soil properties such as moisture content, bulk density, soil heat capacity

and thermal conductivity (Scotter, 1970).

The rate at which heat flows through a soil profile at a given depth below the

soil surface is directly proportional to the vertical temperature gradient existing at

that level (Sellers, 1965). Typically the effects of broadcast fires are most severe

in the upper (0-2 cm) soil profile, and may produce temperatures in excess of

120°C to depths of 3 cm (Walker et al. 1986). Frandsen and Ryan (1986) found

that duff and soil moisture strongly dictate the degree of heat penetration and

observed that heat load into wet mineral soil was, on average, 20% of the heat

load transferred into dry mineral soil during a controlled test burn. In Australia,

Tunstall et al. (1976) recorded temperatures exceeding 800°C at the soil surface

during an experimental log-pile bum and temperatures in excess of 120°C at

depths near 40 cm in the pile center. These levels of severe soil heating would

significantly alter soil physical properties by decreasing bulk density and

decreasing pore-space thus creating hydrophobic soils (DeBano 1981). Sterilization

of the biological soil environment would also occur, thereby halting or delaying

ammonification and subsequent nitrification (Dunn et al. 1979).

The prescribed underbuming of surface fuels in second-growth P. ponderosa

ecosystems is predicted to have highly variable effects on biomass consumption and

thus soil heating. In addition, few studies have documented the effects of

underburning and pile burning of thinning slash in P. ponderosa ecosystems. This
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is important considering the thousands of hectares of second-growth forests in

North America that are presently, or potentially, subject to these activities.

This study was designed to investigate interactions between fire, fuel

consumption, and physical soil properties. To better understand these

relationships, the following study objectives were established: (1) to quantify

surface fuel biomass before and after prescribed burning of four thinning

treatments in second-growth P. ponderosa stands at the Deschutes National Forest,

Oregon. (e.g. treatments consisted of [a] no thinning- control; [b] thinned- slash

then machine piled; [c] thinned- bolewood harvested; and [d] thinned- no slash

removed); (2) to determine the proportion of those fuels consumed during

prescribed burning; (3) to document and quantify fire behavior characteristics; (4)

to quantify climatic conditions and fuel moisture content at the time of burning;

and (5) to measure the temperatures at the soil surface, the duff-soil interface, and

at selected intervals within the 0-10 cm soil depth during prescribed burning.

Methods

Study Area

The study was conducted as part of a long-term productivity study established

in 1988 (Little et al. 1988). The specific study site descriptions are reported in

Chapter II.

Eight plots at each of the three sites were selected for sampling. Each

individual plot had an area of 0.5 ha, to which one of the following pre-

commercial thinning treatments and subsequent prescribed burning was randomly
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assigned: (a) no thinning-control (No Fell); (b) thinned-slash piled by dozer-

tractors with brush-blades (Pile and Burn); (c) thinned-merchantable bolewood >

7.62 cm in diameter harvested (Bole Removal); and d thinned-no slash removed

(Fell-No Removal). For this study, one plot per treatment per site was randomly

selected for heat-pulse instrumentation. In 1989 all plots were thinned using chain-

saws to a basal area of 13.7 m2 ha1 on a 5.5 x 6.1 m spacing. Pile burning was

completed in November - December, 1990; underbuming was conducted during

May - June 1991 by USDA Forest Service personnel following established burning

prescriptions (available from Bend & Ft. Rock Districts).

Surface Fuel Characterization

Fuel measurements were made on a 40 x 40 meter (0.2 ha) sub-plot within

each 0.5 ha plot area; the outer perimeter functioning as a destructive sampling

zone and as a buffer to minimize edge effect. A 1.5 m steel fence post was

positioned at all plot corners and marked with a metal plot I.D. tag. Each plot was

surrounded by a 2.5 meter-wide fire break.

Fuel characterization of underbuming plots is described in Chapter II. Piled

fuel loads consisted of all combustible materials deposited by machines at specific

locations within the plot. Fuel biomass of all machine piled plots was determined

utilizing a pile shape-code volume-to-mass technique as described by Little (1982).

A stylized geometric shape was assigned to each pile and 2-6 dimensional

measurements taken. Volume was then calculated from geometric formulae.

Uncombusted fuel remaining following fire was visually estimated as a percentage
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of prefire pile biomass. Specific gravity of P. ponderosa coarse woody debris was

used in the volume - mass conversion equation and mass was expressed as total

mass (kg) per plot. Fuel loads of individual piles selected for heat pulse

instrumentation were expressed on a mass per unit area basis (kg/rn2).

Soil Condition and Fuel Moisture

Prefire fuel (10-hr and l000-hr) and soil moisture (0-2 and 2-10 cm soil

horizons) contents were detennined from 10 random samples collected outside the

40 x 40 m subplot for each underburn plot and reported on a dry weight basis. At

Pile and Burn plots, 10 woody fuel moisture samples were randomly collected

from each fuel size class in each pile. Soil bulk density and soil moisture content

beneath the burn piles was determined by sampling 10 volumetric cores collected

from the 0-2 and 2-10 cm soil horizons under each instrumented pile. Samples

were dried to constant weight at 103°C. Both pre and postfire bulk density was

measured in Pile and Burn; only prefire bulk density samples were collected in the

underburn treatments.

Heat Pulse Measurement

In each instrumented underburn treatment plot, one fuel biomass transect was

selected for measurement of vertical heat penetration and duration through duff and

mineral soil. Three measurement points were placed directly beneath the transect

approximately 2 m apart and their positions mapped. Every transect and sample

point was photographed before and after burning. Each point consisted of four

Type K (Chromel-Aiumel) stainless steel sheathed thermocouple wires (calibrated
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measurement range = -10 to 1250°C), with the upper most wire positioned 5 cm

above the litter layer surface, the second wire at the duff mineral soil interface,

and the third and fourth wires 2 cm and 5 cm below the mineral soil surface,

respectively. All non-surface wires were supported by an aluminum stand placed

in a shallow hole excavated 0.5 m from each point. Subsurface wires were then

inserted through small gauge stainless steel tubes drilled horizontally 30 cm into

the soil wall.

Burn piles were sampled at points that were excavated beneath and as far into

the pile as possible. Each point consisted of five thermocouple wires, the upper

most wire positioned approximately 10 cm above the mineral soil surface, followed

by the remaining wires at 0, 2, 5 and 12 cm below the soil surface. Wire support

and placement technique was similar to that in the underburn plots.

All thermocouple wires interfaced with an analog to digital data acquisition

and control system (ADC-1; Remote Measurement Systems, Seattle, WA), and a

portable computer with a RS232 serial cable connection. A software program

(BASIC language) installed on the computer's hard disk drive converted analog

electrical signals to binary numbers which were then stored in a file. At the Sugar

Cast and Swede Ridge underburn plots, three self-contained data logging devices

(Thi 1 Thermologger, FTS Limited, Victoria, B.C.) were used in addition to the

ADC-1. Each had three thermocouple wires which were positioned at 5 cm above

the litter layer, at the duff soil interface, and 2 cm below the mineral soil surface.

Immediately prior to burning each data logger was buried 0.5 m from the sampling
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point. All ADC-1 thermocouple measurements began five minutes prior to

ignition. For Pile and Burn, sampling interval was one reading every two minutes

for all wires. Temperature data was collected for at least 21 hrs at each pile. In

the underbuming treatments, sampling interval was every 0.5 mm for the surface

wire, and every minute for the remaining wires.

Environmental Conditions and Fire Behavior

Burn date and time, ambient air temperature, relative humidity, wind speed

and direction were recorded at the time of ignition and then every 30 minutes

during each underburn, and every two hours for Pile and Burn. Individual plot

documentation included ignition time, firing pattern mapping, and at least six

random fire behavior observations (Rothermel and Deeming 1980). Fire behavior

data were used to calculate fireline intensity (kWIm), reaction intensity (kW/m2),

and heat per unit area (kJ/m2)(Alexander 1982).

Statistical Analysis

This study utilized a completely randomized design with two replicates of four

slash treatments at each site. Analysis of variance was utilized for treatment

comparisons and site comparisons within treatments when specified. When

differences were significant (P 0.10) the Thkey multiple comparison test was used

to determine where statistical differences occurred (Zar 1984). Because the

number of heat pulse measurement points was relatively small, statistical

comparisons between treatments were not made. Comparisons between prefire and



postfire parameters within plots, and between plots within treatments within sites

were made using the Student's t-test (Steele and Torrie 1980).

Results

Prefire Fuel Biomass

The mean mass of burn piles was 3994 kg at Far East, 2271 kg at Sugar Cast,

and 3560 kg at Swede Ridge (Table ifi. 1). There were no significant plot or site

differences in fuel mass. Total individual fuel loads for piles instrumented for heat

pulse measurement ranged from 1889 kg at Far East, and 2753 to 3936 kg at Far

East and Swede Ridge, respectively, (Table ffl.2). However, on an area basis fuel

loading ranged from 125 kg/rn2 at Sugar Cast, to 222 and 240 kg/rn2 at Far East

and Swede Ridge. The dominant fuel component within the piles was woody

debris > 2.54 cm in diameter, although a substantial conglomerate of wet duff,

lifter and soil partially-covered the instrumented pile at Swede Ridge.

For instrumented plots in No Fell, prefire total surface fuel biomass ranged

from 83.6 Mg ha-' (8.36 kg/rn2) at Sugar Cast to 120.5 Mg ha' (12.1 kg/rn2) at

Swede Ridge (Table ffl.3). There were no significant total fuel load differences

between plots within sites. Litter biomass comprised only 3% of the total fuel

load, while duff biornass was between 73 and 78% and was the dominant fuel

component for this treatment at all sites. Similarly, total fuel loading in the

instrumented Bole Removal plots ranged between 86.4 and 90.4 Mg ha', with duff

accounting for 70% of the total fuel load (Table ifi. 4). Total woody fuel debris in

No Fell ranged from 14.5 to 23.2 Mg ha1, and from 15.6 to 17.2 Mg ha-' in Bole
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Table 111.1. Woody biomass (kg), volume (m3), and the combustion factor (%) of machine piled thinning slash before and
after burning on three experimental long term productivity sites in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses.

Prefire Postfire Prefirc Postfire Prefire Postfire Prefire Postfire Prefire Postfire Prefire Postfire

Woody biomass 3994 599 3993 (915) 519 (215) 1930 (823) 292 (263) 2612 (884) 226 (18.7) 3718 (750) 225 (14.4) 3403 (769) 488 (133)

Volume 28.7 4.3 28.7 (6.6) 3.7 (1.5) 13.9 (5.9) 2.1 (1.9) 18.8 (6.3) 1.6 (0.1) 26.7 (6.6) 1.6 (1.5) 24.5 (6.6) 3.5 (1)

Consumption (%) 85 90 (5) 88 (8) 90 (5) 93 (2) 86 (1)

Far East Sugar Cast Swede Ridge

Plot 1 Plot 7 Plot 4 Plot 16 Plot C Plot P

(n1) (n3) (n2) (n-2) (n-3) (n3)



Table ffl.2. Woody biomass (kg), volume (m3), and fuel density
(kg/rn2) before and after burning of three thinning slash piles
instrumented for heat pulse measurement and the combustion factor (%)
on three experimental long term productivity sites in second-growth
Pinus ponderosa at the Deschutes National Forest, Oregon.

Far East Sugar Cast Swede Ridge

Plot7 Plot4 PlotC
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Prefire Postfire Prefire Postfire Prefire Postfire

Woody biomass 1889 189 2753 413 3936 197

Volume 13.6 1.4 19.8 3 28.3 1.4

Fuel Density 222 22 125 19 240 12

Consumption (%) 90 85 95



Table ffl.3. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-') before and after
burning No Fell thinning treatment plots on three experimental long term productivity sites in second-growth Pinus
ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n 12

transects per plot.

* Plot instrumented for heat pulse measurement.

Plot 2° Plot 16 Plot 6 Plot 11° P1ot13° PIOtK

Pmf3ro Poatfim Poofiro Poatfir. Profiro Po.tflru Prafixu Poetfiao Prufira Poatfir, Prafiro Poatfim

Uttm (Di) 3.05 (0.66) 0.00 (0.44) 5.2 (0.66) 0.00 (0.44) 4.54 (0.66) 0.3 (0.46) 2.86 (0.66) 0.00 (0.44) 4.28 (0.66) 0.00 (0.44) 4.54 (0.66) 1.04 (0.44)

Duff (Oa. 0) 79.3 (10.84) 31.58 (5.44) 76.64 (10.84) 29.86 (5.44) 74.37 (10.84) 62.82 (5.44) 65.45 (10.84) 23.89 (5.44) 88.03 (10.84) 31.65 (5.44) 82.72 (10.84) 20.87 (5.44)

Woody dthrig
(diam. cm)

0-0.64 1.53 (0.32) 0.24 (0.1) 2.4 (0.32) 0.23 (0.)) 1.41 (0.32) 0.59 (0.1) 1.55 (0.32) 0.06 (0.1) 1.2 (0.32) 0.16 (0.1) 1.65 (0.32) 0.47 (0.1)

0.64 - 2.54 2.99 (0.66) 0.91 (0.26) 4.78 (0.66) 0.86 (0.26) 2.80 (0.66) 2.03 (0.26) 2.75 (0.66) 0.68 (0.26) 1.63 (0.66) 0.32 (0.26) 1.98 (0.66) 0.65 (0.26)

2.54-7.62 1.01 (0.2) 0.68 (0.15) 1.23 (0.2) 0.80 (0.15) 1.08 (0.2) 0.87 (0.15) Lfl (0.2) 0.68 (0.15) 0.47 (0.2) 0.23 (0.15) 0.54 (0.2) 0.44 (0.15)

> 7.62 (.oun4) 13.27 (1.99) 10.56 (1.88) 9.46 (1.99) 6.86 (1.88) 3.03 (1.99) 4.05 (1.88) 2.12 (1.99) 2.03 (1.88) 1.84 (1.99) 1.94 (1.88) 1.65 (1.99) 1.25 (1.88)

> 7.62 (ro(ton) 2.72 (4.17) 0.26 (1.23) 7.27 (4.17) 3.16 (1.23) 2.93 (4.17) 3.20 (1.23) 6.82 (4.17) 1.06 (1.23) 18.11 (4.17) 3.02 (1.23) 10.64 (4.17) 5.07 (1.23)

Total woody debri, 21.52 (4.66) 12.66 (2.35) 25.14 (4.66) 11.92 (2.35) 11.26 (4.66) 10.75 (2.35) 14.48 (4.66) 4.51 (2.35) 23.25 (4.66) 5.67 (2.35) 16.47 (4.66) 7.89 (2.35)

&uml,. 3.24 (1.67) 0.31 (0.91) 0.74 (1.67) 0.14 (0.91) 2.35 (1.67) 0.82 (0.91) 0.86 (1.67) 0.32 (0.91) 4.97 (1.67) 2.22 (0.91) 3.01 (1.67) 0.05 (0.91)

Total 107.12 (13.47) 44.55 (6.25) 107.72 (13.47) 41.92 (6.25) 92.52 (13.47) 74.39 (6.25) 83.65 (13.46) 28.72 (6.25) 120.53 (13.46) 39.54 (6.25) 106.73 (4.03) 28.82 (6.25)

Mb 7.60 (1.25) 0.2 (1.25) 0.30 (1.31) 0.25 (1.25) 0.3 (1.25) 0.41 (1.25)

Far East Sugar Cast Swede Ridge



Table ffl.4. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-') before and
after burning Bole Removal thinning treatment plots on three experimental long term productivity sites in second-
growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in
parentheses. n = 12 transects per plot.

* Plot instrumented for heat pulse measurement.

Pkt9 Plotl4° Plot 70 Plot 19 PIo6B PIotI°

Profico Poetfuo Profim Pootflm Pmfioo Pootfim Profim Po.tflm Profiro Pootfim Poofico Po.tfim

Littor (01) 4.31 (1.65) 0.00 (0.84) 8.11 (1.65) 0.00 (0.84) 3.50 (1.65) 2.62 (0.84) 6.65 (1.65) 0.08(0.84) 8.43 (1.65) 0.00 (0.84) 4.18 (1.65) 0.00 (0.84)

Duff (0., 0.) 59.8 (7.99) 28.14 (4.44) 58.89 (7.99) 21.17 (4.44) 73.57 (7.99) 42.61 (4.44) 76.58 (7.99) 43.31 (4.44) 93.55 (7.99) 12.21 (4.44) 64.78 (7.99) 13.38 (4.44)

Woody &brm
(diom. cm)

0-0.64 1.38 (0.38) 0.38 (0.08) 1.55 (0.38) 0.13 (0.98) 1.36 (0.38) 0.20 (0.08) 1.23(0.38) 0.35 (0.99) 1.31 (0.38) 0.08 (0.08) 2.78 (0.38) 0.12 (0.08)

0.64-2.54 10.55 (1.56) 2.3 (0.53) 4.84 (1.56) 1.5 (0.53) 6.76 (1.56) 3.47 (0.53) 3.18 (1.58) 2.09 (0.53) 1.17(1.56) 0.19 (0.53) 6.19(1.56) 1.14 (0.53)

2.54 - 7.62 1.67 (0.26) 1.62 (0.24) 1.36 (0.28) 1.16 (0.24) 2.01 (0.26) 1.51 (0.24) 1.02(0.26) 0.89 (0.24) 0.62 (0.26) 0.26 (0.24) 1.43 (0.26) 0.87 (0.24)

> 7.62 (.oun4) 17.86 (2.94) 11.60 (2.59) 5.64 (2.94) 5.00 (2.59) 6.64 (2.94) 5.75 (2.59) 16.41 (2.94) 16.45 (2.59) 2.65 (2.94) 4.23 (2.59) 5.63 (2.94) 4.54 (2.59)

> 7.62 (cotton) 2.43 (2.43) 1.58 (1.15) 2.23 (2.43) 1.35 (1.12) 0.44 (2.43) 2.58 (1.12) 3.71 (2.43) 0.00 (1.15) 9.01 (2.43) 0.00 (1.15) 0.56 (2.43) 0.27 (1.12)

Total woody deboiu 33.89 (4.89) 17.45 (3.02) 15.62 (4.89) 9.14 (3.05) 17.21 (4.89) 13.52 (3.02) 27.53 (4.89) 19.78 (3.02) 14.76 (4.89) 4.76 (3.02) 1659 (4.89) 6.93 (3.01)

&ump. 2.19(2.03) 0.18 (0.14) 3.83 (2.03) 0.33 (0.14) 4.54(2.03) 0.30(0.14) 6.57(2.93) 0.77 (0.14) 3.38(2.93) 0.09(0.14) 4.85 (2.03) 0.27 (0.14)

Total 100.19 (9.8) 43.78 (5.62) 86.45 (9.8) 30.66 (5.62) 98.83 (9.8) 56.44 (5.62) 117.34 (9.8) 63.87 (5.62) 120.11 (9.8) 17.07 (5.62) 90.40 (9.8) 20.58 (5.62)

Ach 3.32(1.23) 4.53 (1.23) 6.49 (1.23) 8.39 (1.23) 7.86 (1.23) 6.23 (1.23)

Far East Sugar Cast Swede Ridge
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Removal. At Swede Ridge approximately 80% of the wood debris at the No Fell

plot was old, rotten thinning slash. In contrast, approximately 47% of the woody

debris at Sugar Cast and 13 % at the Far East site was rotten.

Prefire total fuel loading in instrumented Fell-No Removal plots ranged from

155.1 to 209.4 Mg ha' (Table ffl.5). Duff biomass accounted for 52% of the total

fuel load while total woody fuel loading comprised 27 to 50%. Sound woody

debris 7.6 cm in diameter (1000-h fuels) constituted 53 to 78% of the total

woody fuel biomass. At the Sugar Cast and Far East plots, 2.3 to 4.1 Mg ha' of

coarse rotten woody debris was present. In contrast, rotten woody biomass at the

Swede Ridge was approximately 32 Mg ha-'.

Fine woody debris 7.62 cm in diameter) at instrumented No Fell plots was

14 to 37% of the total woody fuel biomass (Table ffl.3). In comparison, fme

woody fuels accounted for 49 to 62% of the total woody biomass at the Bole

Removal plots (Table ffi. 4). Although fme fuel loads were only 16 to 34% of the

total woody biomass at Fell-No Removal plots (Table ffl.5), this material

contributed a mean of 14.8 Mg ha1 to the total fuel biomass at these plots.

Environmental Condition and Fuel Moisture

The ambient air temperatures during pile burning ranged from -4 to 12°C.

Relative humidity was 41 to 70% (Table ffl.6). At Swede Ridge, light rain

occurred several days before burning. At the Sugar Cast and Far East sites,

approximately 3 to 6 cm of snow covered the piles at the time of ignition.

Weather conditions at the time of spring burning were very similar among the



Table mS. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-1) before and after
burning Fell-No Removal thinning treatment plots on three experimental long term productivity sites in second-growth
Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n = 12
transects per treatment plot.

* Plot instrumented for heat pulse measurement.

Plot 13 Plot 17° PlOt 2° Plot 17 Plot H Plot Q°

Piafire Poetfu0 Prefira Po.tfire Prefire Poetfix# Prefire Poetflre Prefiro Po.tfire Prefire PoIflre

Litter (Oi) 5.13 (1.56) 0.00 (0.00) 3.52 (1.56) 0.00 (0.00) 6.88 (1.56) 0.00 (0.00) 5.08 (1.56) 0.00 (0.00) 5.39 (1.56) 0.00 (0.00) 7.51 (1.56) 0.00 (0.00)

Duff (Cs, Oa) 76.4 (8.4) 43.85 (6.45) 107.10 (8.4) 56.3 (6.45) 65.35 (8.4) 23.53 (6.45) 72.44 (8.4) 29.06 (6.45) 67.42 (8.4) 12.68 (6.45) 99.89 (6.4) 62.10 (6.45)

Woody lob.4u

(diam. urn)

0-0.64 4.04 (0.61) 0.43 (0.1) 3.5 (0.61) 0.31 (0.1) 1.96 (0.61) 0.08 (0.1) 3.13 (0.61) 0.28 (0.1) 1.24 (0.61) 0.08 (0.1) 3.10 (0.61) 0.55 (0.1)

0.64 - 2.54 10.2 (2.25) 2.74 (0.61) 7.73 (2.25) 1.64 (0.61) 11.79 (2.25) 2.23 (0.61) 13.66 (2.25) 2.82 (0.61) 5.28 (2.25) 0.82 (0.61) 9.17 (2.25) 4.6 (0.61)

2.54 .7.62 1.82 (0.40) 1.94 (0.36) 3.21 (0.40) 2.91 (0.36) 1.84 (0.40) 1.44 (0.36) 2.8 (0.40) 2.21 (0.36) 1.08 (0.40) 0.62 (0.36) 2.19 (0.40) 1.72 (0.36)

> 7.62 (.oun4) 32.82 (10.44) 28.98 (9.05) 23.45 (10.44) 21.35 (9.05) 64.14 (10.44) 60.2 (9.09) 88.01 (10.44) 79.45 (9.05) 17.68 (10.44) 17.11 (9.05) 52.08 (10.44) 47.29 (9.05)

> 7.62 (rotten) 4.43 (5.12) 1.48 (0.53) 4.06 (5.12) 1.91 (0.53) 2.35 (5.12) 0.06(0.53) 2.03 (5.12) 1.91 (0.53) 1.11 (5.12) 0.00 (0.53) 32.42 (5.12) 0.00 (0.53)

Total woody debria 53.31 (12.85) 35.58 (9.15) 41.94 (12.85) 28.12 (9.19) 82.08 (12.89) 63.94(9.19) 109.63 86.67 (9.19) 26.4 (12.89) 18.63 (9.19) 98.96 (12.89) 54.16 (9.19)
(12.89)

Hump. 10.77 (4.16) 7.28 (2.79) 2.58 (4.16) 0.80 (2.79) 10.24(4.16) 7.45 (2.75) 4.77(4.16) 4.10(2.70) 3.74(4.16) 2.39(2.75) 3.03(4.16) 3.03 (2.79)

Total 145.61 (16.90) 86.71 (11.95) 155.15 (16.90) 85.52 (11.95) 164.55 (16.90) 94.92 (11.91) 191.92 119.83 (11.91) 102.95 (16.90) 33.71 209.4 (16.90) 119.3

(16.90) (11.91) (11.91)

Mb 19.49 (1.94) 3.52 (1.94) 7.09(1.94) 8.65(1.94) 5.14(1.94) 4.74(1.94)

Far East Sugar Cast Swede Ridge



Table ffl.6. Enviromnental conditions and fuel moisture content (%)
associated with prescribed burning of machine piled thinning slash on
three experimental long term productivity sites in second-growth Pinus
ponderosa at the Deschutes National Forest, Oregon. Data are mean and
standard error in parentheses.

* Different superscripted letters denote a significant difference (P 0.10) in parameters when
testing between sites utilizing the Tukey HSD test.

63

Far East Sugar Cast Swede Ridge

Environmental Conditions

Temperature (oC) 0 -4 12

Relative Humidity (%) 63 70 41

Wind Speed (km hf') 5 5 3

Soil Moisture (%)

Depth 0-2.5 cm 9.49 (2.6 30.52 (2.6)b 29.02 (2.6)

Depth 2.5 - 10 cm 12.35 (2.09) 16.65 (2.09) 28.68 (209)b

Fuel Moisture Content

Diameter 0-0.64 cm 46.66 (5.01)a 27.77 (501)b 47.44 (5.01)

Diameter 0.64 - 2.54 cm 35.15 (3.83r 39.3 (3.83) 48.49 (383)b

Diameter 2.54 - 7.62 cm 30.41 (4.15) 29.48 (4.15) 38.14 (4.15)

Diameter > 7.62 cm 28.73 (2.47) 29.63 (2.47) 24.13 (2.47)
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underburn treatment plots; the mean air temperature at Far East was 14°C, 13°C

at Sugar Cast, and was 13°C at the Swede Ridge site (Tables ffl.7, 8, and 9).

Relative humidity ranged between 25 and 43 % at Far East, 29 to 61 % at Sugar

Cast, and was between 28 and 50% at Swede Ridge. Wind conditions were also

similar at the time of burning among all sites.

For Pile and Burn, soil moisture content in the 0-2.5 cm depth ranged from 9

to 30% and was significantly lower at Far East compared to the other two sites.

Soil moisture content in the 2.5-10 cm soil depth was between 12 and 28% and

was significantly higher at Swede Ridge compared to the other sites (Table ffl.6).

Soil moisture content (0-2.5 cm) of instrumented No Fell plots averaged 34%,

while mean moisture content was 32 and 40% at Bole Removal and Fell-No

Removal, respectively. Similarly, the 2.5-10 cm soil moisture in No Fell was

28%, compared to 30% in the other treatment plots.

For instrumented underburn treatment plots, the mean moisture content of duff

and litter biomass ranged from 37% in No Fell to 62 % in Bole Removal. Duff

moisture content varied between 20 to 35 % of that measured in the Bole Removal

treatment. There was no direct correlation between duff moisture content and the

0-2.5 cm soil moisture content at any site. Litter moisture content ranged

from 9 to 25 % among all plots, and averaged 35 % less than that measured in the

duff horizon.

The 10-hr woody fuel (0.64-2.54 cm in diameter) moisture content in Pile and

Burn ranged from 32 to 44%, while coarse woody fuel moisture ranged from 24 to



Table ifi. 7. Environmental conditions and fuel moisture content (%) associated with prescribed burning
of No Fell thinning treatment plots on three experimental long term productivity sites in second-growth
Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in
parentheses. n 5 per moisture content component per plot.

* Plot instrumented for heat pulse measurement.

§ Fuel moisture collected by site only.

Far East Sugar Cast Swede Ridge

Plot 2* Plot 16 Plot 6 Plot 11* Plot D* Plot K

Environmental Conditions

Temperature (0C) 15 14 7 17 15 8

Relative Humidity (%) 26 29 61 34 28 33

WindSpeed(kmhr') 6-7 7-8 5-6 5-6 7-8 6-7

Soil Moisture (%)

0-2.5cm 39.2 (2.8) 28.8 (2.8) 34.3 (2.8) 31.3 (2.8) 29.8 (2.8) 29.1 (2.8)

2.5 - 10cm 33.5 (1.5) 27.6 (1.5) 27.6 (1.5) 27.4 (1.5) 25.1 (1.5) 20.2 (1.5)

Fuel Moisture Content

Duff(Oa, Oe) 28.9 (12.5) 31.5 (12.5) 43.6 (12.5) 46.7 (12.5) 34.1 (12,5) 63.5 (12.5)

Litter (Oi) 11.1 (0.7) 14.5 (0.7) 22.2 (0.7) 17.0 (0.7) 9.2 (0.7) 14.3 (0.7)

Woody Debris

Diam. 0.64 -2.54 cm 11.9 (1.3) 13.8 (1.3) 15.8 (1.3) 16.2 (1.3) 12.1 (1.3) 15.0 (1.3)

Diam. > 7.62 cm 82.5 (9.1) 82.5 (9.1) 88.3 (9.1) 88.3 (9.1) 116.3 (9.1) 116.3 (9.1)



* Plot instrumented for heat pulse measurement.

§ Fuel moisture collected by site only.

Far East Sugar Cast Swede Ridge

Plot 9 Plot l4 Plot 7* Plot 19 Plot B Plot 1*

Environmental

Temperature (°C) 13 18 18 12 14 9

Relative Humidity (%) 43 33 29 37 37 30

WindSpeed(kmhr') 6-7 6-7 6-7 3-4 56 7-8

Soil Moisture (%)

0- 2.5 cm 31.4 (7.0) 35.3 (7.0) 52 (1.0) 39.6 (7.0) 24.3 (7.0) 45.0 (7.0)

2.5 - 10 cm 30.1 (1.3) 31.0 (1.3) 32.3 (1.3) 35.1 (1.3) 25.7 (1.3) 28.1 (1.3)

Fuel Moisture Content

Duff (Oa, Oe) 33.6 (18.2) 50.6 (18.2) 47.9 (18.2) 53.3 (18.2) 15.8 (18.2) 89 (18.2)

Litter (01) 20.9 (1.1) 10 (1.1) 14.4 (1.1) 10.6 (1.1) 12.7 (1.1) 15.7 (1.1)

Woody Debris

Diam. 0.64 - 2.54 cm 14.1 (2.5) 18.0 (2.5) 28.6 (2.5) 15.1 (2.5) 16.7 (2.5) 17.1 (2.5)

Diam. > 7.62 em* 82.5 (9.1) 82.5 (9.1) 88.3 (9.1) 883 (9.1) 116.3 (9.1) 116.3 (9.1)

Table ifi. 8. Environmental conditions and fuel moisture content (%)
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associated with prescribed burning of Bole Removal treatment plots on three
experimental long term productivity sites in second-growth Pinus ponderosa
at the Deschutes National Forest, Oregon. Data are mean and standard
error in parentheses. n = 5 per moisture content component per plot.



* Plot instnimented for heat pulse measurement.

§ Fuel moisture collected by site only.

0 - 2.5 cm 45.2 (6.6) 35.4 (7.0) 39.1 (6.6) 45.7 (6.6) 46.4 (6.6) 46.1 (6.6)

2.5 - 10cm 35.2 (2.1) 33.1 (2.1) 26.6 (2.1) 34.2 (2.1) 31.1 (2.1) 30.5 (2.1)

Fuel Moisture Content

Duff (Oa, Oe) 57.6 (14.1) 23.6 (14.1) 43.4 (14.1) 26.4 (14.1) 83.3 (14.1) 80.7 (14.1)

Litter (Oi') 21.5 (2.0) 14.7 (2.0) 9,4 (2.0) 15.5 (2.0) 13.6 (2.0) 25.6 (2.0)

Woody Debris

Diam. 0.64- 2.54 cm 16.7 (6) 16.8 (6) 20.2 (6) 21.7 (6) 20.8 (6) 36.1 (6)

Diam. > 7.62 cm8 82.5 (9.1) 82.5 (9.1) 88.3 (9.1) 88.3 (9.1) 116.3 (9.1) 116.3 (9.1)

Far East Sugar Cast Swede Ridge

Plot 13 Plot 17* Plot25 Plot 17 Plot H PlotQ*

Environmental

Temperature (°C) 11 12 13 8 18 14

Relative Humidity (%) 30 25 34 57 43 50

WindSpeed(kmhr') 6-7 3-4 1-3 3-4 1-3 1-3

Soil Moisture (%)

Table ifi .9. Enviromnental conditions and fuel moisture content (%)
67

associated with prescribed burning of Fell-No Removal thinning treatment
plots on three experimental long term productivity sites in second-growth
Pinus ponderosa at the Desehutes National Forest, Oregon. Data are mean
and standard error in parentheses. n = 5 per moisture content component per
plot.
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30% among all plots (Table ffl.6). In No Fell, the 0.64-2.54 cm fuel diameter

moisture content ranged from 12% at Far East to 16% at Sugar Cast. Ten-hr fuel

moisture in the Bole Removal treatment plots ranged from 14 to 28% at the Far

East and Sugar Cast sites, respectively, while that of the Fell-No Removal was

between 17% at Far East and 36% at Swede Ridge. The mean coarse woody

debris moisture content ranged from 82.5% at the Far East site to 88.3 and

116.3% at Sugar Cast and Swede Ridge, respectively (Tables ffl.7, 8, and 9).

Fire Effects on Biomass and Soil

Piled slash burning began at Swede Ridge, followed by Sugar Cast and Far

East. All piles were ignited by researchers with drip torches. Underburning began

at Far East and progressed to Sugar Cast and Swede Ridge and was conducted by

the respective district's fire management personnel utilizing drip torch ignition.

The daily order for ignition of plots was based upon fuel load, fuel moisture, and

daily fire weather information. All fires were ignited utilizing strip-headfire

techniques with ignition speed and strip width dependent upon rate of fire spread

and flame length. Ignition typically required two hours.

Flame lengths were 0.5 to 1.2 m in No Fell plots, and rate of spread averaged

1.4 m min1 (Table ifi. 10). Residence time of the Flame-front in No Fell was 22

seconds at Swede Ridge, 23.7 and 31.6 seconds at Far East and Sugar Cast,

respectively. Heat per unit area ranged from 2185 to 10100 kJ/m2 among all sites.

Flaming combustion typically lasted from 5 to 10 minutes at each measurement



* Plot instrumeiled for heat pulse measuremeil.

t Denotes a significait difference (P 0.10) m purameters when testing between plots ililizing the Studeit's t test.

Parameter

Far East Sngar Cast Swede Ridge

Plot 2 Plot 16 Plot 6 Plot 11* Plot D* Plot K

Flame Length (in) 0.92 (0.15) 0.92 (0.18) 0.43 (0.18)' 1.21 (0.15) 0.59 (0.15)' 1.41 (0.12)

Flame Heigl.t (m) 0.55 (0.15) 0.82 (0.17) 0.23 (0.17)' 0.57 (0.15) 0.29 (0.15)' 0.81 (0.12)

Flame Depth (in) 0.85 (0.2) 1.18 (0.23) 0.63 (0.23)' 1.49 (0.2) 0.78 (0.2)' 1.48 (0.17)

FlameAngie (0) 48.57 (3.39) 52(8) (4.01) 48.00 (4.01) 46.43 (3.39) 51.43 (3.39) 45.00(2.84)

Rateof Spread (mmin') 1.47 (0.12) 1.89 (0.14) 1.36 (0.14)' 2.47 (0.12) 1.3 (0.12)' 3.07(0.10)

Residence Time (sec.) 23.71 (2.14) 25.40 (2.54) 31.60 (2.54) 28.14 (2.14) 22.00 (2.14)' 30.80 (1.79)

Fireline hensity (kW &) 224 (129) 250 (153) 49 (153)' 415 (129) 89 (129)' 684 (108)

Reac4ion lilensity (kW/in1) 257 (58) 2(8) (69) 72 (69)' 276 (58) 112 (58)' 443 (49)

Heat per Unit Area (kJ/nI) 11100 (2697) 7625 (3192) 2185 (3192)' 10039 (2697) 4385 (2697)' 12978 (2257)

Fuel Consumed (Mg In1) 62.56 (11.64) 65.80 (11.64) 18.13 (11.64)' 54.93 (11.64) 80.98 (11.64) 77.92 (11.64)

Fuel Consumption (%) 55.3 (4.9) 59.1 (4.9) 18.5 (4.9)' 66.2 (4.9) 68.5 (4.9) 68.5 (4.9)

Table ifi. 10. Fire behavior and fuel consumption associated with prescribed
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burning of No Fell thinning treatment plots on three experimental long term
productivity sites in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses.
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point (e.g. based upon visual observation), and peak surface temperatures of 600 to

875°C were recorded (Figure ifi. 1). Lower organic horizon began to combust

within 1 to 2 minutes following passage of the flaming front, generating

temperatures between 300 and 400°C in all plots. Peak duff/mineral soil interface

temperatures were 5 minutes in duration. Ambient 2 cm soil depth temperature

ranged from 10 to 20°C among the three sites. Sensor response to soil heat pulse

at the 2 cm depth occurred between 2 and 3 minutes following initial duff ignition,

and elevated to a maximum of 48°C at Far East, 54°C at Sugar Cast, and 59°C at

Swede Ridge. Average duration at that temperature was typically 2 minutes.

Continuous temperature data recording was dependent upon temperatures exceeding

70°C at any given thermocouple wire. Temperatures above this datum lasted

nearly 70 minutes at Far East, 47 minutes at Sugar Cast, and 54 minutes at Swede

Ridge. The highest temperatures recorded near the end of this period occurred at

the duff/soil interface among all sites.

Instrumented No Fell plot total fuel combustion factors ranged from 55 to

68% (Table ifi. 11). Litter was totally consumed at all sites, while combustion

factors were between 57 and 67% for duff. At Swede Ridge, the combustion

factor exceeded 80% for rotten coarse woody debris and was 100% at the Far East

plot. Fine woody fuel biomass 2.54 cm diam) consumption was > 63%

among all sites. In contrast, sound coarse woody fuel consumption at Swede Ridge

was < 1 % but exceeded 67% at Sugar Cast (Table ffl.3).
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Figure ifi. 1. Temperature profiles associated with burning No Fell thinning

treatment plots on three experimental long term productivity sites in second-growth

Pinus ponderosa at the Deschutes National Forest, Oregon.
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Table ifi. 11. Fuel consumption (%) associated with burning No Fell thinning treatment plots on three
experimental long term productivity sites in second-growth Pinus ponderosa at the Deschutes National
Forest, Oregon. Data are mean and standard error in parentheses. n = 12 transects per treatment plot.

* Plot instmmented for heat pulse measurement.

t Denotes a significant difference (P 0.10) in consumption when testing between piots at each site utilizing the Student's: test.

Far East

Plot 2* Plot 16 Plot 6

Sugar Cast

Plot 11*

Swede Ridge

Plot D* Plot K

Litter (Oi) 100.00 (4.85) 100.00 (5.07) 89.96 (4.85) 100.00 (4.85) 100.00 (4.85) 91.66 (4.85)

Duff(Oa, Oe) 57.17 (5.69) 56.60 (5.69) 14.15 (5.69)t 63.05 (5.69) 67.28 (5.69) 70.68 (5.69)

Woody debris
(diam. cm)

0 - 0.64 70.04(8.07) 81.41 (8.07) 49.26 (8.43)t 95.31 (8.07) 84.09(8.07) 68.03 (8.07)

0.64 - 2.54 63.35 (8.05) 73.99 (8.05) 37.38 (8.40) 64.83 (8.40) 83.61 (8.05) 62.83 (8.05)

2.54- 7.62 25.04(9.67) 28.26 (9.22) 20.17 (9.67) 37.76(9.67) 43.33 (9.67) 15.00(9.67)

> 7.62 (sound) 33.43 (10.35) 40.83 (10.35) 9.01 (14.Ol)t 67.34 (17.15) 0 (19.81) 30.71 (24.27)

> 7.62 (rotten) 100.00 (i5.26)t 42.07(11.37) 1.23 (12.89)t 78.05 (13.93) 84.78 (13.93) 59.35 (13.93)

Total woody debris 47.82 (7.56) 51.49 (7.56) 19.39 (7.56)t 62.35 (7.56) 73.85 (7.56)t 43.44 (7.56)

Stumps 79.24 (10.91) 78.3 (10.91) 64.95 (12.19) 85.23 (11.5) 70.32 (13.04) 50.03 (13.03)

Total 55.33 (4.94) 59.07 (4.94) 18.64 (4.94)t 66.20 (4.94) 68.54 (4.94) 68.52 (4.94)
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Flame lengths were between 0.4 and 0.75 m in Bole Removal, with a mean

rate of spread of 1.1 m min1 (Table ifi. 12). At Far East, the flaming residence

time was 33 seconds, compared to 21 and 14 seconds at Sugar Cast and Swede

Ridge, respectively. Mean heat per unit area was only 949 kJ/m2 at Swede Ridge,

but was greater than 9000 U/rn2 at the Far East plot. Flaming combustion lasted

between 5 and 20 minutes at all sites (Figure ffl.2), while surface temperatures

ranged from 550 to 750°C. Temperatures measured at the duff/soil interface were

between 200 and 450°C, and at the Far East plot remained above 220°C for nearly

40 minutes. Duff/soil interface temperatures recorded at Swede Ridge exceeded

100°C for over 35 minutes, and for nearly 70 minutes at Sugar Cast.

Ambient 2 cm soil depth temperature was between 10 and 20°C among the

three sites. At the Far East plot, soil temperature at 2 cm abruptly increased after

3-5 minutes following passage of the flaming front, and exceeded 60°C for over 30

minutes while maximum soil temperatures surpassed 100°C. The 2 cm soil

temperatures at Sugar Cast ranged from 20 to 35°C, while at Swede Ridge

temperatures ranged between 15 and 74°C. The duration of temperatures

exceeding 60°C was 20 minutes. The duff/soil interface exhibited the highest

recorded temperatures near the end of the sampling period at the Far East and

Sugar Cast plots, but the interface temperature at Swede Ridge declined to 50°C

after 60 minutes as did the 2 cm soil temperature.

Total fuel consumption for instrumented Bole Removal plots ranged from 40%

at Sugar Cast to 78% at Swede Ridge (Table ifi. 13). The highest duff



Table ifi. 12. Fire behavior and fuel consumption associated with prescribed burning of Bole Removal
thinning treatment plots on three experimental long term productivity sites in second-growth Pinus

* Plot instrumented for heat pulse measurement.

t Denotes a significant difference (P 0.10) in parameters when testing between plots utilizing the Student's t test.

ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in parentheses.

Parameter

Far East Sugar Cast Swede Ridge

Plot 9 Plot 14* Plot 7* Plot 19 Plot B Plot 1*

Flame Length (m) 0.71 (0.09) 0.75 (0.09) 0.68 (0.08) 0.79 (0.09) 0.40 (0.08) 0.28 (0.07)

Flame Height (m) 0.40 (0.06) 0.40 (0.06) 0.43 (0.06) 0.40 (0.06) 0.22 (0.06) 0.20 (0.05)

Flame Depth (m) 0.84 (0.15) 1.25 (0.15) 0.62 (0.14) 0.51 (0.15) 0.32 (0.14) 0.12 (0.12)

Flame Angle (0) 51.00 (4.20) 39.00 (4.20) 40.00 (3.83) 40.00 (4.20) 45.00 (3.84) 45.62 (3.32)

Rate of Spread (m min') 0.79 (0.08) 0.96 (0.08) 1.15 (0.07) 0.98 (0.08) 0.93 (0.07) 1.14 (0.06)

Residence Time (sec.) 27.00 (1.98) 33.00 (1.98) 21.17 (1.81) 25.60 (1.98) 27.67 (1.81)' 13.75 (1.57)

Fireline Intensity (kW m') 145 (37) 154 (37) 122 (34) 179 (37) 40 (34) 17 (29)

Reaction Intensity (kW/m2) 175 (63) 141 (63) 222 (57) 360 (63) 156 (57) 135 (50)

Heat per Unit Area (kJ/m2) 10784 (2152) 9053 (2152) 6613 (1964) 10448 (2151) 2443 (1964) 949 (1701)

Fuel Consumed (Mg ha') 54.41 (8.8) 55.79 (8.8) 42.39 (8.8) 53.47 (8.8) 103.04 (8.8)t 69.82 (8.8)

Fuel Consumption (%) 53.42 (4.69) 63.27 (4.69) 40.59 (4.69) 44.55 (4.69) 86.47 (4.69) 78.03 (4.69)
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Figure ffl.2. Temperature profiles associated with burning Bole Removal thinning

treatment plots on three experimental long term productivity sites in second-growth

Pinus ponderosa at the Deschutes National Forest, Oregon.
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Table ifi. 13. Fuel consumption (%) associated with burning Bole Removal thinning treatment plots
on three experimental long term productivity sites in second-growth Pinus ponderosa at the
Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n 12

transects per treatment plot.

* Plot instrumented for heat pulse measurement.

Plot 9

Far East

Plot 14* Plot 7*

Sugar Cast

Plot 19

Swede Ridge

Plot B Plot 1*

Litter (Oi) 100.00 (4.59) 100.00 (4.59) 83.33 (4.59) 100.00 (4.59) 100.00 (4.59) 100.00 (4.59)

Duff(Oa, Oe) 50.81 (5.82) 63.09 (5.82) 38.19 (5.82) 42.40 (5.82) 87.50 (5.82) 79.71 (5.82)

Woody debris
(diam. cm)

0 -0.64 71.15 (8.59) 81.53 (8.59) 76.81 (8.59) 61.20 (8.59) 85.75 (8.59) 94.07 (8.59)

0.64-2.54 65.19 (8.04) 67.99 (8.04) 43.76 (8.04) 58.04 (8.04) 90.81 (8.40) 78.44 (8.04)

2.54- 7.62 14.65 (8.25) 20.85 (8.25) 27.13 (8.25) 10.02(8.62) 61.43 (10.80) 35.52 (8.25)

> 7.62 (sound) 37.67 (6.97) 17.52 (7.79) 10.42 (6.97) 2.39 (6.97) 0.33 (12.73) 13.9 (7.79)

> 7.62 (rotten) 59.05 (16.46) 59.00(20.16) 50.00 (28.52) 100.00 (23.28) 100.00(23.28) 100.00(23.28)

Total woody debris 48.63 (7.43) 46.34 (7.43) 29.78 (7.43) 28.92 (7.43) 63.31(7.43) 57.97 (7.43)

Stumps 95.12 (4.09) 92.12 (4.09) 90.31 (4.57) 77.88 (4.57) 93.95 (4.88) 92.86 (4.31)

Total 53.42 (4.69) 63.27 (4.69) 40.59(4.69) 44.55 (4.69) 86.48 (4.69) 78.03 (4.69)
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consumption occurred at Swede Ridge (80%), followed by the plots at Far East

(63%) and Sugar Cast (38%). Rotten coarse woody fuel was totally consumed at

Swede Ridge, and with the exception of sound coarse woody debris, all other fuel

combustion factors were higher compared to those at the two other sites (Table

ifi. 4).

Flame lengths ranged from 1 to 1.9 m among Fell-No Removal plots, and rate

of spread averaged 2.3 m miir1 (Table ifi. 14). The flaming front residence time at

Sugar Cast was 15 seconds, compared to an average of over 30 seconds at the Far

East and Swede Ridge sites. Heat per unit area at Sugar Cast was greater than

28500 kJ/m2, more than 3.5 times that estimated for the Swede Ridge site.

Similarly, the Far East plot estimate (21813 U/rn2) was nearly 3 times higher than

that for Swede Ridge.

Flaming combustion lasted 5 minutes at all Fell-No Removal sites, and

surface temperatures ranged from 630 to 780°C during passage of the flaming

front (Figure ffl.3). The maximum duff/soil interface temperature was 210°C

at the Far East plot, although temperatures exceeding 60°C only occurred for 10

minutes. Sugar Cast and Swede Ridge duffsoil interface temperatures were never

greater than 89°C, but temperatures above 60°C persisted for nearly 15 minutes at

Swede Ridge compared to only 2 minutes at Sugar Cast.

Mean prefire 2 cm soil depth temperature was 17°C among the three Fell-No

Removal sites. Soil temperature typically elevated 2 minutes after the flaming

front ignited fuels above the measurement points, but the temperature increase was



Table ifi. 14. Fire behavior and fuel consumption associated with prescribed burning of Fell-No
Removal thinning treatment plots on three experimental long term productivity sites in second-

* Plot instrumented for heat pulse measurement.

t Denotes a significant difference (P 0.10) in parameters when testing between plots utilizing the Student's test.

growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard
error in parentheses.

Parameter

Far East Sugar Cast Swede Ridge

Plot 13 Plot 17* Plot 2* Plot 17 Plot H Plot Q*

Flame Length (m) 1.24 (0.16) 1.50 (0.16) 1.94 (0.16)t 0.58 (0.15) 1.03 (0.11) 1.05 (0.15)

Flame Height (m) 1.10 (0.15) 0.85 (0.15) 0.94 (O.15)t 0.39 (0.13) 0.59 (0.1) 0.53 (0,13)

Flame Depth (m) 1.30 (0.26) 1.60 (0.26) 2.06 (O,26)t 0.65 (0.24) 1.04 (0.18) 0.80 (0.24)

Flame Angle (°) 49.00 (5.32) 37.00 (5.32) 65.00 (5.31) 52.00 (5.31) 46.36 (3.58) 48.33 (4.85)

Rate of Spread (m min') 0.78 (O.34)t 2.08 (0.33) 2.50 (O.34)t 1.33 (0.31) 3.33 (0.23) 2.43 (0.31)

Residence Time (sec.) 27.60 (2.55) 35.00 (2.55) 15.00 (2.SS)t 31.00 (2.33) 20.45 (l.72)t 32.50(2.33)

Firelinelntensity (kW rn) 475 (122) 657 (122) 1134 (34)t 108 (111) 318 (82) 295 (111)

Reaction Intensity (kWm2) 375 (134) 450 (134) 627 (134)t 144 (122) 289 (90) 579 (122)

HeatperUnitArea(kW2) 33737 (4618) 21813 (4618) 28548 (4618) 4539 (4216) 5597 (1964) 7419 (4216)

Fuel Consumed (Mg ha") 58.90 (8.23) 69.92 (8.23) 69.63 (8.23) 72.08 (8.23) 69.24 (S.23)t 90.10 (8.23)

Fuel Consumption(%) 41.08 (3.18) 44.78 (3.18) 43.26 (3.18) 38.06 (3.18) 6724 (3.ig)t 43.27 (3.18)



Figure ffl.3. Temperature profiles associated with burning Fell-No Removal

thinning treatment plots on three experimental long term productivity sites in

second-growth Pinus ponderosa at the Deschutes National Forest, Oregon.
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minimal. For example, the Far East site had a 5 minute period of soil

temperatures in excess of 60°C, while Sugar Cast soil temperatures only increased

5°C during the total sampling period. Soil temperature at Swede Ridge increased

to a maximum of 39°C for 3 minutes. Total heating time for flaming and

smoldering combustion was between 21 and 24 minutes among all sites.

Total fuel consumption associated with instrumented Fell-No Removal plots

was very similar, ranging from 43.6 to 44.8% at Sugar Cast and Far East,

respectively (Table ifi. 15). Duff consumption ranged from 42% at Swede Ridge

to 65 % at Sugar Cast. Litter consumption was 100% at all sites. Similarly, rotten

coarse woody fuel was totally consumed at Swede Ridge and Sugar Cast, but the

combustion factor was only 36% at the Far East plot. Sound coarse woody fuel

consumption was between 5 and 19% among all sites, compared to greater than

69% in the 0-0.64 cm woody fuel size class (Table ffl.4).

Observed flame heights in Pile and Burn residue piles ranged between 3 to 5

m within 20 to 30 minutes alter ignition. Flaming combustion generally lasted up

to 6 hrs at all sites and because of intense radiant heating, forest floor fuels within

3 m of each pile readily ignited. At the Far East plot, temperatures inside the pile

( 15 cm above the soil) reached 760°C one hour after ignition and exceeded

200°C for over 24 hrs (Figure ffl.4). Prefire soil surface temperature was 0°C,

exceeded 200°C in 60 minutes, and reached a maximum of 550°C in 5 hrs. In

addition, internal pile temperature was equal to the soil surface temperature

(500°C) after 5 hrs. Temperature measurements at the soil surface exceeded



Table ifi. 15. Fuel consumption (%) associated with burning Fell-No Removal thinning treatment plots
on three experimental long term productivity sites in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses. n = 12 transects per
treatment plot.

* Plot instrumented for heat pulse measurement.

t Denotes a significant difference (P 0.10) in consumption when testing between plots at each site utilizing the Student's t test.

Plot 13

Far East

Plot 17*

Sugar Cast

Plot 2* Plot 17

Swede Ridge

Plot H Plot Q*

Litter (Oi) 100.00 (0.00) 100.00 (0.00) 100.00 (0.00) 100.00 (0.00) 100.00 (0.00) 100.00 (0.00)

Duff(Oa, Oe) 43.32 (4.46) 44.09 (4.46) 65.47 (4.46) 60.42 (4.46) 80.29 (4.46)' 42.36 (4.46)

Woody debris
(diam. cm)

0 -0.64 88.72 (3.93) 90.00 (3.93) 94.35 (3.93) 86.83 (3.93) 92.34 (3.93)' 69.59 (3.93)

0.64 - 2.54 73.31 (7.75) 78.87 (7.75) 79.63 (7.75) 66.25 (7.75) 76.64 (?.l5)t 32.64 (7.75)

2.54-7.62 20.65 (6.96) 13.91 (6.96) 23.31 (6.96) 22.83 (6.96) 43.87 (7.62)' 18.16 (7.62)

> 7.62 (sound) 19.06 (6.34) 15.57 (6.74) 5.32 (6.74) 6.18 (6.74) 20.00 (7.38) 7.67 (6.74)

> 7.62 (rotten) 35.58 (14.43) 35.76 (11.41) 100.00 (18.63) 63.03 (14.43) 100.00 (22.82) 100.00 (10.77)

Total woody debris 34.30 (5.99) 33.72 (5.99) 26.01 (5.99) 20.97 (5.99) 41.24 (5.99) 36.06 (5.99)

Stumps 19.84 (8.23)' 64.93 (7.84) 17.02 (10.62) 18.6 (8.67) 26.35 (9.2) 0.04 (8.67)

Total 41.08 (3.18) 44.78 (3.18) 43.26 (3.18) 38.06 (3.18) 67.24 (3.18) 43.27 (3.18)



Figure 111.4. Temperature profiles associated with pile burning thinning slash at

the Far East experimental long term productivity site in second-growth Pinus

ponderosa at the Deschutes National Forest, Oregon.
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400°C for more than 20 hrs. At 2 cm, soil temperatures at Far East increased

from 0 to 400°C in 8 hrs, and remained above 150°C for over 25 hrs. However,

temperatures surpassed 60°C 2 hrs after ignition. Similarly, the 5 cm soil depth

temperature exceeded 60°C in 2.5 hrs and reached a maximum 195°C after 8 hrs.

Soil temperature at 12 cm slowly increased from 2.5 to 62°C in 5.5 hrs, and

remained above 60°C for 25 hrs.

Sugar Cast internal pile temperatures ( -15 cm above the soil) reached >

1000°C one hour after ignition, and persisted nearly 6 hrs before slowly declining

to 90°C (Figure ffl.5). Prefire soil temperatures ranged from 0 to 1.5°C at 2, 5,

and 12 cm below the surface. Soil surface temperatures gradually increased to a

maximum of 410°C after 12 hrs, and remained above 250°C for over 25 hrs. The

maximum temperature at 2 cm reached 240°C approximately 24 hrs after ignition

but temperatures exceeded 60°C for nearly 22 hours. Soil temperatures at the 5

and 12 cm depths were 120 and 63°C, respectively, 7 brs after pile ignition and

remained above 60°C for the duration of the sampling period.

The temperatures measured at the Swede Ridge Pile and Burn plot increased

much differently compared to those at Far East and Sugar Cast. For example, the

internal pile temperatures at Swede Ridge did not exceed 325°C until 3 hrs

following ignition, but after 5.5 hrs surpassed 1200°C (Figure ffl.6). In contrast,

maximum internal temperatures at the other two sites occurred approximately one

hour after ignition. Also at Swede Ridge, temperatures gradually increased to

maxima of 786 and 367°C at the soil surface and 2 cm depth, respectively. Peak



Figure ffl.5. Temperature profiles associated with pile burning thinning slash at

the Sugar Cast experimental long term productivity site in second-growth Pinus

ponderosa at the Deschutes National Forest, Oregon.
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Figure ffl.6. Temperature profiles associated with pile burning thinning slash at

the Swede Ridge experimental long term productivity site in second-growth Pinus

ponderosa at the Deschutes National Forest, Oregon.
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temperatures reached 221°C at 5 cm and 87°C at 12 cm nearly 21 hrs after pile

ignition.

Consumption of biomass in piles ranged between 85 and 95% (Table ffl.2).

Mean ash depth was 6 cm at Sugar Cast and was 7.4 cm at Far East at the Sugar

Cast. In contrast, the mean depth of ash was 12 cm at Swede Ridge even though a

moist layer of uncombusted duff 3 cm thick covered 15 % of the pile area.

Approximately 20% of the postfire residual pile volume was soil at Swede Ridge

compared to 2 and 10% at Sugar Cast and Far East, respectively.

Soil Bulk Density

The bulk density of the surface mineral soil layer (0-2.5 cm) in the

underbuming treatments ranged from 0.596 g cm3 in Bole Removal to 0.675 g

cm3 in Fell-No Removal (Appendix Table B-i) and from 0.706 to 0.754 g cm3 in

the 2.5-10 cm soil profile in Bole Removal and No Fell, respectively. In Pile and

Burn plots, soil bulk density (0-2.5 cm) before fire ranged from 0.638 at Sugar

Cast to 0.675 g cm3 at Swede Ridge and was not significantly different among

sites (Table ifi. 16). However, there was a significant difference in the bulk

density of the 2.5-10 cm soil depth at Sugar Cast in comparison to Swede Ridge.

The postfire soil bulk densities of the surface layer (0-2.5 cm) were

significantly higher than the prefire estimates at all sites (Table ifi. 16). There

were also increases in the bulk density estimate of the 2.5-10 cm soil depth among

the sites following fire, however only the Sugar Cast estimate was significantly

different.



Table ifi. 16. Soil bulk density before and after burning machine piled thinning slash on three
experimental long term productivity sites in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses. n = 10 per soil depth
per site.

t Denotes a significant difference (P 0.10) in bulk density when testing within sites after burning utilizing the Student's t teat.

* Different superscripted lowercase letters denote a significant difference (P 0.10) in bulk density when testing between sites prior to burning
utilizing the Tukey }ISD test. Different superscripted uppercase letters denote a significant difference in bulk density when testing between sites
following fire.

Far East Sugar Cast Swede Ridge

Soil Depth Prefire Postfire Prefire Postfire re Postfire

0-2.5cm 0.639 (O.04l)t 0.783 (0.04l) 0.611 (OO4l)t 0.749 (0.041)' 0.675 (O.O4l)t 0.815 (0.04l)

2.5 - 10 cm 0.683 O.o37)b 0.73 1 (0.04) 0.638 0.O37)b 0.785 (0.04) 0.792 (0.037)' 0.804 (0.04)



Discussion

Ecosystem Fuel Characteristics

Total fuel load estimates among the non-thinned plots in this study were

comparable to those reported for similar Pinus ponderosa and mixed-conifer

ecosystems in the western United States (Landsberg et al. 1984, Kauffman and

Martin 1989). While the duff component comprised 54-73% of the biomass of

instrumented plots in all underburning treatments, the percentage of downed and

dead woody debris ranged from 18% among No Fell plots to near 60% in Fell-No

Removal. Similarly, total woody debris and duff comprised 32-68%, respectively,

of the total fuel load (83.2 Mg ha') in a Sierra Nevada P. ponderosa forest

(Parsons and DeBenedetti 1979). In contrast, woody debris comprised 90% of

the biomass in the machine piles (i.e. Pile and Burn).

The fuel loading per unit area in the Pile and Burn plots far exceed that

reported in any natural fire or prescribed broadcast burning scenario. Therefore

heat penetration and fire effects are far more severe than natural or broadcast fuels.

Among the three sites, the mass of instrumented piles was from 109-219 kg/rn2

greater than the fuel loads measured in Fell-No Removal plots (i.e 15.5 to 20.9

kg/rn2). In contrast, Soffins et al. (1980) reported that coarse woody debris

accounted for 157 Mg ha-' (15.7 kg/rn2) of the total above-ground biomass in an

old-growth Pseudotsuga menziesii ecosystem in western Oregon. In the eastern

Amazon, Uhi and Kauffman (1990) reported a mean fuel load of 180 Mg ha1 (18

kg/rn2) in a logged primary rain forest. Although the biornass in residue piles
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originates from areas with woody fuel loads comparable to that of the Bole

Removal plots, the concentration of fuels created a dramatically different fire fuel

environment.

Duff and coarse woody debris were the most substantial components of the

potential fuel supply in the underburning plots, although it is the flammability of

fme fuels that generally sustains the spread of fire along the forest floor and

initiates coarse woody debris ignition (Rothermel 1972). The moisture content of

10-hr timelag fuel ranged from 12-36% among all underbum plots. In contrast,

mean moisture content of the organic horizons ranged from 30% in No Fell at Far

East, to 88 % in Bole Removal at Swede Ridge. High variability in duff moisture

directly influences duff combustion efficiency and therefore duff reduction,

particularly in spring burning situations or shortly after precipitation events.

Because of the efficient fuel arrangement as manifested in the packing ratio of

piled residues, fuel moisture inside the pile was not as dominant a factor in

influencing either ignition or consumption regardless of external environmental

conditions.

Fire Behavior and Fuel Structure

The interactions between fuel mass, fuel arrangement, and moisture content

strongly regulate fire behavior and fire severity as well as fuel consumption and the

products of combustion. Perhaps the most obvious difference among the treatment

plots in this study was the variation between fuel mass, size-class distribution, and

fuel composition prior to burning. However, fire behavior (i.e. flame lengths,
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rates of spread, and flaming-front residence times) was quite similar among

underburn plots (Tables ffl.1O, 12, and 14). These parameters were also

comparable to those reported for prescribed understory fires in other P. ponderosa

forests (Kauffman and Martin 1989, Covington and Sackett 1992, Landsberg

1992). The similarities in fire behavior among the underburn plots reflect the

effects of modification of ignition procedures or techniques in dissimilar fuel beds.

Comparisons of the ecological effects of pile burning and underburning must

be evaluated in terms of temporal and spatial scales. For example, flame length

and fireline intensity have been strongly correlated with lethal scorch height

attributed to wildiand fire (Van Wagner 1973, Alexander 1982). Number of burn

piles ranged from 1 to 3 piles per plot among the three sites, with individual pile

areas ranging between 7-33 m2. Because piled residues are located at fixed points,

fireline intensity is not a relevant parameter hence the magnitude of lethal crown

scorch is dependent on the size of the pile, pile placement, and surrounding stand

characteristics (i.e. tree density, crown height and species heat tolerance). Flame

lengths of 1.5 m occurred among the Fell-No Removal plots while residence time

averaged 25 seconds, and after 20 minutes the flaming phase was complete. In

contrast, the mean flame length of piled residue averaged 4 m during the flaming

phase and residence time was greater than 6 hrs. Although fire intensity

measurements may be of benefit for assessing crown scorch and fire effects upon

understory vegetation, quantitative effects on the soil environment can not be

accurately determined from these data (Shearer 1975, Hungerford 1989).
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Fire Effects on Biomass

Among the greatest differences in fire effects between the various treatment

plots are the differences in the maximum temperatures and duration of critical

heating that occurred during burning. Surface temperatures ranged between 600-

900°C during the flaming phase in the underburn plots and were comparable to

those reported for other surface fires in forested ecosystems (Isaac and Hopkins

1937, Neal et al. 1965, Ottmar and Vihnanek 1990). Maximum temperatures

inside residue piles during burning ranged between 800 to over 1100°C for up to 3

hrs. Although these temperatures were high, Walker et al. (1986) reported that

surface temperatures in excess of 800°C are common during windrow or log-pile

fires, and that heat pulse into the soil may continue for several days. However,

maximum internal pile temperatures reached 1800°C after a period of 5 hrs at

Swede Ridge (Figure ffl.7). This is the first study to report temperatures in this

range associated with prescribed fires. Because piled residues are often

constructed by many different operators using mechanized equipment, it is likely

that the amount of soil and duff contained inside most piles will vary considerably.

This was evident by the wide range in soil residual pile volume estimates following

burning. Soil and duff collected during piling activities can represent significant

losses to site soil and nutrient capital.

The combined effects of fire and fuel complex interaction were apparent

through the differences in fuel consumption. Fine fuel combustion during the

flaming phase rapidly initiated both duff and coarse woody fuel combustion in



Figure ffl.7. Temperature profiles (Temp. sample 2) associated with pile burning

thinning slash at the Swede Ridge experimental long term productivity site in

second-growth Pinus ponderosa at the Deschutes National Forest, Oregon.
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underburning plots, but temperatures at the duff/soil interface did not increase

significantly for several minutes after passage of the flaming front. The

relationship between woody fuel smoldering combustion and duff burnout was

evident through the longer duration at higher temperatures recorded at the duff/soil

interface in the No Fell and Bole Removal plots (Figures ifi. 1 and 2) and the

corresponding fuel consumption data (Tables ffl.11 and 12). However, total fuel

consumption in Pile and Burn was not as dependent on specific fuel component

interactions. The effects of radiant heating, a more efficient fuel packing ratio,

and a greater fuel supply sustained a high intensity combustion environment,

resulting in nearly complete fuel consumption. Although maximizing the flaming

combustion phase (i.e. maximizing combustion efficiency) during burning reduces

smoke emissions (Ward and Hardy 1984), piling and burning of forest residues is

widely suspected to adversely affect site productivity (Tarrant 1956, Wells et al.

1979, McNabb and Cromack 1990). Based upon the extreme levels of surface

heating and biomass consumption measured during burning of slash piles in this

study, volatilization losses of nearly all nutrients contained in piled biomass likely

occurred during these fires (Kauffman, Till, and Shea 1992). For example,

potential aboveground nitrogen losses among the instrumented piles likely ranged

from 1.8 to 3.9 kg (e.g. based on the 0.105% concentration of N in coarse woody

debris as reported by Covington and Sackett 1984).
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Fire and Soil Heating

Heat transfer into the soil environment is determined by the available heat

load (i.e. the summed thermal output from burning fuels over the time period of

heat release), ambient air conditions, soil moisture content, and soil physical

characteristics (Chinanzvavana et al. 1986, Walker et al. 1986). In addition, duff

can function as a thermal barrier (Frandsen and Ryan 1986) and soil organic

matter and soil biota act as heat sinks (Hungerford 1989) thus reducing or

redirecting downward heat flow into the mineral soil.

There were generally no differences in ambient conditions or soil moisture

contents among plots at the time of underburning, although the mean 0-2.5 cm soil

moisture content was 6% higher in the Fell-No Removal plots compared to that

of No Fell. Frandsen and Ryan (1986) reported that because considerable energy

is required to drive off soil moisture during burning, temperatures remain near

80°C until most of the water vapor is evaporated thus reducing the likelihood of

extreme soil heating in wet soils. In this study, the temperature at the 2 cm soil

depth was greater than 60°C for over 20 minutes in the Bole Removal plots at Far

East and Sugar Cast but never surpassed 35°C at Swede Ridge (e.g. thus

minimizing root and seed mortality at Swede Ridge). The duff moisture content

was nearly 90% at the Swede Ridge plot, but averaged only 41 % at the other two

sites. In contrast, soil temperatures at 2 cm never exceeded 60°C in No-Fell

although temperatures reached nearly 400°C at the duff/soil interface. These data
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indicate that increases in duff moisture content and reductions in the duration of

combustion decrease soil heat penetration.

Differences in soil moisture content at the 2.5-10 cm depths were apparent in

the piled residue plots and were likely the effect of the orographic moisture

gradient. In addition, the 0-2.5 cm soil moisture content at the Far East pile plot

was significantly lower than that of the other two sites (e.g. the 0-2.5 cm soil

moisture was 9.5% at Far East and averaged 30% at Sugar Cast and Swede

Ridge). The effects of differences in soil moisture on soil heating were evident

after comparing the heating profiles recorded at the Far East and Sugar Cast pile

plots. Although surface temperatures were 300-400°C higher at Sugar Cast in

comparison to those at Far East, the 2 cm and 5 cm soil temperatures were lower

throughout the sampling period. For example, the 2 cm soil temperature at Sugar

Cast never exceeded 300°C while temperatures between 300 and 450°C occurred

for more than 19 hrs at the Far East plot. These differences are particularly

important when considering the fuel loading was higher at Sugar Cast. A slightly

different soil moisture temperature relationship was observed at Swede Ridge.

Although the soil moisture content (2.5-10 cm) at Sugar Cast was 60% lower,

maximum soil temperatures during the initial phase of the fire at Swede Ridge

were similar to those at Sugar Cast. However, 21 his after ignition the 2 and 5

cm soil temperatures were 50 to 75°C higher at Swede Ridge. While soil moisture

appears to have a direct influence on downward heat penetration, heavily

concentrated fuels and the associated long duration of burning play may influence
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soil heating more significantly than soil moisture especially regarding total heat

input and adverse effects on physical soil properties and soil biota.

In soils with low heat capacity and high porosity (e.g. the pumice-derived

soils found at all three sites), intense water repellency may be induced by beating

to temperatures between 176 and 204°C (DeBano 1981) and significant losses of

soil organic matter occur above 250°C (Chandler et al. 1983). In this study, soil

temperatures measured in the upper soil horizon (0-2 cm) among all Pile and Burn

plots exceeded 100°C for more than 12 his. Even at 12 cm, soil temperatures

were in excess of 60°C for more than 12 hours and likely contributed to the

mortality of any roots located within this profile. These soil temperatures are far

in excess of the temperatures measured during underburning. Kauffman, Till, and

Shea (1991) presented a comprehensive compilation of temperature effects on

elemental volatilization and transformation of chemical and physical properties in

the fire environment. They noted that temperatures often attained during burning

of slash piles far exceed the capacity for plant and soil microorganism survival as

well as producing losses of essential soil nutrients.

Following severe bums it has been noted that the macropore space at the

surface is reduced and soil bulk density increased (Moebring et al. 1966). Postfire

soil bulk densities were not measured in the underburning treatment plots.

However, among the piled residue plots the 0-2.5 cm soil bulk density significantly

increased at all sites following fire. These data indicate that detrimental effects on

physical soil conditions occurred as a result of the Pile and Burn treatment.
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Conclusion

The effects of prescribed burning on fuel biomass and soil heating can

significantly influence the future ecosystem soil environment. Mean fuel loads

among the underburning treatment plots ranged from 10.2 kg/m2 in No Fell to 18.2

kg/m2 in Fell-No Removal, and was 125-240 kg/m2 among the Pile and Burn plots.

Low intensity underburning coupled with favorable environmental conditions

regulated fuel consumption and thus limited fire severity and soil heating. The

subsurface soil temperatures seldom exceeded 100°C during underburns regardless

of the fuel load. However, more than 80% of the fuel mass was consumed during

pile burning and surface temperatures ranged between 800-1300°C for more than 3

his. High cumulative heat loads produced during long duration pile burns appear

to overwhelm the effects of high soil moisture content on heat penetration. For

example, soil temperatures surpassed 200°C at 5 cm for more than 5 his on the

Swede Ridge plot even though soil moisture was relatively high. Similar

temperatures were recorded beneath the instrumented pile at Far East, but the fuel

mass and soil moisture content were lower than those of Swede Ridge. In

broadcast fuels it is clear that the total biomass, biomass density, and soil moisture

are crucial factors in the complex process of heat transfer and that soil

temperatures fluctuate along a gradient of total heat input combined with physical

and environmental soil characteristics.

Comparisons of pile burning and underburning must account for differences in

scales and predictability of effects resulting from these practices. Given the
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magnitude of extreme soil temperatures and biomass consumption that occur during

Pile and Bum, and the cumulative effects from burning countless residue piles over

many years, broadscale declines in soil productivity, coarse woody debris, and the

nutrients sequestered in woody biomass are imminent.
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Abstract

The pools of nitrogen present in surface fuels and surface soils (0-10 cm

depth) and the pH of the 0-2.5 and 2.5-10 cm soil horizons were quantified before

and after prescribed burning in five thinning treatments in second-growth Pinus

ponderosa stands in central Oregon. Treatments consisted of: (1) no thinning-

control; (2) thinned- whole tree removed (utilizing a feller-buncher); (3) thinned-

bolewood harvested; (4) thinned- no slash removed; and (5) thinned- bolewood

removed and remaining slash piled. In the non-pile treatments, total fuel biomass

prior to burning ranged from 102 Mg ha1 in Bole Removal to 161.6 Mg ha1 in

Fell-No Removal. The total mass of burn piles ranged from 9084 to 21,363 kg.

Nitrogen concentrations were highest in the organic horizons and litter layer in all

underburn treatments. The total aboveground N pool ranged from 788.2 to 936 kg

ha of which 90% was present in organic horizons. Following fire,

proportional N losses were greatest in Bole Removal (51 %). However, the

greatest loss of N mass occurred in Fell-No Removal (576 Mg ha1). When

harvesting and burning are combined, aboveground N pool losses were 406 and

583 Mg ha in Whole Tree Removal and Bole Removal, respectively. Between 4-

18% of the postfire N mass was found in the ash component among underburn

treatments. As much as 88% of the aboveground N pools in Pile and Burn were

lost. Prefire N concentration ranged from 0.115-0.19% in the 0-2.5 cm soil depth

among underburn treatments while the N pool of the 0-2.5 cm soil horizon was

significantly lower in Pile and Burn. Following fire, there were no significant
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differences in the pools of N among underburn treatments. However, the mass of

N in surface soils was reduced 12 % as result of pile burning. Among all

treatments, prefire soil (0-10 cm depth) pH values ranged from 5.5-6.0 units.

While there were no significant differences in soil pH values among underburn

treatments following fire, postfire soil pH values significantly increased from 6.0

to 7.3 units after pile burning. Pile burning appears to dramatically increase soil

pH and greatly reduce surface soil N concentration and as well as significantly

reduce N pools in piled residues. Underburning and physical export of woody

biomass in second-growth P. ponderosa forests may account for total N losses in

excess of 1000 kg ha'. It is apparent that differential levels of fuel mass, fuel

consumption, and soil heating regulate the precise N pooi fluxes resulting from

fire.
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Introduction

The effect of fire on ecosystem biogeochemical processes is often expressed as

a change in the distribution and concentration of nutrients, particularly those that

limit plant maintenance and site productivity. Prior to the period of fire exclusion,

frequent low intensity fires regulated species composition, biomass structure, and

nutrient cycling in Pinus ponderosa ecosystems of western North America (Biswell

et al. 1973, Kilgore 1981). However, decades of fire suppression has lead to

unprecedented declines in the health of North American forests. These conditions

have created considerable interest in the reintroduction of fire as an ecosystem

process, especially with regards to fire hazard reduction, long-term site

productivity, and biodiversity.

Ecosystem response to fire is dependent upon specific site characteristics such

as available fuel, vegetation, soil properties, topography, and weather events (Grier

1975; Woodmansee and Wallach 1981). Fire frequency, intensity, and severity

dictate the degree to which ecosystem processes are altered and nutrients

redistributed or volatilized (Harwood and Jackson 1975). The interaction of fire

and biogeochemical processes influencing forest soil development, plant nutrients

and nutrient cycling have been well described in forested ecosystems (Raison 1980;

Harvey et al. 1981; Lotan et al. 1981; Boerner 1982; Harmon et al. 1986), in a

mixed-coniferous ecosystem (Grier 1975), and in P. ponderosa ecosystems (White

et al. 1973; White 1986). However, the effects of fire and physical biomass

export on nutrient pools and rates of internal cycling are not well understood,
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especially in terms of long-term site productivity. The quantification of nutrient

pooi dynamics which influence ecosystem productivity is essential to the

assessment of ecological condition and management practices. The availability of

nitrogen (N) is often the most important factor limiting forest growth in P.

ponderosa ecosystems (Cochran 1979).

McNabb and Cromack (1990) summarized the effects of wildfire and fall

prescribed fires on nutrients and soil productivity in Pacific Northwest forests. In

general, these fires disrupt nutrient cycles and may consume large quantities of

fuels with resulting losses in N, sulfur (S), and phosphorus (P). White et al.

(1973) reported that N volatilizes at 200°C, and potassium (K) near 500°C

(Weast 1982). S is volatilized between 200-300°C (Walker et al. 1986), and

organic P at 360°C (Raison et al. 1985). Viro (1969) reported that burning results

in variable increases insoil pH and base saturation. Alexander (1977) found that

these changes significantly influence microbial activity.

The reduction of fire severity by physically removing fuels before burning,

burning under moist fuel conditions and using burning techniques which result in

low-intensity bums could yield decreases in fuel consumption and also ameliorate

high nutrient and soil productivity losses (McNabb and Cromack 1990). However,

physical export of large coarse woody debris also result in losses of long-term

nutrient sinks and can have detrimental affects upon belowground processes and

wildlife habitat (Harmon et al. 1986). Boemer (1982) described three fates or

pathways of nutrients by fire as: (1) atmospheric losses via emissions; (2) ash
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deposition or on-site storage in soils; and (3) storage in uncombusted and partially

combusted biomass. Because the direct effects of fire on nutrient p001

redistribution are not always visually apparent, linkages between above and

belowground processes must be better quantified in order to ascertain present or

future implications of land management practices.

Different thinning practices potentially result in different levels of timber

export, slash residues, fire behavior and biomass consumption during prescribed

fire. This likely produces differential N redistribution losses as a result of

variable levels of chemical transformations, volatilization and particulate (ash)

transport. In order to better understand these relationships, the following study

objectives were established: (1) to quantify surface fuel biomass and aboveground

pools of N present in surface fuels before and after prescribed burning of five

thinning treatments in second-growth P. ponderosa stands in central Oregon (e.g.

treatments consisted of [a] no thinning-control; [b] thinned-entire tree removed

utilizing a feller-buncher; [c] thinned-bolewood harvested; [dl thinned-no slash

removed); and [e] thinned- slash then machine piled); and (2) to determine total N

pools and soil pH in the 0-2.5 and 2.5-10 cm soil horizons before and following

fire.



Methods

Study Area

The study was conducted as part of a long-term productivity study established

in 1988 (Little et al. 1988 proposal). The three study areas are located at the Bend

and Fort Rock Districts, Deschutes National Forest, Oregon. Each site occupies

approximately 20 ha within areas representative of managed, second-growth P.

ponderosa forests currently found in central Oregon. Old-growth stands were

harvested from these sites during the late 1920s and early 1930s, and the

regenerated stands were thinned in 1963. Sites were selected to vary in site quality

(e.g. as a function of tree-height growth) in order to account for natural ecosystem

variability (Little et al. 1988). Franklin and Dyrness (1973) described the area as

typically having hot and very dry summers, with average July temperatures of

18°C. Annual precipitation ranges between 330 and 380 mm, occurring

predominately from November through April as snow. The sites are specifically

described in Chapter II.

Ten plots at each of the three sites were sampled for the study. Each

individual plot had an area of 0.5 ha, to which one of the pre-commercial thinning

treatments and subsequent prescribed burning was randomly assigned. The

thinning treatments were assigned the following designations: (1) No Fell; (2)

Whole Tree Removal; (3) Bole Removal; (4) Fell-No Removal; and (5) Pile and

Burn, corresponding to the previously outlined treatment descriptions. In 1989 all

plots were thinned using chain-saws to a basal area of 13.7 m2 ha1 on a

117
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5.5 x 6.1 m spacing. Pile burning was completed in November-December 1990;

underburning was conducted during May-June 1991 by USDA Forest Service

personnel following established burning prescriptions (available from the Bend-Ft

Rock Districts).

Surface Fuel Characterization

Fuel characterization techniques are described in Chapter II for underburning

treatment plots, and in Chapter ifi for the Pile and Burn treatment plots.

Climatic Condition and Fuel Moisture

Immediately before burning, samples were collected to detennine the moisture

content of litter, duff, and woody fuel (10-hr and 1000-hr) and soil moisture (0-2

and 2-10 cm soil horizons). At Pile and Burn plots, fuel moisture samples were

randomly collected from each fuel size class in each pile and soil moisture samples

collected from beneath the burn piles. Climatic conditions and fire behavior was

determined as described in Chapter II.

Nitrogen Pool Assessment

Pre and postfire total N concentrations were determined for all fuel classes

and the 0-2 and 2-10 cm soil horizons. Prefire N sampling was conducted along

three 60 m transects located within the destructive sampling zone of one randomly

selected No Fell, Bole Removal, and Fell-No Removal plot at each site. Each

sample (n = 6/treatment/site) consisted of 5 randomly collected "grab" samples for

each component. Grab samples were then composited at the end of each transect.
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Postfire sampling followed the prefire method however uncombusted and partially-

combusted litter and duff were segregated.

In order to determine the effects of fire on soil N, paired soil samples were

collected before and after fire with an 8 cm diameter steel soil auger, composited

at each transect, and placed in air-tight ("zip-lock") polyethylene bags. Samples

were then air-dried, and ground to pass through a 2-mm wire mesh sieve. Pile and

burn treatment soil nutrient sampling entailed collection of 3 random samples

obtained directly beneath each pile from the 0-2 cm and 2-10 cm soil depths.

Posifire sampling was conducted as soon as the plot had cooled enough to permit

entry. Analyses of N in ash were conducted using a subsample taken from ash

biomass samples.

All samples were analyzed for total N by the micro-Kjeldahl method (Bremner

and Mulvaney 1982). Soil pH was determined utilizing electrometric techniques

(Agronomy series, 1982). All laboratory analyses were conducted at Oregon State

University.

Soil bulk density was determined as outlined in Chapter ifi. Total N mass in

surface fuels was estimated through multiplication of N concentration and biomass

estimates. Estimates were made for the pre and postfire N concentrations and

mass in the Whole Tree Removal treatment utilizing data from the Bole Removal

treatment, and the mass of N lost (e.g. whole tree removal, bole removal) as a

result of mechanical export.
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Statistical Analysis

The study was established in a completely randomized block design with two

replicates of five slash treatments at each site. Initial treatment and site

comparisons were conducted through analysis of variance. When treatment effects

or site differences were significant (P 0.10) the Tukey multiple comparison test

was used to determine where statistical differences occurred (Zar 1984).

Results

Surface Fuels and Fire Behavior

The total mass of burn piles was 15973 kg at the Far East site, 9084 kg at

Sugar Cast, and 21363 kg at Swede Ridge (Chpt. ifi, Table ifi. 1). The mass of

individual piles ranged from 2271 kg at Sugar Cast, to 3560 and 3994 kg at Swede

Ridge and Far East, respectively. Because of the wide variance in the mass of

individual piles, there were no significant differences detected in mass between

sites. There were between 4 and 6 piles per site. Coarse woody debris comprised

75 % of the total fuel component in each pile. Fine woody debris (i.e. 2.54

cm in diameter) accounted for 20%, and the remainder included variable

quantities of duff, litter, and red slash.

In the underburn treatments, the total fuel biomass ranged from 102 Mg ha1

in the Bole Removal treatment to 161.6 Mg ha4 in Fell-No Removal (Chpt. II,

Table 11.1). In contrast to Pile and Burn, woody debris comprised 18 to 42% of

the total fuel loads that were subjected to fire and > 50% of the available fuel

load was duff.
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Approximately 90% of the pile biomass was combusted at each site; duration

of combustion lasted for > 24 hrs. In contrast, combustion factors (i.e. the

percentage of fuel consumed by fire) ranged from 44-61 % among underburn

treatments and - 90% of the combustion had occurred within 2 hrs following

ignition. The biomass of woody fuels consumed ranged from 7.3 Mg ha' in

Whole Tree Removal to 21 Mg ha-' in the Fell-No Removal treatment, while duff

consumption was between 33 and 44 Mg ha1 (Chpt. 11, Table 11.9).

Ash mass remaining after underburning was significantly higher in Fell-No

Removal compared to all other underburn treatments. The mass of ash ranged

from 1.52 to 8.21 Mg ha' in No Fell and Fell-No Removal, respectively (Chpt. 11,

Table 11.1). Ash mass was not determined for Pile and Burn. The total residual

biomass in Fell-No Removal was from 32 to 58% greater than that present

following underburning among the other treatments.

Environmental conditions were similar at the time of burning among

underburn treatments (Chpt. 11, Table 11.6). However, the moisture contents of

10-hr fuels and of the 0-10 cm soil profile were significantly higher in Fell-No

Removal compared to those of No Fell. Climatic conditions during pile burning

were cooler and more humid than that which occurred during underburning (Chpt.

ifi, Table ffl.9). The moisture content of 10-hr fuels was 20% greater within

burn piles in comparison to underburn treatments, however the 1000-hr fuel

moisture was nearly 70% less in the Pile and Burn treatment. This likely had an

influence on the amount and rate of coarse woody fuel consumption. Mean flame
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lengths ranged from 0.5-1.2 m among the underburn treatments, while mean flame

lengths during pile burning exceeded 4 m. Because of a more efficient packing

ratio in Pile and Burn, fire intensity and biomass consumption was greater than that

occurring in the underburning treatments.

Aboveground Nitrogen Pools

The concentration of N was highest in the organic horizon and litter layer

among the three underburn treatments sampled (Table IV. 1). Among underburn

treatments, there were no significant differences in the N concentration of duff

prior to burning but litter N concentrations were significantly greater in Bole

Removal and Fell-No Removal compared to that of No Fell. The concentration of

N in woody debris decreased as fuel diameter increased although the concentration

of N in coarse rotten debris (> 7.62 cm in diameter) was greater than that of the

100-hr and coarse sound woody debris components. Following underburning the

concentration of N in uncombusted duff was significantly higher in No Fell

compared to Bole Removal. However, the concentration of N in ash was

significantly higher in Bole Removal in comparison to No Fell.

Prior to burning, aboveground N pools ranged from 11.5 to 27 kg among the

Pile and Burn sites (Table P1.2). The postfire losses of N ranged from 10.2 to

17.6 kg. Because surface temperatures surpassed 200°C during pile burning

(Chpt. ifi, Figures ffl.4-6), the percentage of N loss from aboveground biomass

was likely 88% (e.g. the percentage of fuels combusted was 88%).



Table IV. 1. Nitrogen concentration (%) of dead and downed woody debris, forest floor biomass and residual
ash of three experimental long term productivity thinning treatments in second-growth Pinus ponderosa at the

National and standard in ii = 18 treatment (nDeschutes Forest, Oregon. Data are mean error parentheses. per

* Different superscripted lowercase letters denote a significant difference (P 0.10) in concentration when testing between treatments
prior to burning utilizing the Tukey HSD test. Different superscripted uppercase letters denote a significant difference in concentration
when testing between treatments following fire.
f Nitrogen samples for woody debris not collected by treatment.

15 for woody debris).

No Fell Bole Removal Fell-No Removal

Forest Floor

Litter 0.498 (OØ43)a* 0.702 (O.043)b 0.701 (0043)b

Duff - Prefire 0.970 (0.03 1) 1.002 (0.031) 1.006 (0.031)

Duff - Postfire 1.134 (O.031)A 1.030 (O.O31) 1.106 (0041)AB

Woody debris (diam. cm)f

0 - 0.64 0.408 (0.013) 0.408 (0.013) 0.408 (0.013)

0.64 - 2.54 0.205 (0.010) 0.205 (0.010) 0.205 (0.010)

2.54-7.62 0.112(0.004) 0.112(0.004) 0.112(0.004)

> 7.62 (sound) 0.067 (0.002) 0.067 (0.002) 0.067 (0.002)

> 7.62 (rotten) 0.150(0.008) 0.150(0.008) 0.150(0.008)

Ash 0.932 (O.O67 1.176 (0.067)8 1.044 (0.067)



Table IV. 2. Pile biomass (kg), the combustion factor (%), total nitrogen
mass (kg), and total nitrogen loss (kg) associated with prescribed burning of
machine piled thinning slash on three experimental long term productivity
sites in second-growth Pinu. ponderosa at the Deschutes National Forest,
Oregon.

* Estimates based upon an individual pile composition of: coarse woody debris (75%), 100-h fuel (10%), 10-h
fuels (10%), 1-hr fuels (5%).
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Far East (n = 4) Sugar Cast (n = 4) Swede Ridge (n = 6)

Prefire Postfire Prefire Postfire Postfire

Mass per pile 3994 559 2271 259 3560 356

Total mass 15973 2156 9084 1036 21363 2139

Consumption (%) 88 - 89 89

Total N mass * 20.3 2.7 11.5 1.3 27.2 2.7

Total N loss 17.6 10.2 24.4
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Similar to the total prefire aboveground biomass, the total aboveground N

pooi mass was significantly higher in Fell-No Removal compared to No Fell (Table

IV.3). The total mass of aboveground N ranged from 788.15 to 936 kg ha1

among the four underburn treatments. The majority (88 to 92 %) of aboveground

N pools were in the duff component. This was because the concentration of N was

highest in duff, and because duff biomass was more than 50% of the total fuel load

among all underburn treatments. Prefire N pools were significantly lower in Bole

Removal in comparison to all other underburn treatments, primarily as the result of

the lower duff biomass loading.

As expected, the prefire mass of N pools in total wood debris was

significantly greater in Fell-No Removal compared to that of the other treatments.

The N pools in nonrotten and fme woody debris were significantly greater in Fell-

No Removal as well. For example, the mass of N in fme woody biomass ranged

from 13.1 to 33.68 kg ha1 in No Fell and Fell-No Removal, respectively.

Although the mass of fme woody debris (0-7.61 cm in diam.) biomass was

typically less than that of sound coarse woody material among underbum

treatments (Chpt. II, Table 11.1), N pools present in sound coarse woody debris

were from 5 to 17 kg ha1 less than that of the fme woody fuel component (Table

IV.3). The mass of N in rotten coarse woody debris was 12.12 kg ha1 in No Fell,

but represented greater than 40% N pool found in wood debris in that treatment.

In contrast, rotten coarse woody debris comprised only 12-15% of the total woody

debris N pools among the other underbum treatments.



Table IV.3. Total aboveground nitrogen pooi distribution (Kg ha1) in dead and downed woody fuel biomass, stump
biomass and forest floor biomass before and after fire in four experimental long term productivity thinning treatments in
second-growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in
parentheses. n = 72 transects per treatment.

5Different superscripted lowercase letters denote a significant difference (1' 0.10) in nitrogen mass when testing between treatments prior to burning utilizing the Tukey HSD test. Different

superscripted uppercase letters denote a significant difference in nitrogen mass when testing between treatments following fire.

No Fell Whole Tree Removal Bole Removal Fell-No Removal

Prefire Postfire Prefire PostFire Prefire Postfire Prefire Postfire

Litter (Oi) 20.31 (4.21)" 1.09 (1.66) 40.5 (4.21)" 3.46 (1.66) 41.16 (4.21)" 3.07 (1.66) 39.15 (4,21)" 0.00 (1.66)

Duff(Oa, Oe) 744.08 (31.27)" 382.42 (24.05)" 803.76(31.09)"' 488.12 (2391)C 714.51 (31.09)' 284.18 (23.92)' 821.64(31.22)" 419.87 (24,02)AB

Woody debris
(diani. cm)

0- 0.64 6.63 (0.72y 1.2 (0.18) 7.79 (0.72)' 1.76 (018)A 6.53 (072)' 0.84 (0.I8) 11.54 (072)" 1.18 (0.18)

0.64- 2.54 5.78 (1.26)' 1.87 (0.49)" 10.44 (1.26)" 4.99 (o49)A 11.85 (1.26)" 3.65 (049) 19.76 (1.26)'- 5.07 (0.49)

2.54-7.62 1.04 (0.13)' 0.69 (0,12)A 1.21 (0.13)'-" 0.96 (0.12) 1.51 (0.13)" 1.18 (0.12) 2.42 (0.13)' 2.03 (0.12)c

> 7.62 (sound) 3.5 (1.82)'- 2.98 (1,57)A 5.84 (1.82)' 4.41 (1.57)A 6.12 (1.82)' 5.31 (157)A 31.06 (1.82)" 28.41 (1.57)

> 7.62 (rotten) 12.12 (2.33)' 3.94 (0.59) 3.42 (2.33)b 1.77 (0.59) 4.59 (2.33)'-" 1.45 (0.59) 11.6 (2.33)'- 1.32 (0.59)

Total woody debris 29.08(3.81)' 10.68 (184)A 27.9 (3.81)' 13.91 (j84)A 30.61 (3.81)' 12.43 (184)A 76.38 (3.81)" 38.01 (1.M)

Stumps 2.66 (1.09) 0.68 (0.65)" 3.42 (1.09) 2.38 (0.65) 4.44 (1.09) 0.34 (0.65)"' 6.15 (1.09) 4.39 (0.65)

Ash 14.02 (7.68)A 50.8 (7.68) 72,17 (7.68) 85.69 (7.68)'

Total 806.25 (39.61)'- 391.73 (32.62)" 877.32 (39.61)" 509.05 (3262)C 788.15 (39.61)'- 291.93 (32.62)A 936.01 (39.61)" 461.78 (32.62)

AbovegroundN Loss (%) 47.31 (2.89)"' 36.34 (2.89) 5142 (289)A 42.89 (2.89)
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The percentages of aboveground N pools that were lost during underburning

ranged from 36.3% in Whole Tree Removal to 5 1.4% in Bole Removal (Table

IV.3). Following fire, the mass of residual N pools ranged from 391.7 kg hai' in

No Fell to 509 kg ha1 in Whole Tree Removal. The mass of N present in residual

duff comprised more than 90% of the total postfire N pool. The mass of N pools

within ash was significantly greater in Fell-No Removal compared to the other

underburn treatments, but was significantly lower in No Fell. The low mass of N

in the ash of the No Fell treatment was likely the result of decreased N

concentration in ash and increased concentrations of N in residual duff.

Approximately 4-18 % of the postfire aboveground N was present in ash.

Although proportional total N pool losses following fire were significantly

higher in Bole Removal compared to the other treatments, the greatest mass of N

loss occurred in Fell-No Removal (Table IV.4). For example, the losses of the N

pool in the organic horizons was 583.6 kg ha' in Fell-No Removal compared to

356 kg ha in Whole Tree Removal. However, when harvesting and burning are

combined, the total woody fuel N pool loss was 40.8 kg ha in Fell-No Removal

compared to 63.9 and 65.3 Kg ha1 in the Whole Tree Removal and Bole Removal

treatments, respectively.

Fire Effects on Soil Nitrogen and pH

The prefire N concentration and mass of the 0-2.5 cm soil horizon was

significantly lower in Pile and Burn in comparison to that of the underburn

treatments (Table IV. 5). Total N concentrations of the surface soil depth (0-2.5



Table IV.4. Total aboveground nitrogen pooi losses (Kg ha-') in dead and downed woody fuel biomass, stump
biomass and forest floor biomass associated with harvesting and prescribed burning in four experimental long term
productivity thinning treatments in second-growth Pinus ponderosa at the Deschutes National Forest, Oregon.
Data are mean and standard error in parentheses. n = 72 transects per treatment.

* Different superscripted lowercase letters denote a significant difference (P 0.10) in nitrogen mass when testing between treatments following fire utilizing the Tukey

HSD test.

t Total reflects the subtraction of N remaining in ash.

No Fell Whole Tree Removal Bole Removal FellNo Removal

Harvesting Burning Harvesting Burning Harvesting Burning Harvesting Burning

Litter (Oi) 20.06 (4.02)" 37.83 (4.02)b 39.15 (4.02)b 47.08 (4.O2)'

Duff(Oa, Oe) 462.80 (35.53)' 17.88 356,05 107.13 449.23 (35.53)' 583.63 (35,53)b

Woody debris (diam. cm)

o - 0.64 5.65 (0.73)' 3.75 6.19 (0.73)' 5.01 5.86 (0.73)' 10.53 (0.73)b

0.64 - 2.54 4.23 (1.14)' 9.32 6.19 (l,14)b 7.91 8.27 (j,14)b 15.38 (114)0

2.54 - 7.62 0.78 (0.12)' 1.21 0.7 (0.12)' 0.91 1.04 (0.12)b 1.37 (0.12)b

> 7.62 (sound) 2 (0.89)' 25.82 1.72(0.89)' 24.94 3.55 (0.89)' 11.00 (0.89)b

> 7.62 (rotten) 10.3 (2.37)' 8.18 1.54 (2.37)b 7.01 4.47 (237)'b 11.17(2.37)'

Total woody debris 20.01 (2.91)' 48.48 15.42 (2.91)' 45.77 19.53 (2.91)' 40.80 (2.91)b

Stumps 1.27 (0.42)' 2.73 1.64 (0.42).b 1.71 2.71 (0.42)b 1.86 (0.42y

Totalt 483 .06 (36.l4)b 58.69 347.17 147.86 435.59 576 (36.14)'

(36.14)' (36,l4)b



Table IV. 5. Soil nitrogen concentration, soil nitrogen mass, and soil pH before and after fire in four experimental
long term productivity thinning treatments in second-growth Pinus ponderosa at the Deschutes National Forest,
Oregon. Data are mean and standard error in parentheses. n = 18 per soil depth per treatment (n = 30 for pile and
burn).

Soil pH

0-2.5cm 6.0 (0.1) 7.3 (Q,l)Ar 5.6 (0.1)b 5.6 (0.l) 5.5 (o.1)b 5.7 (0.1)B 5.5 (0.1)b 5.6 (0.1)

2.5- 10cm 5.8 (0.05) 6.7 (0,1)At 5.8 (0.1) 6.1 (0.l) 5.8 (0.1) 6.1 (o.1) 5.8 (0.1) 6.1 (O,l)B

t Denotes a significant difference (P 0.10) in parameters when testing within treatmenta following fire utilizing the Student's: test.

* Different superscripted lowercase letters denote a significant difference (P 0.10) in parameters when testing between treatments prior to burning
utilizing the Tukey HSD test. Different superscripted uppercase letters denote a significant difference in parameters when testing between treatments
following fire.

Pile and Burn No Fell Bole Removal Fell-No Removal

Concentration (%)

Soil Depth Prefire Postfire Prefire Postfire Prefire Postfire Prefire Postfire

0 -2.5 cm 0.115 (0.Ol0) 0.064 (O,003)#.t 0.19 (0.013)b 0.174 (o009) 0.173 (0.013) 0.168 (0.009) 0.171 (0013)b 0.175 (0.009)

2.5 - 10 cm 0.082 (0.007) 0.072 (0.007) 0.067 (0.009) 0.078 (0.008) 0.071 (0.009) 0.088 (0.008) 0.072 (0.009) 0.089 (0.008)

Mass (kg ha')

0-2.5cm 183.97 (16.687 Ilg.07(Il,41)M 303.61 ('21.54)b 277.47 (15.62)B 258.10 21,54)b 250.24 (14.73)B 288.84 (21.53)b 295.50 (14,73)B

2.5 - 10cm 432.60 (38.01) 423.5 (39.44) 367.75 (50.49) 427.4 (50.92) 378,00 (49.07) 466.84 (50.92) 391.91 (49.07) 487.15 (50.92)

Total 616.57 (46.7) 542.56 (43.99)A 650.93 (60.28) 674.03 (56.79r 636.10 (60.28) 717.08 (56.79)B 680.75 (60.28) 782.65 (56.79)
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cm) ranged from 0.115-0.19% in the Pile and Burn and No Fell treatments, and

from 0.067% in No Fell to 0.082% in Pile and Burn for the 2.5-10 cm soil depth.

Prior to burning, the mass of surface soil N (0-2.5 cm depth) ranged from 184 kg

ha1 in Pile and Burn to 303.6 kg ha-1 in No Fell. The mean total mass of soil N

(0-10 cm) was 630 kg ha in Pile and Burn compared to 1245 kg ha in Fell-No

Removal. Among all treatments, prefire surface soil pH values ranged from 5.5 to

6.0, while the pH value of the 2.5-10 cm horizon averaged 5.8 pH units.

The concentration and mass of N in surface soils was significantly reduced as

a result of burning in the Pile and Burn treatment, and was significantly lower than

that of all underburning treatments. Approximately 74 kg ha1 of total N pools

were lost as a result of pile burning. Among underburning treatments, the

concentration and poois of N in the surface and 2.5-10 cm horizons did not

increase or decrease significantly following fire. Although surface soil N loss was

only 12 % in Pile and Burn, this treatment resulted in lower prefire soil N mass and

a higher postfire soil bulk density which in effect reduced N loss estimates.

However, postfire surface soil pH values were significantly higher in Pile and

Burn, increasing from 6.0 to 7.3 pH units (Table IV.5). In addition, the pH

values of the 2.5-10 cm horizon significantly increased from 5.8 to 6.7 following

pile burning. There were no significant differences in soil pH values detected

among underburning treatments before or after burning.
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Discussion

Fire and Aboveground Nitrogen Distribution

The relationship between environmental conditions, fuel composition, and the

relative quantities of fuel biomass determine the fire behavior and consequent

volatilization and transformation of N pools present in biomass. In this study, the

prefire concentration of N in aboveground biomass components were comparable to

those reported in other P. ponderosa ecosystems (Nissley et al. 1980, Covington

and Sackett 1984).

Aboveground N pools were reduced by nearly 90% in Pile and Burn, while N

pooi reductions ranged from 36-5 1 % among underburn treatments. However, 75%

of the primary fuel component consisted of coarse woody debris in Pile and Burn

while duff comprised more than 50% of the total fuel load among underburn

treatments. Because the organic horizons comprised the largest fraction of the fuel

biomass, and had the highest N concentration, consumption of this fuel component

produced the greatest change in the quantity of aboveground N pools present in

non-piled treatments. In addition, the concentration of N in the non-combusted

lower organic layers increased 10% in Fell-No Removal and 15% in No Fell.

These increases are similar to the fmdings of Mroz et al. (1980). They found that

when the 02 horizon was merely charred during incomplete combustion the total N

content actually increased.
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In my study, postfire losses of N pools in duff ranged from 356 to 583 kg

ha-1. During a moderate-intensity fire in P. ponderosa, Kiemmedsen et al. (1962)

reported litter and duff losses of 22 Mg ha1 which produced a nitrogen loss of 75

to 139 kg ha'. Landsberg (1992) reported total N mass in the forest floor ranging

from 181 to 345 kg ha immediately prior to prescribed burning in a central

Oregon P. ponderosa ecosystem, and measured a decrease of 280 kg ha after a

high consumption fire. It is apparent that copious amounts of N may be lost as

fire intensity and fuel consumption increase. Grier (1975) reported N losses of

855 kg ha1 following an intense wildfire in north central Washington. Years of

fire suppression are likely responsible for the accumulation of a dominant N pool

in the organic horizons which is now susceptible to heavy losses in conjunction

with wildfires and prescribed fires.

Reintroduction of prescribed underburning in P. ponderosa ecosystems can

maintain an ecological balance between fuel loading and nutrient cycling by

reducing forest floor biomass and decreasing the interception and evaporation of

precipitation (Covington and Sackett 1984). In addition, there may be economic

advantages to the reduction of the present fire hazard through fuels reduction while

retaining the positive benefits of frequent, low-intensity surface fires. The

expansion of the urban interface in the Intermountain region of the United States is

one example where wildfires can have tremendous socio-economic impact.

There is considerable interest in the effects of harvesting, burning, and the

combination of both on losses in ecosystem N pools and long-term site
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productivity. Although increased losses in N pools result from the export of small

diameter woody biomass and saw-timber timber harvesting, economic demand will

dictate the magnitude of N pools losses. The mass of N pools exported as a result

of Whole Tree Removal was 48.8 kg ha', and increased to 64.2 kg ha-' when

burning was also applied. Less volatilization should be expected from the Whole

Tree Removal treatment, since the scarcity of fuels did not sustain fire spread nor

long duration combustion. N pool losses resulting from harvesting and burning in

the Bole Removal treatment were similar. In contrast, N pooi losses in total

woody debris ranged from 20 to 40.1 kg ha' in No Fell and Fell-No Removal,

respectively.

There are other sources for aboveground N export as a result of fire. Losses

of N pools in the ash component may occur due to wind erosion, overland-flow

and leaching during precipitation events (Woodmansee and Wallach 1981). Raison

et al. (1985) measured the transfer of several elements, including N, to the

atmosphere during low-intensity prescribed burns in Australian subalpine eucalypt

forests and found that transport of relatively small amount of fme ash either

during or after a fire may result in significant nutrient removal. While this may be

a concern for other nutrients, only 3-15 % of the postfire N pool was present as ash

in this study. The quantities of N pools lost during combustion represented >

35 % of the prefire N mass in the fuels. However, the mass of N remaining in ash

and residual fuels comprised the majority ( 65 %) of the total aboveground N

pooi following fires.
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Fire, Belowground N Pools and Soil Reaction

Because mean surface soil (0-2.5 cm) temperatures seldom exceeded 100°C

during underburning (Chpt. ifi, Figures ifi. 1-3), the concentration and mass of

total N in the 0-2.5 cm and 2.5-10 cm soil depths was not significantly changed

among underburning treatments following fire (Table IV.5). However, several

studies indicate that transformations of organic N to inorganic NH4-N and NO3-N

(e.g. which occur at 70-100°C) during burning often increase the N pools of

postfire soils (Raison 1979, Mroz et al. 1980, Covington and Sackett 1986,

Covington et al. 1991). In another central Oregon second-growth P. ponderosa

stand, Landsberg (1992) reported significant decreases in mineral soil total N

concentration (0-6 cm depth) immediately after a high fuel consumption underburn,

but detected no significant differences in soil N concentrations after a moderate

fuel consumption fire. In addition, no significant differences in mineralizable N

following either fire were reported. However, it is possible that N pool changes

were masked due to the depth of the soil sample. Unfortunately, determination of

inorganic forms of N was not conducted in my study.

The prefire concentration of soil N in pile burned areas was 33-39 % less than

that measured in the underburn treatments. This was likely the result of soil

disturbance that occurred during pile construction. Because soils were sampled

during late autumn (e.g. the surface soil layer was frozen prior to pile burning),

seasonal differences may also have contributed to the lower N concentrations.
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Temperatures in excess of 200°C were recorded at 2-5 cm below the soil

surface for > 4 hrs during pile burning (Chpt. ifi, Figures ifi. 4-7), however the

postfire N concentration of the 2.5-10 cm soil depth was not reduced significantly.

This seems unlikely given the duration of heating at such extreme temperatures.

Downward distillation of organic N from burning slash may have confounded

volatilization losses (DeBano et al. 1976). Kauffman et al. (1993) suggested that

oxidation of N from roots may also contribute to elevated postfire N

measurements. Given the thermal conditions of the soil environment during fires

in slash piles, additions of N from root oxidation and downward distillation appear

quite reasonable. In an old-growth P. ponderosa stand at Crater Lake National

Park, Oregon, Swezy and Agee (1991) reported that the greatest concentration of

live 1-2 mm roots were found in the 0-10 cm soil horizon, and had a mass of

600 kg ha-1. They also noted that shallow rooting depths associated with trees

growing in pumice soils may be an important factor in explaining the effects of

high severity fires on these sites. It is therefore difficult to ascertain the

significance of organic N losses on long-term site productivity. This is especially

important considering the number of residue piles burned every year throughout the

forests east of the Cascade Mountain Range of North America.

Vitousek et al. (1982) described P. ponderosa ecosystems as demonstrating

low rates of nitrogen mineralization and nitrification, and White (1986) postulated

that these low rates may be the result of volatile inhibitors which negatively affect

mineralization. In general, low to moderate intensity burning has been found to
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increase surface soil pH (Armson 1977, Woodmansee and Wallach 1981), thereby

stimulating the microflora involved in mineralization of organic N (Alexander

1977, Raison 1979). Surprisingly few studies have measured soil pH in

conjunction with changes in organic or mineral N following fire. Although there

were no significant differences between pre or postfire soil pH values among

underburn treatments in this study, increased pH values would likely occur after

subsequent leaching of anions sequestered in the ash layer. Conversely, the pH

values of the 0-2.5 cm and 2.5-10 cm soil horizons increased dramatically

immediately after pile burning. Biswell (1972) suggested that fire exclusion is

likely responsible for reduced N cycling efficiency in P. ponderosa ecosystems

because fire is the primary mechanism for organic N mineralization. Inorganic N

is also added via precipitation and dryfall, but these quantities are quite

insignificant in the forests of the Pacific Northwest, USA. This supports the need

for periodic underbuming in these systems.

The association of N-fixing shrubs (e.g. such as Ceanothu.c velutinus) with

coniferous ecosystems may provide additional sources of C and N (Binkley et al.

1982). Youngberg and Wollum (1976) measured post-fire site accumulation of N

associated fixation of Ceanothus velutinus to be 72 kg N ha:' yr4 for P. ponderosa

stands during the first 10 years following slash fires. However, Walker et al.

(1986) suggested that the mere presence of symbiotic N-fixing shrubs should not be

assumed to signify high rates of N input. Total ecosystem N pool losses resulting
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from harvesting and underbuming ranged from 1095.5 kg ha' in No Fell to 1157.7

and 1212.6 kg ha' in Bole Removal and Fell-No Removal, respectively.

Large differences are possible in the level of organic matter consumption

during fires and those differences will affect responses such as nutrient loss turn-

over rates and accumulation, posture vegetation composition, and successional

pathways (Kauffman and Martin, 1989). The effects of fire and biomass export on

P. ponderosa ecosystems include many complex interactions. Additional

investigations are required in order to precisely quantify N pools and to better

understand the processes that drive N cycling, especially with regards to long-term

site productivity.
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Conclusion

Prescribed underburning and commercial thinning activities in second-growth

P. ponderosa forests significantly reduced the total N pools sequestered in the

fuels. Total N pooi losses associated with biomass removed via harvesting was

58.7 and 147.9 kg ha-' in Whole Tree Removal and Bole Removal, respectively.

The mass of aboveground N pools lost from underburning (347-576 kg ha') was

36 to 51 % of the available N pool, however more than 50% of the combusted fuels

were in the organic horizons. There were no significant additions or losses of soil

N pools.

Approximately 90% of the aboveground N pool in pile burns was lost.

Although the temperature in the 0-2.5 cm soil horizon exceeded the critical range

of N volatilization (i.e. 200°C) for > 4 hrs, reduction in the concentration of total

N was minimal. However, the mass of soil N pools lost during pile burning were

nearly double the N pools lost from woody biomass in the Fell-No Removal

treatment. Significant increases in the 0-10 cm soil horizon pH values occurred

during pile burning. This suggests a reduced cation exchange capacity resulting

from combusted soil organic matter or oxidized root biomass. However, the

extreme soil temperatures associated with pile burning may pose unacceptable

conditions for soil organisms (Botchers and Perry 1990) and negatively affect soil

physical properties.

The P. ponderosa ecosystems of Oregon have been subjected to nearly 100

years of fire exclusion and yet are expected to provide a continuous supply of
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economic benefits, recreational opportunities, and wildlife habitat. Fuel

accumulations have generated very large pools of organic N which are not readily

available for plant uptake. However, fire is the primary ecological mechanism

required for efficient transformation of organic N to the mineral form of N

required by plants.

Contemporary forest management is typically guided by the success or failure

of past practices, current ideology, and various socio-economic factors. However,

biological interpretation is often masked in paradigms and politics. It is only

through an ecological understanding of biogeochemical processes that informed

decisions may be reached concerning how to best manage and protect the forest

ecosystem, and to predict the short and long-term consequences of those decisions.

Ecosystem maintenance and sustainability must be ultimately achieved if there is to

be a forest resource in the future.
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APPENDIX A

Fuel transect layout for sampling of thinning slash on plots established at
three experimental long-term productivity sites in second-growth Pinus
ponderosa at the Deschutes National Forest, Oregon.
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Table B-I. Duff and Soil bulk density (g/cm3) in relation to four experimental long term
productivity thinning treatments in second-growth Pinus ponderosa at the Deschutes National
Forest, Oregon. Data are mean and standard error in parentheses. n = 15 per treatment.

Duff

(0-2.5 cm)

Soil Depth

(2.5-10 cm)

Treatment

No Fell 0.189 (0.02) 0.639 (0.02) 0.754 (0.02)

Whole Tree Removal 0.207 (0.02) 0.642 (0.02) 0.728 (0.02)

Bole Removal 0.208 (0.02) 0.596 (0.02) 0.706 (0.02)

Fell-No Removal 0.179 (0.02) 0.675 (0.02) 0.728 (0.02)



Table B-2. Dead and downed woody fuel biomass, stump biomass and forest floor biomass (Mg ha-1) before and after
burning Whole Tree Removal thinning treatment plots on three experimental long term productivity sites in second-growth
Pinus ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n = 12
transects per plot.

Plot 11 Plot1 I'IatS Plot 14 PloiL Plot N

Poofira Po.Uira Prafira Pa.tk)r, Prafira Potfira Prafira Po.Ifira Po'rfioa Poodire Poalira Po.thor

Lioeo (0>) 4.31 (1.78) 0.00 (0.67) 7.35 (1.78) 0.00 (0.67) 4.64 (1.78) 2.96 (0.67) 4.94 (1.78) 0.00 (0.67) 5.15 (1.78) 0.00 (0.67) 8.23 (1.78) 0.00 (0.67)

DafT ((Ia. Oo) 65.69 (9.43) 40.20 (7.28) 86.65 (9.43) 68.22 (7.22) 79.76 (9.43) 66.9 (7.28) 66.33 (9.43) 20.77 (7.28) 79.85 (9.43) 28.69 (7.28) 105.01 (9.43) 60.24 (7.28)

Woody okbrii
(dlm. ooa)

0-0.64 2.61 (0.26) 0.41 (0.19) 3.13 (0.26) 0,94(0.19) 1.23 (0.29) 0.34(0.19) 1.54 (0.29) 0.07 (0,19) 1.04(0.29) 0.06(0.10> 1.91 (0.29) 0.78 (0.19)

0.64- 2.54 4.56(0.8) 1.63 (0.59) 6.00(0.8) 4.2 (0.59) 7.40(0.8) 4.74 (0.56) 5.5 (0.8) 0.9 (0.59) 2.05 (0.8) 0.29(0.56) 4.14(0.8) 2.87(0.56)

2.54-7.62 1.07 (0.2) 0.82 (0.14) 1.66 (0.2) 1.48 (0.14) 1.72 (0.2) 1.41 (0.14) 0.72 (0,2) 0.49 (0.14) 0.73 (0.2) 0.46 (0.14) 0.58(0.7) 0.51 (0.14)

> 7.62 (soun4) 12.82 (4.09) 11.93 (3,08) 12.33 (4.09) 4.01 (3,08) 17,75 (4.09) 15.91 (1.88) 2.19 (4.09) 1.78 (3.08) 3.06 (4.09) 2.3 (3.08) 4.08 (4.09) 3.58 (4.08)

> 7.62 (rotOan) 0.85 (1) 0.00 (0.73) 2.93 (1) 1.89 (0.73) 0.27 (1) 1.56 (1.23) 2.53 (1) 1.04 (0.73) 3.06 (1) 2.07 (0.73) 0.83 (I) 0.53 (0.73)

Total woody dnbth 22.02 (4.51) 14.79 (3.15) 26.95 (4.51) 12.52 (3.14) 22.37 (4.51) 23.96 (3.14) 12.48 (4.51) 4.27 (3.14) 9.94(4.51) 5.17 (3.14) 11.55 (4.51) 8.27 (3.14)

&umpe 2.01 (1.33) 1.81 (0.78) 1.3 (1.33) 1.05 (0.78) 3.14 (1.33) 3.00(0.78) 5.42 (1.33) 2.61 (0.71) 2.56 (1.33) 1.32 (0.78) 5.13 (1.33) 3.71 (0.78)

Total 94.04 (10.85) 56,80 (7.92) 122.25 (10.85) 81.8 (7.92) 115.91 (10.85) 93.95 (7.92) 89.16 (10.85) 27.65 (7.97) 97.50 (10.85) 35.19 (7.92) 129.92 (10.85) 72.21 (7.97)

Aah 1.82 (1.51) 4.92 (1.51) 0.51 (1.51) 6.03 (1.51) 6.80 (1.51) 5.84 (1.51)

Far Eaat Sagar Coot Swod Ridga



§ Fuel moisture collected by site only.

0 - 2.5 cm 30.7 (3.9) 35.4 (3.9) 41.1 (3.9) 44.8 (3.9) 39.1 (3.9) 32.8 (3.9)

2.5 - 10cm 33.3 (1.8) 31.4 (1.8) 33.9 (1.8) 32.8 (1.8) 25.0 (1.8) 30.0 (1.8)

Fuel Moisture Content

Duff (Os, Oe) 14.3 (9.2) 36.5 (9.2) 44.6 (9.2) 44.4 (9.2) 36.6 (9.2) 54.6 (9.2)

Litter (Oi) 10.9 (6.5) 13.9 (6.5) 34.9 (6.5) 9.6 (6.5) 13.4 (6.5) 16.8 (6.5)

Woody Debris

Diam. 0.64- 2.54cm 12.5 (4.1) 20.8 (4.1) 21.6 (4.1) 12.9 (4.1) 16.54 (4.10) 29.4 (4.1)

Diam. > 7.62 cm8 82.5 (9.1) 82.5 (9.1) 88.3 (9.1) 88.3 (9.1) 116.3 (9.1) 116.3 (9.1)

Far East Sugar Cast Swede Ridge

Plot 11 Plot 18 Plot 5 Plot 14 Plot L Plot N

Environmental

Temperature (°C) 13 9 6 20 19 14

Relative Humidity (%) 43 31 79 26 38 50

WindSpeed(kmhr) 6-7 2-4 6-7 4-5 4-5 4-5

Soil Moisture (%)

Table B-3. Environmental conditions and fuel moisture content (%)
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associated with prescribed burning of Whole Tree Removal thinning
treatment plots on three experimental long term productivity sites in second-
growth Pinus ponderosa at the Deschutes National Forest, Oregon. Data
are mean and standard error in parentheses. n = 5 per moisture content
component per plot.



Table B-4. Fire behavior and fuel consumption associated with prescribed
161

burning of Whole Tree Removal thinning treatment plots on three experimental
long term productivity sites in second-growth Pinus ponderosa at the Deschutes
National Forest, Oregon. Data are mean and standard error in parentheses.

Parameter

Far East Sugar Cast Swede Ridge

Plot 11 Plot 18 Plot 5 Plot 14 PlOt L PLOt N

Flame Length (m) 0.45 (0.10) 0.74 (0.10) 0.27 (0.10) 0.31 (0.10) 0.75 (0.09) 0.28 (0.10)

Flame Height (m) 0.21 (0.07) 0.35 (0.07) 0.16 (0.07) 0.17 (0.07) 0.44 (0.06) 0.20 (0.07)

Flame Depth (m) 0.65 (0.11) 0.87 (0.11) 0.30 (0.11) 0.23 (0.11) 0.73 (0.09) 0.22 (0.11)

Flame Angle (0) 72.00 (2.96) 49.00 (2.96) 40.00 (2.96) 47.00 (2.96) 47.86 (2.51) 59.00 (2.96)

Rate of Spread (mmm') 0.66 (0.15) 0.95 (0.15) 0.75 (0.15) 0.92 (0.15) 1.97(0.12) 1.01 (0.15)

Residence Time (sec.) 36.80 (1.66) 27.60 (1.66) 31.60 (1.66) 27.20 (1.66) 24.86 (1.41) 25.80 (1.66)

Fireline Intensity (kW m') 56 (48) 154 (48) 16 (48) 22 (48) 175 (41) 17 (48)

Reaction Intensity (kWm') 101 (39) 173 (39) 62 (39) 91 (39) 202 (33) 94 (39)

Heat per Unit Area (kJm') 4905 (1797) 9653 (1797) 1209 (1797) 1488 (1797) 5112 (1519) 1083 (1797)

Fuel Consumed (Mg ha') 37.24 (7.46) 40.45 (7.46) 21.96 (7.46) 61.51 (7.46) 62.32 (7.46) 57,71 (7.46)

Fuel Consumption (%) 39.29 (4.4) 30.12 (4.4) 17.86 (4.4) 67.84 (4.4) 66.21 (4.4) 43.99 (4.4)



Table B-5. Fuel consumption (%) associated with burning Whole Tree Removal thinning treatment
plots on three experimental long term productivity sites in second-growth Pinus ponderosa at the
Deschutes National Forest, Oregon. Data are mean and standard error in parentheses. n = 12
transects per treatment plot.

* Denotes a significant difference (P 0.10) in consumption when testing between plots at each site utilizing the Student's t test.

Plot 11

Far East

Plot 18 Plot S

Sugar Cast

Plot 14

Swede Ridge

Plot L Plot N

Litter (01) 100.00 (4.98) 100.00 (4.98) 73.92 (4.98)' 100.00 (4.98) 100.00 (4.98) 100.00 (4.98)

Duff (On, Oe) 37.15 (5.14)' 17.12 (5.14) 13.72(5.14)' 69.16 (5.14) 67.13 (5.14)' 42.96 (5,14)

Woody debris
(diam. cm)

0 -0.64 80.21 (6.10) 67.76 (6.10) 68.38 (6.10)' 94.07 (6.10) 93.79(6.10)' 57.49 (6.10)

0.64-2.54 52.52 (8.65) 40.89 (8.65) 33.35 (8.65)* 73.70 (8.65) 78.90 (8.65)' 38.12 (8.65)

2.54-7.62 27.66(8.4) 19.89(8.4) 20.32 (9.2) 40.00(9.2) 31.50 (8.4) 29.17 (8.4)

> 7.62 (sound) 9.23 (11)' 49.63 (11.54) 20.6 (12.16)' 67.01 (11.54) 41.11 (12.9) 51.92 (12.9)

> 7.62 (rotten) 100.00 (38.06) 30.61 (14.38) 0 (38.06) 66.36 (13.45) 43.21 (17.01) 29.34 (26.91)

Total woody debris 36.46 (7.06) 42.69 (7.06) 18.02 (7.06)' 61.22 (7.06) 52.08 (7.06)' 28.47 (7.06)

Stumps 9.71 (9.4) 38.75 (10.29) 0.46 (11.51) 24.50 (11.51) 33.82 (10.29) 9.66 (9.81)

Total 39.29(4.39) 30.12 (4.39) 18.00 (4.39)' 67.84 (4.39) 66.21 (4.39)' 43.99 (4.39)



Table B-6. Soil nitrogen concentration, soil nitrogen mass, and soil pH before and after burning
machine piled thinning slash on three experimental long term productivity sites in second-growth Pinus
ponderosa at the Deschutes National Forest, Oregon. Data are mean and standard error in parentheses.
n = 10 per soil depth per site.

t Denotes a significant difference (P 0.10) in parameters when testing within sites following fire utilizing the Student's t test.

* Different superscripted lowercase letters denote a significant difference (P 0.10) in parameters when testing between sites prior to burning utilizing the
Tukey 1{SD test. Different superscripted uppercase letters denote a significant difference in parameters when testing between sites following fire.

Soil Depth

Far East Sugar Cast Swede Ridge

Prefire Postfire

Concentration (%)

Postfire Prefire PostfirePrefire

0 - 2.5 cmt 0.073 (0.014)' 0.058 (0.006)A 0.105 (0.014)' 0.089 (0.006) 0.166 (0.014)" 0.045 (0.006)A

2.5-10cm 0.048(0.018)' 0.046(0.015)A 0.072(0.018)" 0.06 (0.015)A 0.125(0.018)" 0.110(0.01S)

Mass (kg 1)

0 -2.5 cm 117.14 (23.2)' 99.03 (82)A 168.42 (23.2)' 166.28 (8.2)' 266.33 (23.2)"' 91.89 ($.2)A

2.5 - 10cm 263.72 (77.73)' 253.29 (58.31)A 390.94(77.73)"' 351.48 (58.31)' 683.59 (77.73)" 665.71 (58.31)

Total 380.86 (89.52)' 352.33 (60.38)A 559.36 (89.53)' 517.76 (60.38)'a 949.93 (89.53)" 757.60 (60.38)

Soil pH

0 - 2.5 cm 6.3 (0.1)' 7.2 (O.2)ftt 6.1 (0.1)"' 6.2 (0.2) 5.7 (0.1)" 8.6 (O,2)'t

2.5 - 10 cm 5.9 (0.1) 6.2 (O.2)A 5.8 (0.1) 6.2 (02)A 5.8 (0.1) 7.6 (O.2)'t


