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Tree growth and soil nutrient responses to prescribed underburning

were determined for a period of up to 12 years at four sites in northcentral and

central Oregon ponderosa pine stands (Pinus ponderosa Dougl. ex Laws.).

Differences reported are significant at a = 0.10.

During the first 4-growing-season-measurement period after

underburning, ponderosa pine periodic annual increments (PAIs) were reduced

for basal area (BA) by 12 to 33 percent at all four sites; for volume, by 8 to 34

percent at two sites; for height, by 12 and 19 percent for the two different

intensities of burn treatment at one site; and for quadratic mean diameter, by

11 to 29 percent at three sites. Percent increases in BA in ponderosa pine

were reduced by 16 to 31 percent and percent increases in volume by from 3 to

32 percent, both at all four sites. Reductions in PAIs persisted for 12

years-three 4-growing-season measurement periods-at the one site where

tree growth was measured for that period of time.

The responses of mineral soil and forest floor horizons to prescribed

underburning and time were determined at the same four sites. Changes due



to treatment immediately after underburning and long-term; due to time; due

to treatment x time interaction; and from year to year, irrespective of

treatment, were determined.

Immediately after underburning, mineral soil bulk density and

concentrations of TN, soil organic matter (SOM), and bicarbonate extractable

P decreased at one site. Forest floor OM, TN, total P, and total K masses

decreased immediately after underburning. The summed (1) masses of forest

floor and mineral soil nutrients, ZOM, ETN, I total P, £C//N, EC/Y.TP, and

ZN/5:TP, decreased immediately after underburning in the high fuel

consumption treatment units at Lava Butte.

Soil pH increased after underburning and remained elevated by about

0.2 pH units for up to 12 years-the duration of the study. Soils with low

initial concentrations of TN, SOM, or CEC appeared more likely to show

changes in these nutrients or properties due to prescribed underburning.



Response of Ponderosa Pine Forests in
Central Oregon to Prescribed Underburning

by

Johanna D. Landsberg

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

Completed October 15, 1992
Commencement June 1993



APPROVED:

0

Associate Professor of Forest S
A
ence in charge of major

Associate Professor of Soilk*charge of integrated minor

141

Head d

I-

V)
apartment of Forest Science

Date thesis is presented October 15, 1992

Typed by Johanna D. Landsberg



ACKNOWLEDGEMENTS

"A woman must have ... a room of her own if she is to write..."'

The USDA-Forest Service, Pacific Northwest Research Station, Silviculture

Laboratory provided the funding for this research and for "a room of my own" in

which to write. I greatly appreciate both.

Two individuals were instrumental in convincing me to go back to school.

Bob Martin, thanks for "passing the [drip] torch", for getting me started in

prescribed fire research, and for encouraging me to go back to school. Art

Schipper, thanks for believing in me and for believing that I was capable of doing

Ph.D. level work.

This dissertation and the research it reports have been a "trans-Cascades"

project. On the drier side of the Cascades, the following Districts of the National

Forest System have provided research sites and have excluded those sites from

other management activities: Fort Rock and Sisters Districts, Deschutes NF; Big

Summit District, Ochoco NF; and Bear Springs District, Mt. Hood NF. The Big

Summit, Sisters, and Bear Springs Districts also provided fire crews for conducting

the underburns on their respective districts. Soil scientists from the Deschutes,

Ochoco, and Mt. Hood NFs, Terry Brock, Scott Davis, and Michael McArthur,

respectively, classified the soils at the research sites on their forests. To these

Forests, Districts, and individuals I express my appreciation for your support and

assistance.

'Woolf, Virginia. 1957. A room of one's own. p. 4. Harcourt Brace Jovanovich, NY, NY.

1



Forestry Technicians Dick Newman, Larry Carpenter, Dave Frewing,

and Lee Baker from the'Silviculture Laboratory in Bend installed the research

units. The thousands of trees on those research units were measured several

times apiece, and their volumes calculated, by the same Forestry Technicians

plus Vicki Klepper and Craig Bradle.

Physical Science Technicians Michele Finck, Pat Joslin, and Janet Kirsch

expertly gathered and processed hundreds of soil samples and accurately and

precisely analyzed those samples. I appreciate your accuracy and dedication!

Colleagues at the Silviculture Laboratory have been very generous with

guidance. Pat Cochran, thank you for your patient instruction and coaching on

calculation of tree growth data from individual trees to PAIs for treatment

units, and thanks for explaining and re-explaining Langsaeter's curve. Russ

Mitchell, thank you for your moral support and encouragement. Your

assistance with information about the western spruce budworm, mountain pine

beetle, and pandora moth outbreaks was very helpful. Cathy Rose, thanks so

much for reading, discussing, re-reading, and re-discussing various iterations of

this work. Your insight, thinking, sharing, and your belief that I could meet

the deadlines have sustained me.

The Silviculture Laboratory provided technical support. Troy

Goodpasture, computer whiz, thanks for staying with this project. Thanks for

mastering that "user hostile" statistical package, for learning to insert an error

bar using most any graphics package, and for your ideas on the development

and production of the figures. Thanks, too, for the good times working

together. Jinny Martin, the best technical editor east of the Cascades, thanks

for keeping me from committing "linear transgressions" and from reporting that

I had "observed linear and quadratic equations at Lava Butte". (They are as

ii



elusive as the fabled "Big Foot".) Because ofyour patient, accurate, and

thorough work the number of faux pas has been greatly reduced. And thanks,

too, for being a partner on those stress-reducing walks.

Karin Landsberg, daughter extraordinaire, thank you for generously

donating your time to calculate the conditions-of-burning data. The "Dr.

Mom" title on your computer file is finally a reality.

On the wetter side of the Cascades I want to express my appreciation

to: Kermit Cromack, Jr., Major Professor, who had more ideas than I could

possibly incorporate. Thank you, Kermit, for your "pep talks" during the rough

spots and for going to bat for me when I needed it. Your professional

expertise was a major factor in stretching me during this program.

To the faculty who served on my committee and staff who provided

technical support, I express my appreciation: Dave Perry, thank you for your

insightful and incisive input throughout this process. I value my discussions

with you. Susan Stafford, you served as a role model. Thank you for being

there, for your statistical assistance, and for the gentle manner in which you

encouraged me to aspire higher. Dave Myrold, thank you for introducing me

to a method of group problem solving and for introducing me to the

fascinating world of forest soils. Tom Sabin, thank you for sharing your

expertise in SAS and for your patience in answering questions and explaining

statistical interpretation over the phone and by electronic mail. You willingly

and patiently walked me through those SAS printouts. To all of you, I am
indebted.

iii



Many others, too numerous to mention individually, have assisted with

this effort along the way. I apologize for not recognizing each ofyou. I
appreciate your contributions and support.

Two individuals-sometimes found on the east side and sometimes on

the west side-have encouraged me throughout this process. To my adult

children, Karin and Eric, thank you for your unwavering belief that I would

complete this program.

iv



TABLE OF CONTENTS

INTRODUCTION ....................................... 1

Chapter I: Ponderosa Pine Growth Response to Prescribed Underburning in
Northcentral and Central Oregon

Introduction ......................................7
Methods and Materials .............................. 14
Results ........................................ 39
Discussion ....................... .............65
Conclusions ..... ...............................75
Literature Cited ................................... 77

Chapter II: Soil Fertility Response to Prescribed Underburning in
Ponderosa Pine Forests of Northcentral and Central Oregon

Introduction ..................................... 81
Methods and Materials .............................. 86
Results ........................................ 91
Discussion ..................................... 201
Conclusions .................................... 232
Literature Cited .................................. 238

APPENDICES FIGURES ................................ 242
APPENDICES TABLES ................................. 261

v



LIST OF FIGURES

Chapter I Page

Figure I-1 Locations of Lava Butte, Cemetery, Annabelle, and 15
Bear Springs sites

Figure 1-2 Forest floor characteristics at Lava Butte, Cemetery, 29
a and b Annabelle, and Bear Springs; a) Lower duff moisture

during prescribed underburns, and b) Forest floor
depth before and after prescribed underburns

Figure 1-3 Moisture in dead-and-down woody fuels by diameter 30
class at Lava Butte, Cemetery, and Annabelle

Figure 1-4 Fire behavior during prescribed underburns at Lava 35
a, b, and c Butte, Cemetery, Annabelle, and Bear Springs; a)

Flame length and height, b) Rate of spread, and c)
Fire-line intensity

Figure I-5a Dead-and-down woody fuel load by diameter class 40
before and after prescribed underburning at Lava
Butte, Cemetery, and Annabelle

Figure I-5b Total dead-and-down woody fuel load before and after 42
prescribed underburning at Lava Butte, Cemetery, and
Annabelle

Figure 1-6 Mortality of ponderosa pine, as a percent of initial 44
basal area, after prescribed underburning at Lava
Butte, Cemetery, Annabelle, and Bear Springs

Figure 1-7 Basal area periodic annual increment of ponderosa pine 50
after prescribed underburning at Lava Butte,
Annabelle, and Bear Springs; and of ponderosa pine
and Douglas-fir summed at Cemetery

Figure 1-8 Volume periodic annual increment of ponderosa pine 51
after prescribed underburning at Lava Butte,
Annabelle, and Bear Springs; and of ponderosa pine
and Douglas-fir summed at Cemetery

Figure 1-9 Height periodic annual increment of ponderosa pine 52
after prescribed underburning at Lava Butte,
Annabelle, and Bear Springs; and of ponderosa pine
and Douglas-fir summed at Cemetery

vi



Figure I-10 Quadratic mean diameter periodic annual increment of 54
ponderosa pine after prescribed underburning at Lava
Butte, Annabelle, and Bear Springs; and of ponderosa
pine and Douglas-fir summed at Cemetery

Figure I-11 Basal area percent increase in ponderosa pine after 55
prescribed underburning at Lava Butte, Cemetery,
Annabelle, and Bear Springs

Figure 1-12 Volume percent increase in ponderosa pine after 59
prescribed underburning at Lava Butte, Cemetery,
Annabelle, and Bear Springs

Chapter II

Figure II-1 Total N concentration in the top 6 cm of mineral soil 103
before and immediately after prescribed underburning
at Lava Butte

Figure II-2 Mineralizable N concentration in the top 6 cm of 105
mineral soil before and after prescribed underburning
at Cemetery

Figure II-3 Mineralizable N concentration in the top 6 cm of 106
mineral soil 10 and 12 years after prescribed
underburning at Lava Butte

Figure 11-4 Bicarbonate extractable P concentration in the top 6 108
cm of mineral soil before and immediately after
prescribed underburning at Lava Butte

Figure 11-5 Bray I extractable P concentration in the top 6 cm of 109
mineral soil before and immediately after prescribed
underburning at Cemetery

Figure II-6a Bicarbonate extractable P concentration in the top 6 110
and b cm of mineral soil before and after prescribed

underburning, treatment x time interaction, at a) Lava
Butte and b) Cemetery

Figure 11-7 Bray I extractable P concentration in the top 6 cm of 111
mineral soil before and after prescribed underburning,
treatment x time interaction, at Cemetery

vii



Figure 11-8a

and b

Figure 11-9

Figure 11-10

Figure II-11

Figure II-12

Figure II-13

Figure II-14

Figure II-15

Figure II-16

Figure II-17a

and b

Figure II-18

Figure II-19

Soil pH in the top 6 cm of mineral soil before and 113
after prescribed underburning, treatment x time
interaction, at a) Lava Butte and b) Cemetery

Organic matter concentration in the top 6 cm of 114
mineral soil before and immediately after prescribed
underburning at Lava Butte

Exchangeable Mg, in cmole charge, in the top 6 cm of 117
mineral soil before and immediately after prescribed
underburning at Lava Butte

Exchangeable Ca, in cmole charge, in the top 6 cm of 118
mineral soil before and after prescribed underburning,
treatment x time interaction, at Cemetery

Soil bulk density in the top 6 cm of mineral soil before 120
and after prescribed underburning at Lava Butte

Ratio of concentrations, C/PBBy I, in the top 6 cm of 122
mineral soil before and immediately after prescribed
underburning at Lava Butte

Ratio of concentrations, C/Pgs04, in the top 6 cm of 123
mineral soil before and immediately after prescribed
underburning at Lava Butte

Ratio of concentrations, N/PBB,,y I, in the top 6 cm of 125
mineral soil before and immediately after prescribed
underburning at Lava Butte

Ratio of concentrations, N/P, in the top 6 cm of 126,04

mineral soil before and immediately after prescribed
underburning at Lava Butte

Ratio of concentrations, N/PBR,yI, in the top 6 cm of 127
mineral soil before and after prescribed underburning,
treatment x time interaction, at a) Lava Butte and b)
Cemetery

Ratio of concentrations, N/PIE, in the top 6 cm of 128
mineral soil before and after prescribed underburning,
treatment x time interaction, at Lava Butte

Organic matter mass in the top 6 cm of mineral soil 134
before and after prescribed underburning at Lava Butte

viii



Figure II-20 Total N mass in the top 6 cm of mineral soil before 135
and after prescribed underburning at Lava Butte

Figure 11-21 Bicarbonate extractable P mass in the top 6 cm of 136
mineral soil before and after prescribed underburning
at Lava Butte

Figure II-22 Exchangeable Mg mass, in mole charge, in the top 6 137
cm of mineral soil before and after prescribed
underburning at Lava Butte

Figure II-23 Ratio of masses, C/PII,., in the top 6 cm of mineral 138
soil before and immediately after prescribed
underburning at Lava Butte

Figure 11-24 Ratio of masses, N/P 04, in the top 6 cm of mineral 139
soil before and immediately after prescribed
underburning at Lava Butte

Figure II-25 Bray I extractable P mass in the top 6 cm of mineral 141
soil before and after prescribed underburning at Lava
Butte

Figure II-26 Ratio of masses, N/PBRy I, in the top 6 cm of mineral 142
soil before and after prescribed underburning at Lava
Butte

Figure II-27 Forest floor organic matter mass before and after 146
prescribed underburning at Lava Butte; treatment
means and confidence intervals (a = 0.05) determined
on In of variable

Figure II-28 Forest floor TN mass before and after prescribed 147
underburning at Lava Butte; treatment means and
confidence intervals (a = 0.05) determined on In of
variable

Figure II-29 Forest floor total P mass before and after prescribed 148
underburning at Lava Butte; treatment means and
confidence intervals (a = 0.05) determined on In of
variable

Figure 11-30 Forest floor total Ca mass before and after prescribed 150
underburning at Lava Butte; treatment means and
confidence intervals (a = 0.05) determined on In of
variable

ix



Figure 11-31 Forest floor total K mass before and after prescribed 151
underburning at Lava Butte; treatment means and
confidence intervals (a = 0.05) determined on In of
variable

Figure II-32 Ratio of masses, C/N, in the forest floor before and 152
after prescribed underburning at Lava Butte; treatment
means and confidence intervals (a = 0.05) determined
on In of variables

Figure II-33 Ratio of masses, C/TP, in the forest floor before and 153
after prescribed underburning at Lava Butte; treatment
means and confidence intervals (a = 0.05) determined
on In of variables

Figure 11-34 Ratio of masses, N/TP, in the forest floor before and 155
after prescribed underburning at Lava Butte; treatment
means and confidence intervals (a = 0.05) determined
on In of variables

Figure II-35 EOM mass in the forest floor and the top 6 cm of 157
mineral soil before and immediately after prescribed
underburning at Lava Butte

Figure II-36 ETN-mass in the forest floor and the top 6 cm of 159
mineral soil before and immediately. after prescribed
underburning at Lava Butte

Figure II-37 E total P mass in the forest floor and the top 6 cm of 160
mineral soil before and immediately after-prescribed
underburning at Lava Butte

Figure II-38 Ratio of summed masses, EC/EN, in the forest floor 161

and the top 6 cm of mineral soil before and
immediately after prescribed underburning at Lava
Butte

Figure 11-39 Ratio of summed masses, EC/EP, in the forest floor 162

and the top 6 cm of mineral soil before and
immediately after prescribed underburning at Lava
Butte

Figure II-40 Ratio of summed masses, EN/EP, in the forest floor 163

and the top 6 cm of mineral soil before and
immediately after prescribed underburning at Lava
Butte

x



Figure II-41
a and b

Figure 11-42

Figure II-43a
and b

Figure II-44

Figure II-45

Figure H-46

Figure II-47

Figure 11-48

Figure II-49

Figure II-50

Figure II-51

Figure II-52

Regressions of mineral soil TN concentration (Y) on 168
mineral SOM concentration (X) with r2s - 0.70 at a)
Lava Butte and Cemetery, and b) Bear Springs

Regressions of mineral soil mineralizable N
concentration (Y) on TN concentration (X) with r2s
0.70 at Lava Butte and Annabelle

170

Regressions of mineral soil CEC (Y) on mineral SOM 171
concentrations (X) with r2s > 0.70 at a) Lava Butte
and b) Bear Springs

Regressions of mineral soil pH (Y) on mineral soil 173
exchangeable Ca (X) with r2s > 0.70 at Lava Butte

Regressions of forest floor TN mass (Y) on forest 176
floor OM mass (X) with r2s >_ 0.70 at Lava Butte

Regressions of forest floor total P mass (Y) on forest 177
floor OM mass (X) with r2s >_ 0.70 at Lava Butte

Regressions of summed mass of TN in the forest floor 177
and top 6 cm of mineral soil (Y) on the summed mass
of OM in the forest floor and top 6 cm of mineral soil
(X) with r2s >_ 0.70 at Lava Butte

Regressions of pH or exchangeable Ca (Y) on percent 183
duff depth reduction (X) one year after prescribed
underburning at Lava Butte

Regressions of pH or mineralizable N concentration 187
(Y) on Byram's fire-line intensity (X) one year after
prescribed underburning at Lava Butte

Regression of ratio of masses, C/N, in the forest floor 193
(Y) on percent duff depth reduction (X) immediately
after prescribed underburning at Lava Butte

Regression of mass of TN or total P in the forest floor 195
(Y) on Byram's fire-line intensity (X) three years after
prescribed underburning at Lava Butte

Regression of ratio of summed masses of nutrients, 198
EC/EN, in the forest floor and the top 6 cm of mineral
soil (Y) on percent duff depth reduction (X)
immediately after prescribed underburning at Lava
Butte

xi



Figure II-53 Regressions of a) summed masses of nutrients EOM, 199
in the forest floor and top 6 cm of mineral soil or b)
ratio of summed masses, EC/E/N, in the forest floor
and top 6 cm of mineral soil (Y) on Byram's fire-line
intensity (X) immediately after prescribed
underburning at Lava Butte

Figure II-54 Regression of ratio of summed masses of nutrients, 200
CIE total P, in the forest floor and top 6 cm of

mineral soil (Y) on Byram's fire-line intensity (X)
immediately after prescribed underburning at Lava
Butte

Xii



LIST OF TABLES

Chapter I Page

Table I-1 Site characteristics, treatments, and treatment dates for 16
prescribed underburns

Table 1-2 Stand characteristics prior to underburning 18

Table 1-3 Forest floor and dead-and-down woody fuel load and 25
consumption by diameter class, mean ± standard error

Table 1-4 Moisture in forest floor horizons during prescribed 28
underburns, mean ± standard error

Table I-5 Fuel moisture for dead-and-down woody fuel by 28
diameter class during prescribed underburns, mean t
standard error

Table 1-6 Fuel moisture for live Pinus ponderosa by diameter 31
class, for grass and forbs, and for top soil, mean ±
standard error

Table 1-7 Fuel moisture for live shrubs by diameter class during 31
prescribed underburns, mean ± standard error

Table 1-8 Weather during prescribed underburns 33

Table 1-9 Mortality at the four sites; mean ± standard error at 43
Lava Butte, mean ± standard deviation at other sites

Table I-10a Periodic annual increments for height, basal area, 46
volume, and quadratic mean diameter at Lava Butte;
mean ± standard error and p-values for treatment,
period, and treatment x period

Table I-10b Periodic annual increments for height, basal area, 47
volume, and quadratic mean diameter at Cemetery,
Annabelle, and Bear Springs; mean ± standard
deviation and p-values for treatment

Table I-11 Periodic annual increments averaged across the three 4- 48
growing-season measurement periods at Lava Butte,
mean ± standard error and p-values for contrasts
between treatments

xiii



Table 1-12 Periodic annual increments at Lava Butte for the three 48
4-growing-season measurement periods, mean ±
standard error and p-values for contrasts between
periods

Table I-13a Basal area percent increase at Lava Butte, mean t 56
standard error and p-values for contrasts between
periods and treatments

Table I-13b Basal area percent increase at Cemetery, Annabelle, 57
and Bear Springs, mean ± standard deviation and p-
values for contrasts between and treatments

Table I-14a Volume percent increase at Lava Butte, mean f 60
standard error and p-values for contrasts between
periods and treatments

Table I-14b Volume percent increase at Cemetery, Annabelle, and 61
Bear Springs; mean ± standard deviation and p-values
for contrasts between treatments

Table 1-15 Regressions of measures of BA (Y) on measures of 63
combustion-percent duff depth reduction (X), fire-line
intensity (X), or both-(X1iX2) after prescribed
underburning at four sites

Chapter II

Table 11- 1 Preburn soil properties, nutrient concentrations, or 92
ratios of the concentrations in the top 6 cm of mineral
soil at all four sites, mean ± standard error

Table II-2a Immediate effects of prescribed underburning: Soil 93
and b properties, nutrient concentrations, or ratios of the

concentrations in the top 6 cm of mineral soil with
significant differences (a = 0.10); mean ± standard
error, at a) Lava Butte and b) Cemetery

xiv



Table 11-3 Long-term effects of prescribed underburning: Soil 96
a and b properties, nutrient concentrations, or ratios of the

concentrations in the top 6 cm of mineral soil with
significant differences (a = 0.10); mean ± standard
error, at a) Lava Butte and b) Cemetery, Annabelle
and Bear Springs

Table 11-4 Year-to-year changes, irrespective of treatment: Soil 97
a, b, c, and d properties, nutrient concentrations, or ratios of the

concentrations in the top 6 cm of mineral soil with
significant differences (a = 0.10); year means ±
standard errors and p-values for overall effect of time
after burning and for year-to-year effect of time after
burning at a) Lava Butte, b) Cemetery, c) Annabelle,
and d) Bear Springs

Table 11-5 Lava Butte: Mole charge, nutrient masses, or ratios of 130
the masses in the top 6 cm of mineral soil, treatment
means ± standard errors

Table 11-6 Lava Butte: Nutrient masses or ratios of the masses in 143
the forest floor; treatment means, confidence intervals
(a = 0.05), and p-values determined on In of
variables

Table 11-7 Lava Butte: Summed masses of nutrients in the forest 156
floor and top 6 cm of mineral soil, or ratios of the
summed masses, before and after prescribed
underburning; treatment means ± standard errors

Table 11-8 Lava Butte: Regressions of mineral soil nutrient 165

concentrations or properties in the top 6 cm of mineral
soil (Y) on other mineral soil nutrient concentrations
or properties from the same soil depth (X) before and
after prescribed underburning; regressions for postburn
dates included only if immediate postburn or when
regression function has p-value < 0.10

Table II-9 Lava Butte: Regressions of forest floor TN or total P 175

masses (Y) on forest floor OM masses (X) before and
after prescribed underburning; regressions for postburn
dates included only if immediate postburn or when
regression function has p-value < 0.10

xv



Table 11-10 Lava Butte: Regressions of summed TN mass in the 175
forest floor and top 6 cm of mineral soil (Y) on the
summed OM mass from the same horizons (X) before
and immediately after prescribed underburning

Table II-11 Regressions of mineral soil properties or nutrient 180
concentrations (Y) on percent duff depth reduction
(DDR) (X); computations based on data from the top 6
cm of mineral soil determined immediately and one
year after prescribed underburning, except at Cemetery
where the second sampling date was two years
postburn; r2s, p-values, and regression functions for
dates when regressions have p-values < 0.10

Table 11-12 Regressions of mineral soil properties, nutrient 185
concentrations, or ratios of concentrations (Y) on fire
line intensity (I) (X); computations based on data from
the top 6 cm of mineral soil determined immediately
and one year after prescribed underburning, except at
Cemetery where the second sampling date was two
years postburn; r2s, p-values, and regression functions
for dates when regressions have p-values < 0.10

Table II-13 Multiple linear regressions of mineral soil properties, 188
nutrient concentrations, or ratios of concentrations (Y)
on measures of combustion-fire-line intensity (1) (X1)
and duff depth reduction (DDR) (X2); computations
based on data from the top 6 cm of mineral soil
determined immediately and one year after prescribed
underburning, except at Cemetery where the second
sampling date was two years postburn; R2s, p-values,
and regression functions for dates when regressions
have p-values < 0.10

Table 11-14 Lava Butte: Regressions of soil mole charges or 191
nutrient masses (Y) on measures of
combustion-percent duff depth reduction (DDR) and
fire-line intensity (I)-(X); computations based on data
from the top 6 cm of mineral soil determined
immediately after prescribed underburning; r2s, p-
values, and regression functions for dates when
regressions have p-values < 0.10

xvi



Table 11-15 Lava Butte: Regressions of forest floor nutrient 192
masses or ratios of masses (Y) on measures of
combustion-percent duff depth reduction (DDR) (X)
or fire-line intensity (1) (X), or both-(X1iX2); six
observations for each variable for each sample date;
r2s or R2s, p-values, and regression functions for dates
when regressions have p-values < 0.10

Table I1-16 Lava Butte: Regressions of summed nutrient masses 197
from the forest floor plus the top 6 cm of mineral soil
or ratios of the summed masses (Y) on measures of
combustion-percent duff depth reduction (DDR) (X)
or fire-line intensity (I) (X), or both-(X1,X2);
determined immediately after prescribed underburning;
six observations for each variable; r2s or R2s, p-values,
and regression functions for regressions that have p-
values < 0.10

xvii



LIST OF APPENDICES FIGURES Page

Figure A-1 TN concentration in the top 6 cm of mineral soil 242
before and after prescribed underburning at a) Lava
Butte, b) Cemetery, c) Annabelle, and d) Bear Springs

Figure A-2 Mineralizable N concentration in the top 6 cm of 243
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-3 Bicarbonate extractable P concentration in the top 6 244
cm of mineral soil before and after prescribed
underburning at a) Lava Butte, b) Cemetery, c)
Annabelle, and d) Bear Springs

Figure A-4 Bray I extractable P concentration in the top 6 cm of 245
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-5 Phosphorus (extracted in 1 M H2SO4) concentration in 246
the top 6 cm of mineral soil before and after
prescribed underburning at a) Lava Butte, b)
Cemetery-not determined, c) Annabelle, and: d) Bear
Springs

Figure A-6 Soil pH in the top 6 cm of mineral soil before and 247
after prescribed underburning at a) Lava Butte, b)
Cemetery, c) Annabelle, and d) Bear Springs

Figure A-7 Organic matter concentration in the top 6 cm of 248
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-8 Cation exchange capacity in the top 6 cm of mineral 249
soil before and after prescribed underburning at a)
Lava Butte, b) Cemetery, c) Annabelle, and d) Bear
Springs

Figure A-9 Exchangeable Ca, in cmole charge, in the top 6 cm of 250
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

xviii



Figure A-10 Exchangeable Mg, in cmole charge, in the top 6 cm of 251
mineral soil before and after prescribed underburmng
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-11 Exchangeable K, in cmole charge, in the top 6 cm of 252
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-12 Ratio of concentrations, C/N, in the top 6 cm of 253
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-13 Ratio of concentrations, C/PBEp, in the top 6 cm of 254
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-14 Ratio ofconcentrations, C/PBgpyj, in the top 6 cm of 255
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-15 Ratio of concentrations, C/PII, in the top 6 cm of 256
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery-not determined, c)
Annabelle, and d) Bear Springs

Figure A-16 Ratio of concentrations, N/PBEp, in the top 6 cm of 257
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-17 Ratio of concentrations, N/PBRAYI, in the top 6 cm of 258
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery, c) Annabelle, and d)
Bear Springs

Figure A-18 Ratio of concentrations, N/PII O4, in the top 6 cm of 259
mineral soil before and after prescribed underburning
at a) Lava Butte, b) Cemetery-not determined, c)
Annabelle, and d) Bear Springs

xix



LIST OF APPENDICES TABLES Page

Table A-1 Fire behavior 261

Table A-2 Treatment x year means for soil properties, nutrient 262
a, b, c, and d concentrations, or ratios of the concentrations in the

top 6 cm of mineral soil before and after prescribed
underburning at a) Lava Butte, b) Cemetery, c)
Annabelle, and d) Bear Springs

Table A-3 Mean ± standard deviation for nutrient mass in top 6 274
a, b, and c cm of mineral soil using bulk density determined in

1992 for all sample dates for a) Cemetery, b)
Annabelle, and c) Bear Springs

Table A-4 Forest floor nutrient masses or ratios of the masses by 280
horizon before and after prescribed underburning at
Lava Butte

xx



RESPONSE OF PONDEROSA PINE FORESTS IN CENTRAL

OREGON TO PRESCRIBED UNDERBURNING

No matter for what particular purpose a forest is to be
managed, for timber production, for the protection of the soil,
for the control of waters, for the maintenance of aesthetic,
scientific or recreational values, or for multiple use, success in
management is contingent upon possession of a thorough
understanding of the whole forest. Management, to be
successful, must be founded in a deep appreciation of the forest,
of its origins and structure and of the complex inter-
relationships of all its component parts. And, since a forest is
an ever-changing, living community, management also demands
unremitting study of all trends in forest evolution, man-made or
natural. For any single forest the complex actions and
interactions of plants, soils, animals, micro-organisms and men,
together with all factors of climate, topography, lithology and
history, must be studied separately and in synthesis.

The prosecution of such studies is no simple or short
term task; and a full understanding is unlikely to be gained by
an individual student however competent. In this field of
endeavor it is almost impossible to isolate a single, sharply
defined problem from the tangled mass of inter-related
problems producing, by diligent research, a polished memoir
unassailable in fact and in logic. We must be satisfied if, aiming
at the stars of final truth and complete comprehension, we can
present what appears to be one aspect of the truth for
consideration and evaluation by our critics and fellow students
(Holloway, 1954).
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INTRODUCTION

Fire stirs feelings of fascination and fear.

Empedocles of Agrigentum in Sicily (ca. 490 to ca. 435 B.C.) first

recognized the existence of four elements: earth, air, fire, and water

(Leicester, p. 21, 1961). Centuries later it was believed that a mysterious

"something" needed to be present in order for fire to occur. Joseph Priestly

(1733 to 1804) discovered that mysterious something: oxygen (Leicester, p.

135, 1961).

Fire then became identified as a process of rapid oxidation requiring an

oxidizable substrate as well as oxygen and, in many cases, an initial source of
heat energy. Oxidation processes produce a more oxidized form of the

-substrate among the products of combustion. However, fire is differentiated
from slower oxidation processes by its rate and its exothermic nature yielding

heat and light. Fire will proceed as a continuous reaction until the supply of

substrate or oxygen is depleted.

Worldwide, people have long used fire without understanding the

processes that fire affects. This has held true in forest management. People
have known they could affect species composition, and, perhaps, they have

known they could reduce the hazard of catastrophic fire.

An understanding of the effects of fire on the forest ecosystem is

needed to effectively manage our forest resources. Fire can be used as a tool
to thin forest stands, reduce fuel loadings, and create game habitat;

uncontrolled, it can be a threat to multi-resource productivity.
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An investigation of the responses of ponderosa pine to prescribed

underburning is especially timely considering the western spruce budworm

(Choristoneura occidentalis Freeman.) outbreak in central and eastern Oregon

and the attendant death of large areas of mixed conifer stands. Prescribed

underburning is a potential tool for fuel reduction and species composition

control in these stands.

Historically, fire has been an integral component of coniferous

ecosystems in the western United States. In the fall of 1826, Peter Skene

Ogden (1826, in Gruell, 1985) reported fires burning and evidence of fires

from the previous year in central Oregon in the Deschutes and Paulina areas.

He identified the fires as being of Indian or unknown origin.

A fire return interval of about six years, depending upon site, has been

established for ponderosa pine in central Oregon using tree ring analysis that

dated fire scars from the year 1362 A.D. (Bork, 1985; Mazaney and Ares

Thompson, 1983). In ponderosa pine ecosystems of the southwestern United

States, the fire return interval has been identified as being about two years,

with a return interval for individual trees of about four years (Dieterich and

Swetnam, 1984). In the Blue Mountains of eastern Oregon, fire scar data

indicate a fire return interval of about 10 years (Hall, 1977).

The soils in these ecosystems developed over the millennia with fire as a

component of the ecosystem, indicating the system is capable of functioning for

thousands of years with fire as a natural, periodic occurrence.

As stated earlier, fire produces compounds that are more highly

oxidized-some of which are volatile-and energy in the form of heat.

Changes produced by fire are a direct result of the oxidation of the substrate

or due to the release of heat. Fire converts organically bound nutrients into



more readily available partially-oxidized or inorganic forms which are either

volatilized or are deposited on or within the soil. Most of the heat energy

released is distributed upwards to the atmosphere while a small amount is

absorbed by the soil surface and radiated downward, affecting soil organisms

and altering soil organic materials.

Organic matter begins changing chemically when heated to 200°C and

is completely destroyed at 450°C (Hosking, 1938). Nutrients are volatilized at

'different temperatures, with N, P, and S volatilized at lower temperatures and

Ca, Mg, and K at relatively higher temperatures (Covington and DeBano,

1990). Many soil properties are dependent upon the presence of soil organic

matter: soil structure, cation exchange capacity, available nutrients, and

microbial activity.

Surface and aerial organic material are the main fuel components in an

underburn. Prescribed underburns generally do not involve crown fires.

However, of the above-ground fuels that are consumed in a prescribed

underburn, leaves and new growth contain higher concentrations of important

nutrients, especially N and P, than do larger older materials. Forest floor

material is an additional important reservoir for nutrients and an energy source

for microorganisms that regulate nutrient mineralization processes. Fine aerial

fuels and forest floor material are usually consumed to some degree in all

intensities of fires.

Several decades of fire exclusion in the interior northwest of the United

States have altered forest structure and composition. Less apparent are the

probable changes in ecosystem processes that have accompanied the changes in

structure and composition.

4



5

Fire exclusion has altered forest structure by modifying the horizontal

and vertical distribution of fuels. Ponderosa pine forests in central Oregon are

now predominantly even-aged stands that regenerated naturally following the

extensive harvesting that occurred shortly after the turn of the century.

Nutrient pools are on or close to the ground in these second growth stands,

and ladder fuel is abundant in contrast to earlier stands, which had little

understory and contained their nutrient reservoirs in the soil or crown.

Fire exclusion has altered forest composition by allowing shade tolerant

species to invade sites of fire tolerant species, primarily ponderosa pine.

Recently, forest managers have reintroduced prescribed underburning in

ponderosa pine ecosystems, primarily to reduce fuel loads to prevent disastrous

wildfires.

In view of these four facts-that fuel loads near the surface have

increased, that these fuels are the principal source of energy and nutrients for

the biological processes of the system, that these fuels are combusted in fire,

and that forest managers are reintroducing fire-it is clear that the effect of

prescribed underburning in these forest systems needs to be understood.

Widely differing conclusions have been obtained from research on the

effects of prescribed underburning. The most important variables that make it

difficult to compare conclusions are the differences in time elapsed from

burning to sampling, and the generally unknown differences in burning

parameters-fuel load, fuel moisture, fuel reduction, and fire behavior.

Time elapsed since burning may be a key factor in interpretation of

conflicting research results. The more soluble, and therefore more available,

nutrients resulting from both biological and non-biological mineralization

processes following fire are easily lost from the system via leaching.
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Much of our present knowledge has come from observing the response

of pine species to prescribed underburning in the southeastern United States,

South Africa, New Zealand, and Australia. In contrast, the response of

ponderosa pine forests in the interior northwest of the United States to

prescribed underburning is little understood. Tree growth response and soil

nutrition response to prescribed underburning need evaluation.



7

ChapterI ..................................................

PONDEROSA PINE GROWTH RESPONSE TO PRESCRIBED

UNDERBURNING IN NORTHCENTRAL AND CENTRAL OREGON

INTRODUCTION

In recent years forestry research has aimed at an understanding of

ecosystems that includes the impacts of prescribed fire. In the southeast and

the Pacific Northwest of the United States, some research has focused on pine

ecosystems. In the southeastern U.S., researchers have evaluated the impacts

of repeated underburns on stand growth and nutrition. In the northwest, a

limited amount of research has been conducted on the effects of prescribed

underburning in pine. Much of this research has examined the relationship

between crown scorch and mortality. However, there are a few reports on the

effect of fire-wildfire or prescribed fire-on ponderosa pine (Pinus ponderosa

Dougl. ex Laws.) growth. To date there is no long-term evaluation of

ponderosa pine growth after prescribed underburning.

I have focused this part of the research on the impacts of first entry

prescribed underburning, after decades of fire suppression, on ponderosa pine

growth.

An examination of the effects of prescribed underburning on tree

growth in pine stands is helpful in setting our course. The current work began

in 1979 when only a few reports on the effects of prescribed burning on pine

growth had been published. Research reports on the effects of prescribed fire

on ponderosa pine growth that have been published since the inception of this

research are included in the Discussion section of this chapter.
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Two reports that had been published when this research was planned

indicated that ponderosa pine growth increases after prescribed fire, and one
report indicated that growth decreases.

Morris and Mowat (1958) used prescribed fire to reduce competition in
dense stands of ponderosa pine in northeastern Washington. They found

diameter-at-breast-height (dbh) and height growth on burned plots exceeded

that of the control plots for the 6-growing-season postburn period. The growth

increase was attributed to the thinning effect; the underburns reduced stocking

from 2038 stems ha-' to 336. Diameter and height growth on the burned plots

surpassed the growth on the control plots by 36 and 7 percent, respectively.

Adjusting the analyses to average basal area (BA) of competition as well as

initial dbh, the average dbh growth on the burned plots exceeded that on

unburned plots by 25 percent, a highly significant difference.

Sometimes growth changes are tied to certain burning conditions.

Unfortunately, only occasionally do research reports include fuel moisture,
weather conditions, or fire behavior that existed at the time of the prescribed

fires. A report that did include some of this information is the one report of a

growth decrease caused by fire, in this case wildfire, in ponderosa pine. In

1959, Lynch found reduced diameter growth eight years after a wildfire in the
15 to 23 cm diameter class of ponderosa pine that had > 50 percent crown
scorch. He suggested that diameter growth would be reduced 30 to 50 percent
when crown scorch is > 50 percent. The fire-line intensity was about 2300

kW m' during the day, reached an extreme of 5500, and dropped to about 900

at night. These values were higher than would be attained (hopefully) in a
prescribed underburn.

The other report existing when this study was installed found a radial

growth increase on ponderosa pine burned in a wildfire when crown scorch was
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< 60 percent and a growth decrease-at least temporarily-where crown

scorch was > 60 percent (Pearson et al., 1972).

More evidence of the effect of prescribed burning on tree growth was

available when the species list was expanded to include all pine. Again, the

effect of prescribed burning produced mixed growth responses. Either there

was no growth difference between burned and unburned areas, or some areas

showed growth increases and others showed decreases. These researchers

related these changes to observed burning conditions or ignition patterns.

In 1952, Gruschow reported that winter headfires cause a marked

reduction in the subsequent height and diameter growth of slash pine (P.

caribaea Morelet); but prescribed burning by backfire has little or no effect,

provided the trees are more than about 12 feet high.

Using aluminum dendrometer bands, McCormick (1976), evaluated the
effect of prescribed fire on maritime pine (P. pinaster Ait.) in 38- and 19-year
old stands. He found a marked reduction in girth growth rate that persisted

for several years and was related to severity of crown damage. In the 38-year-

old trees, when a 0.5 m green tip remained, girth growth was significantly (a

0.10) reduced for three years after burning. When a 1.5 m green tip remained,
girth growth was also significantly (a = 0.05) reduced for three years after
burning. When a 3.0 m green tip remained, there was no significant difference

in girth growth. He found crown heights for the damaged trees had not

returned to normal five and a half years after burning. In the 19-year-old

plantation, girth increment for the three years after burning was 19 percent

lower in the underburned trees than in the control trees.

Van Lear et al. (1977) found prescribed burning had no effect on growth

of pole-size longleaf pine (P. palustris Mill.) during the first two years after
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burning. However, they did find a significant thinning-burning interaction. At

heavier levels of thinning, the average tree diameters were larger on the

unburned plots. And this pattern was reversed on lightly thinned or unthinned

plots.

Johansen' (1975) found that on a 9-year-old slash pine (P. elliottii

Engelm.) plantation trees with 0 to 15 percent scorch outgrew control trees.

Burning affected height growth in two instances-where scorch was severe or

where it was almost nonexistent. In the first case the growth was significantly

reduced, and in the second it was significantly increased.

Thus, the picture was very unclear at the time this research was planned

and installed. Since then, researchers investigating growth changes after

prescribed underburning in pine species other than ponderosa have continued

to report conflicting results.

Byrne (1980) reported that, during normal rainfall years, plantation

prescribed burning without crown scorch has no significant effect on plantation

growth. He found no significant differences between mean BA, mean

predominant height,. and mean total volume increments on burnt and unburnt

plots. He reported research done in Queensland, Australia on several exotic

pine species: slash pine (P. elliottii Englm. var. elliottii), Caribbean pine (P.

caribaea Mor. var. hondurensis (Seneclauze) Barr. and Golf., P. caribaea Mor.

var caribaea, P. caribaea Mor. var. bahamensis [Griseb.] Barr. and Golf.), and

loblolly pine (P. taeda L.).

Boyer (1983) reported growth decreases in a 12-year-old stand of

longleaf pine that had been burned biennially. Growth was measured seven

years after burning. Height growth over the 7-year period averaged 5.8 m on

control plots and 5.2 m on the burned plots. Annual dbh growth averaged 5.6
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mm on unburned plots and ranged from 4.8 to 5.0 mm on the burned plots;

annual volume growth averaged 3.5 m3 for the noburn treatments compared

with 2.7 to 2.9 m3 for the burned plots.

In South Africa, de Ronde (1983) burned maritime pine in early spring

and found a reduction in dbh growth in the 2-year interval after burning.

Diameter increment was reduced from 14.5 mm in the control areas to 3 mm
in the burned areas; there was no change in height growth. The burn was

characterized as producing > 50 percent crown scorch. He recommended that

crown scorch be avoided or at least limited to the lowest living branches.

Waldrop and Van Lear (1984) reported no significant differences

between preburn and postburn diameter growth in loblolly pine for low (<310

kW m' ), medium (<810 kW m'), and high (>810 kW m'1) intensity burns.

Each burn intensity was replicated five times in space and three times in

time June, August, and October.

The effect of prescribed burning on southern pine in the United States

was reviewed by Wade and Johnson (1986). They reported widely differing
results from various research projects; some researchers reported increases in

tree growth, others reported decreases.

Cain (1985) found diameter and height growth to show a significant

negative correlation with increasing crown scorch one year after a prescribed

winter burn in a 9-year-old precommercially thinned loblolly and shortleaf pine
(P. echinata Mill.) stand.

Hunt and Simpson (1985) evaluated the effects of fire on growth and

nutrition of slash pine for 9 years after repeated prescribed underburning in

southeast Queensland. When the preburn fuel contained a great deal of grass,
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they found a significant decrease in diameter growth for the burned plots

compared to the control plots. When the preburn plot condition showed

much greater fuel suspension than average with a high incidence of couch

grass, they found a significant increase in diameter growth for the burned plots

compared to the control plots. The results for height growth repeated the
above pattern; predominant height was significantly greater in the grass pair

than in the suspended fuel pair. The prescribed burns were conducted in July

at 3-year intervals, and July mean temperature was 13°C. For the initial bums,

mean fire-line intensities were 145 kW m-' and maximums were 203 kW m-'.

Subsequent bums produced lower mean and maximum values. Fuel

consumption was 5.6 Mg ha-' for the initial bums and 6.0 and 7.1 Mg ha' for
subsequent bums.

One report concluded that diameter growth increases after prescribed

underbuming:. Chambers and Villarrubia (1980) reported that following

prescribed underburning in loblolly pine (P. taeda L.), trees with a "slight

amount of crown scorch showed more diameter growth than trees with no

scorch." They attributed the increase in growth to the removal by burning of

lower noncontributing limbs. They found no relationship between the height of

bole scorch and diameter growth.

With no clear picture of the effect of prescribed underburning on any of
the pine species, this research was designed to test the following hypotheses:

1) Ho: There is no difference in above ground growth of ponderosa

pine between control and prescribed underburned trees.

2) H.: There is no difference in above ground growth of ponderosa

pine between trees underburned with a moderate fuel consumption prescribed

underburn and a high fuel consumption prescribed underburn.
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Previous prescribed underburning research seldom documented fuel

characteristics, fire weather, and fire behavior. This lack of information makes

interpretation of fire effects and comparison of research reports difficult.

Therefore, an additional objective of this research was to document the

conditions of burning including fuel load, fuel moisture, fire weather, and the
resultant fire behavior.
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METHODS AND MATERIALS

To determine tree growth and soil nutrient response to prescribed
underburning, an initial study site was chosen on the eastern slope of the

Cascade mountains in central Oregon. This site was selected as representative
of the vast area of second-growth, natural-regeneration ponderosa pine.

At the end of the first postburn measurement period, 1979 - 1982, a
decrease in ponderosa pine growth was observed at this initial site (Landsberg
et al., 1984). Consequently, additional sites were selected to test the spatial

and temporal extent of this growth decrease. Three new sites were selected

along the eastern slope of the Cascade mountains in Oregon to be

representative of the central Oregon ponderosa pine region and to reflect a

range of site qualities and stand ages at the time of underburning. Locations
of the four sites are shown in Figure I-1.

Site Descriptions

Site descriptions pare found in Table I-1.

Site 1, the initial site, is called the Lava Butte site. It is located 15 km

south of Bend, OR in a ponderosa pine/bitterbrush-greenleaf

manzanita/needlegrass community (P. ponderosa/Purshia tridentata (Pursh) Oc.-

Arctostaphylos patula Greene/Stipa occidentalis Thurb. ex Wats.). The stand
contained an occasional lodgepole pine (Pinus contorta Doug]. ex Laws.). The
community type is CP-S2-12 (Volland, 1988). The site covers 17 ha at an
elevation of 1,450 m and has less than two percent slope to the north and west.

The site receives about 33 cm of precipitation annually, mainly as snow; the

summers are normally hot and dry (Table I-1).
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Figure I-1-Locations of Lava Butte, Cemetery, Annabelle, and Bear Springs sites.



Table I-1-Site characteristics, treatments, and treatment dates for prescribed underburns

Soil

Site Location Elevation Sand Clay Classification
Annual
precip.

Slope
and aspect

Unit
size

in -percent cm percent ha

Lava Butte 15 km S of Bend, OR 1,450 79.7 4.2 loamy sand, 33 < 2 17

Cemetery

Fort Rock District,
Deschutes National Forest

42 km E of Prineville, OR 1,300 45.1 18.0

Mazama
pumice and ash

loamy sand, 50

to N and E

flat to 15 49

Annabelle

Big Summit District,
Ochoco National Forest

10 km SW of Sisters, OR 1,220 75.3 4.6

ashy, clayey,
skeletal

loam, volcanic 32

to S, W, and
NE

flat to 15 240

Bear

Sisters District,
Deschutes National Forest

120 km SE of Portland, OR 2,000 50.3 10.8

ash

loam 82

to N and NE

- 3 8.5Springs Bear Springs District
Mt. Hood National Forest to N and E

Treatments and burn dates

control,
MFCI, May 15-16, 16-17,
1979

HFC2, June 12-13, 1979

control and
operational underbum,
September 10, 1984

control and
operational underburn,
April 24 & May 16-17, 1986

control and
operational underburn,
May 27, 1988

'MFC = moderate fuel consumption prescribed underburn.
2HFC = high fuel consumption prescribed underburn.
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The soil has a mantle of Mt. Mazama volcanic pumice and ash,

deposited 7,000 years ago, that is over older buried material. The soil is

classified as a Typic Cryorthent of ashy over loamy (Shanahan-) or ashy over

loamy skeletal (Klawhop-like series). A sandy loam Al horizon 5 to 20 cm

thick and a. sandy loam AC horizon 40 to 50 cm thick overlie older, pre-

Mazama, buried material.

Stand characteristics prior to burning are found in Table 1-2. The stand

was 45 years old at breast height (BH) in 1979. Site index of the study plots is

30.7 ± 2.0 m (mean ± se) and ranges from 26.6 to 34.8 m (100-year basis)

(Barrett, 1978). The BA in 1979 of 28.5 m2 ha was on 592 stems ha-'. The
stand was precommercially thinned in 1964 and the residue left untreated until

burned in this experiment.

The Lava Butte site has endured two separate insect attacks during the

research period. A mountain pine beetle (Dendroctonous ponderosae Hopkins.)

epidemic spread throughout central Oregon in the late 1970s and peaked in

1984 (Mitchell and Preisler, 1991).. The attack began in the occasional

lodgepole pine and spread to the adjacent ponderosa pine. And in 1989 and

1991,-the trees at Lava Butte were defoliated by pandora moth (Coloradia

pandora Blake) larvae.

Site 2, Cemetery, is located 42 km east of Prineville, OR, on the Ochoco

National Forest in a ponderosa pine-Douglas-fir/elk sedge community (P.

ponderosa-Pseudotsuga menziesii (Mirbel) Franco/Carex geyeri Boott) with

some western juniper (Juniperus occidentalis Hook.) and curlleaf mountain-

mahogany (Cercocarpus ledifolius Nutt.). The community type is CD-G1-11

(Hall, 1973). The unit is in a saddle at an elevation of 1,220 to 1,375 m. The

terrain varies from relatively flat to 15 percent slope to the northeast, west, and

southwest. Annual precipitation averages 50 cm, of which 45 cm falls between

-



Table 1-2-Stand characteristics prior to underburning

Site Community type

Lava Butte CP-S2-12; Pinus
ponderosa/
Purshia tridentata-
Arctostaphylos
patula/Stipa occidentalis

Cemetery CD-Gl-11;
P. ponderosa/
Pseudotsuga menziesii/
Carex geyeri

Annabelle CW-S1-12; P.ponderosa-
Abies grandis-
A.concolor/
Ceanothus velutinus

Stand history

clearcut and broadcast
burned -1920; natural
regeneration;
pre-commercially thinned
-1964, slash untreated

clearcut -1920, grazed since;
pre-commercially thinned
-1970, slash untreated

pre-commercially thinned
-1964, slash untreated

Bear Springs plantation;
P. ponderosa

clearcut 1960; planted 1961;
precommercially thinned
1975, slash untreated

Site index'
Initial

stand age
Initial

basal area
Initial
height Dg'

Initial
stems

In years m2 ha'' m cm ha'
30.7 ± 2.03 45 28.5 13.2 23.2 592

21.7 ± 3.2 37-136 8.7 11.3 35.0 341

27.4 t 2.0 65-85 27.3 14.6 24.5 603

36.6 ± 1.3 30 15.6 11.7 35.5 477

'100-year basis, Barrett (1978).

'Dg = quadratic mean diameter = diameter of tree of average basal area.
'Mean t standard error at Lava Butte, mean ± standard deviation at other sites.
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October and June. Less than 18 cm of this precipitation falls as snow during

December through February, when air temperature averages -3°C. As at the

Lava Butte site, the summers are normally hot and dry.

Soils are ashy, clayey, or skeletal frigid, Typic Vitrandepts or Pachic

Ultic Haploxerolls. Soils best fit into one of three soil series: ashy Boardtree

series (plots 2, 4, 5, and 6), with gravelly loam A, B, and C horizons over

buried clayey Bt horizons; skeletal Yawkey series (plots 1, 3, 7, and 11), with

deep clayey-skeletal soils from colluvium and residuum weathered from old

tuffaceous sediments of basalt and andesite; or non-ashy Hankins series (plots

8, 9, 10, and 12), which are deep clayey soils from colluvium and residuum

weathered from old tuffaceous sediments that have silty clay loam surface

layers and cobbly clay subsoils. Winter soil temperatures in an adjacent area

dropped to -1 to 2°C, and summer soil temperatures reached 13 to 21°C at 50

cm depth (S. Davis, 1986, personal communication).

Different age classes were present in the stand, and ages at BH in 1984

ranged from 37 to 136 years. Site index of the study plots was 21.7. ± 3.2 m

(mean ± sd) and ranged from to 13.4 to 26.9 m (100-year basis) (Barrett,

1978). The initial BA of 8.7-m2 ha-'was on 341 stems ha-'. The site-was

harvested in about 1920 and has been grazed routinely in recent years; it was

precommercially thinned in 1970, and the thinning slash left untreated.

The Cemetery site was attacked by western spruce budworm

(Choristoneura occidentalis Freeman.) in 1986 which defoliated and killed the

tops of many of the Douglas-fir in the study site.

Site 3, Annabelle, is located 10 km southwest of Sisters, OR, on the

northeast shoulder of the North Sister in a mixed conifer/snowbrush-

ceanothus-manzanita community (P.ponderosa Abies grandis (Doug].) Lindl.-A.
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concolor (Gord. & Glend.) Lindl. ex Hildebr./Ceanothus velutinus Dougl. ex

Hook.A. patula). Community type is CW-S1-12 (Volland, 1988). The

Annabelle site is at an elevation of 1,220 m and has benchy topography varying

from flat to up to 15 percent to the north and northeast. The site receives

about 32 cm of precipitation annually, mainly as snow.

The soils classify as ashy over loamy skeletal, mixed, Typic Cryorthent

and are similar to the Shukash series. The volcanic ash mantle varies from 25

to 40 cm deep, to 1 m deep in sheltered locations. The underlying older

buried material ranges from a stony fine sandy loam to a loam with signs of

soil development.

This site supports a mosaic of single-story stands of different ages over

the study area. Ages at BH in the study plots ranged from an average of 65 to

85 years in 1985. Site index of the study plots was 27.4 m ± 2.0 m (mean ±

sd) and ranges from 22.9 to 31.4 m (100-year basis) (Barrett, 1978). The BA

of 27.3 m2 ha-' was on 603 stems ha-'. The area was precommercially thinned

in 1954, and the thinning slash left untreated.

Site 4,- Bear Springs, is a 30-year-old ponderosa pine plantation, located

120 km southeast of Portland, OR, on the Bear Springs District of the Mt.

Hood National Forest. The plantation includes occasional Douglas-fir recruits,

and the understory is principally snowbrush-ceanothus with a 28 to 80 percent

understory canopy coverage. The study site is at an elevation of 2000 m with a

slope of three percent to the north and east. The site receives 82 cm

precipitation annually, mainly as snow.

Soils at the Bear Springs site are fine-loamy, mixed, frigid, Typic

Xerumbrepts. They are well drained and formed in loess, volcanic ash, and

underlying stony, moderately fine-textured colluvium weathered from andeslte.
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The soils show poorly expressed surface horizons due to soil disturbance from

previous harvesting. The gravelly loam Ap or Al horizon extends from 0 to 8

cm, the loam to gravelly loam B horizon extends from 8 to either 40 or

occasionally to 90 cm, and-where it is present-the cobbly clay loam C

horizon extends from 40 cm down.

The Bear Springs site was clearcut and broadcast burned in 1960 and

planted in 1961 with off-site ponderosa pine. In 1970 the trees were

determined to be 1.4 m high and free-to-grow. The BA of 15.6 m2 ha-' was on

477 stems ha-' in 1988. Site index is 36.6 ± 1.3 m (mean ± sd) and ranges

from 34.8 to 38.7 m (100-year basis) (Barrett, 1978). The stand had been

precommercially thinned very lightly in 1975 and the thinning slash left

untreated.

Experimental Designs and Treatments

The experimental design was a completely randomized design (Steele

and Torrie, 1980) at all four sites. However, the treatments, number of

replications, number of study plots per treatment unit, and study plot sizes

were different at Lava Butte. A comparison of the components of the

experimental designs at the four sites follows:

Number of Study
treatments Treatment Repli- Study plots per plot

Site per site descriptions cations treatment unit size

Lava Butte 3 Control 2 4 to 6 0.08 ha
MFC'
HFCZ

Cemetery, 2 Control 6 1 0.16 ha
Annabelle, and Operational
Bear Springs underburn

'MFC = moderate fuel consumption prescribed underburn.

ZHFC = high fuel consumption prescribed underburn.
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All study plots were selected on the basis of homogeneity of overstory,

understory, and fuels for the measurement of response variables. Each study
plot was surrounded by a 10-m buffer strip that was treated as if it were part of

the study plot except at Bear Springs where a 5-m buffer strip was used in

order to accommodate the 12 treatment units (study plots) into the smaller 18
site.

The burning treatments at all four sites consisted of prescribed

underburning of untreated thinning slash and other live and dead-and-down
fuels. Burn dates are given in Table I-1. All burns were ignited using a strip
head fire pattern.

At Lava Butte, the MFC underburns were designed to remove 80

percent of the dead-and-down woody fuel 5 2.5 cm in diameter and to leave

50 percent of the duff and woody fuel >_ 7.6 cm in diameter; the HFC

underburns were prescribed to remove up to 85 percent of all dead-and-down

woody fuel and duff.

Each burn unit at Lava Butte was surrounded by a hand-dug fire line.
The MFC underburns were conducted on two successive nights in May, 1979.

One MFC unit-containing four study plots-was burned on one night, and

another MFC unit-containing six study plots-was burned the next night.
Because the burns were on different nights, the two MFC units were

replications separated by time and space. The two HFC units-each
containing five study plots-were underburned in one night the following

month. Because this fire was not continuous across the two HFC units, the

two HFC units were replications separated in space. The Lava Butte

underburns were conducted by the staff of the Silviculture Laboratory of the

Pacific Northwest Research Station.
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At the three additional study sites-Cemetery, Annabelle, and Bear

Springs-the objectives of the operational underburns were determined by the
local districts of the National Forest System, and the bums were conducted

during prescription windows of their choosing. Personnel from each district
also chose the firing pattern and conducted the prescribed underburns. The
selection of firing patterns did not allow the bum treatment units to be

separated from each other by time or space, or both. Therefore, at these sites,
the operational underbum units were not separated from each other even
though the experimental design dictated that each treatment unit be separate
for it to be a true replicate.

At Cemetery and Bear Springs, the entire sites, excluding the control

treatment units, were burned. At Cemetery, the 59-ha site was burned on one
day in September, 1984, with single or grouped no-burn control treatment units
excluded from underburning by plowed, patrolled fire lines. At Bear Springs,
the 8.5-ha site was burned on one day in May of 1988, with each of the six

control treatment units excluded and protected by hand-dug, patrolled fire
lines.

At Annabelle, because the site was much larger-240 ha-the entire site
was not burned. Here, operational underburns were conducted on two
different days, and the total area burned was 24 ha. The operational

underburn on one day in April, 1986, encompassed two burn treatment units,
their buffers, and some additional area between the burn treatment units but
outside the buffers. One control unit was within this burn and was protected
by a hand-dug, patrolled fire line. In May, three separate operational
underburns were conducted on one day. One of these operational underburns

encompassed two burn treatment units, their buffers, and a large area adjacent
to the burn units. One control unit adjacent to the two burn units was
protected by a hand-dug, patrolled fire line. The other two operational
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underburns each encompassed one burn treatment unit, its buffer, and some

adjacent area. The two separate underburns were each surrounded by hand-

dug, patrolled fire lines. The remaining control units were located outside the

burned areas at this site.

Conditions of Burning

Prior to burning, woody fuel load by diameter size class and forest floor

depth were measured. During burning, woody fuel moisture by diameter size

class, forest floor moisture, fire weather, and fire behavior were documented.

After burning, woody fuel load by diameter size class and forest floor depth

were measured again.

Fuel load. At Lava Butte, Cemetery, and Annabelle, woody fuel load by

diameter size class was determined before and after prescribed underburning

on four 15-m transects per study plot by the planar intercept method of Brown

(1974) (Table 1-3). Woody fuel load was not measured at Bear Springs due to

the near absence of woody fuel following broadcast burning that was done after

harvest of the previous stand.

Forest floor depth (Table 1-3) was measured before and after burning

according to the method of Brown at Lava Butte. At the other three sites,

forest floor depth was measured using 50 spikes per 0.16-ha study plot. Prior

to burning, the spikes were installed with the heads flush with the top of the

forest floor material. After the burns had been completed, the depth of forest

floor material consumed and the total depth of forest floor material were

measured. Forest floor depth reduction, in percent, was calculated.



Table 1-3-Forest floor depth and dead-and-down woody fuel load and consumption by diameter class, mean ± standard error

Site and
Treatment

Lava Butte

0.00 to 0.62

Fuel diameter, cm

0.63 to 2.54 2.55 to 7.62 27.63
before after loss before after loss before after loss before after loss

MR ha'' % Mg ha'' % Mg ha-' % Me ha-' %

Control 0.9 ± 0.6 3.4 ± 0.1
MFC' 0.5 ± 0.1 0.3 ± 0.0 40 3.3 ± 1.4
HFC 0.510.0 0.310.1 40 10.112.4

Cemetery
Control 0.5 ± 0.1 4.5 ± 0.6
Bum 0.3 ± 0.1 0.110.0 67 2.6 ± 0.2

Annabelle
Control 0.7 ± 0.1
Bum 0.910.2 0.110.0 89

Bear Springs
Control

3.8 1 0.1 31.7 ± 6.2
1.9±0.1 42 3.011.3 4.1 ± 1.5 -37 20.9 ± 1.8 11.6 ± 1.3 451.9 ± 0.7 81 5.4 ± 1.5 3.4 t 1.1 37 17.5 ± 3.9 4.8 ± 0.9 73

18.1 ± 2.0 27.3 ± 5.9
1.6 ± 0.3 38 14.8 2.0 8.911.7 40 26.9 4.4 10.6 ± 1.7 61

4.9 ± 0.2 20.6 ± 3.5 42.5 ± 18.6
4.7 ± 0.7 1.3 ± 0.2 72 17.2 ± 1.5 8.9 ± 0.9 48 20.0 ± 6.2 18.9 ± 3.9 6

BurnDead_and down woody fuel not measured; principle fuel component was live Ceanothus velutinus.----------------------------------

'MFC = moderate fuel consumption underburn; HFC = high fuel consumption underburn.

± ±



Table I-3-continued

Forest floor depth
Total dead-and-down

woody fuel load
Site and
Treatment before after loss before after loss

cm ercent Me ha'' percent
Lava Butte

Control 6.1 ± 1.2 39.8 ± 5.8
MFC 4.8 ± 0.3 2.1 ± 0.2 56 27.6 ± 1.0 17.8 ± 0.1 36HFC 6.5 ± 0.3 0.5 ± 0.1 92 33.6 ± 7.9 10.5 ± 2.7 69

Cemetery
Control 4.5 ± 0.4 50.4 ± 5.2
Burn 4.5 ± 0.4 2.8 ± 0.5 38 44.7 ± 4.1 21.2 ± 2.1 53

Annabelle
Control 6.0 ± 0.6 68.7 ± 16.6
Burn 6.2 ± 0.4 3.8 ± 0.4 39 42.8 ± 6.8 29.2 ± 4.0 32

Bear Springs
Control 5.5 ± 0.4
Burn 4.2 ± 0.4 1.8 ± 0.2 57 ND' ND ND

'ND not determined.=
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Fuel Moisture. Fuel moisture samples were collected hourly from

within the treatment areas during the fires. Samples were collected from the

lower one-half of the duff and from both live and dead-and-down woody fuels.

Fuel moisture samples were sealed in metal cans; the samples were weighed

immediately upon arrival at the laboratory, dried to constant weight at 105°C;

and the results were reported as percent dry weight.

Forest floor moisture. Moisture was determined in all horizons of

the forest floor at Lava Butte and Cemetery. At Annabelle and Bear Springs

moisture was determined in the lower half of the duff layer. Moisture in the

new litter ranged from 7.9 percent in the HFC units at Lava Butte to 11.7
percent at Cemetery (Table 1-4). Moisture in the old litter ranged from 8.8

percent in the HFC units at Lava Butte to 14.2 percent in the HFC units at

Lava Butte. Moisture in the lower duff ranged from 25.7 percent in the HFC

units at Lava Butte to 62.3 percent at Bear Springs (Figure I-2a).

Dead-and-down woody fuel moisture. Fuel moisture was

determined in all diameter classes of dead-and-down woody fuel at Lava Butte

and Cemetery, and in the >_ 7.63 cm diameter class at Annabelle (Table 1-5).

Moisture in the 0.00 to -0.62 cm diameter class ranged from 8.3 percent in the

HFC units at Lava Butte to 11.2 percent at Cemetery. In the 0.64 to 2.54 cm

diameter class, moisture ranged from 7.0 percent in the HFC units at Lava

Butte to 14.7 percent at Cemetery. In the 2.55 to 7.62 cm diameter class,

moisture ranged from 5.9 percent in the HFC units at Lava Butte to 34.5

percent in the MFC units at Lava Butte. In the >_ 7.63 cm diameter class,

moisture ranged from 17.3 percent at Cemetery to 58.2 percent in the HFC

units at Lava Butte (Figure 1-3).

Live fuel moisture. Moisture content, by diameter class, of live

ponderosa pine and of live shrubs is given in Tables 1-6 and 1-7, respectively.
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Table I-4-Moisture in forest floor horizons during prescribed underbums, mean ± standarderror

New litter Old litter Duff

Moisture, percent'
Lava Butte MFC 11.1 ± 1.2 14.2 ± 1.0 42.4 ± 22.0

HFC 7.9 ± 1.8 8.8 ± 2.1 25.7 ± 15.2

Cemetery Operational
underbum 11.7 ± 1.1 13.3 ± 1.9 51.1 ± 18.4

Annabelle Operational
underburn ND2 ND 55.6 ± 7.1

Bear Springs Operational
underbum ND ND 62.3 ± 17.0

Table I-S-Fuel moisture for dead-and-down woody fuel by diameter class during prescribed
underbums, mean ± standard deviation

Fuel diameter, cm

Site Treatment 0.00-0.62 0.63-2.54 2.55-7.62 ? 7.63

Moisture percent;
Lava Butte MFC4 10.3 ± 0.9 12.7 ± 2.7 34.5 ± 2.9 56.7 ± 22.9

HFC 8.3 ± 1.1 7.0 ± 0.7 5.9 ± 1.0 58.2 ± 31.0
Cemetery Operational

underburn 11.2 ± 1.3 14.7 ± 3.5 17.5 ± 3.2 17.3 ± 1.2
Annabelle Operational

underbum ND' ND ND 45.6 ± 5.4

'Fuel moisture calculated on a dry weight basis.
2ND = not determined.

3Fuel moisture calculated on a dry weight basis.
4MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribedunderburn.

'ND = not determined.
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Table I-6-Fuel moisture for live Pinus ponderosa by diameter class, for grass and forbs, and for top 5
cm of mineral soil, mean ± standard error

Pinus ponderosa

Fuel diameter, cm

Foliage
Dry grass Top 5 cm

Site Treatment 0.00 - 0.62 0.63 - 2.54 and forbs soil

Moisture, percent

Lava Butte MFC 123.3 ± 21.8 82.9 ± 1.9 76.7 ± 0.6 ND ND
HFC 103.4 ± 3.5 ND ND ND 29:9 ± 0.4

Cemetery Operational
underbum 135.4±3.7 87.5 ± 5.9 88.7 ± 7.7 22.1 ± 5.0 35.4 ± 7.6

Table 1-7-Fuel moisture for live shrubs by diameter class during prescribed underbums, mean ±
standard error

Site Treatment

Purshia tridentata Arctostaphylos patula Ceanothus velutinus

Fuel diameter, cm

0.00 - 0.62 0.63 - 2.54 0.00 - 0.62 0.63 - 2.54 0.00-0.62

Moisture, percent

Lava Butte MFC 93.2 ± 8.9 59.8 ± 0.9 ND ND ND
HFC 95.5 ± 1.3 53.3 ± 2.3 79.8 ± 4.3 68.3 ± 9.3 ND

Bear Springs Operational
underbum ND ND ND ND 123.6 ± 3.2
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Moisture content of dry grass and forbs and of the top 5 cm of soil is also

given in Table 1-6.

Weather during prescribed underburns. Every half hour during the
burns, at one or two locations away from the smoke and heat of fire, wind

speed and wet and dry bulb temperatures were measured, and the relative

humidity was calculated (Table 1-8).

Temperature. The prescribed underburns at Lava Butte began in

the late afternoon and continued until dawn. When the MFC units were

burned, temperatures dropped from a high of 22°C at light-off to 7°C at dawn;

when the HFC units were burned, temperatures dropped from 11°C at light-off
to 2°C at dawn.

At Cemetery, the burns were started about noon and continued

to late evening. At light-off, the temperature was 18°C; it rose to 21°C in the

afternoon, and fell to 16°C in the evening.

At Annabelle, the prescribed underburns were conducted on two

separate days about three weeks apart. During the burn in April, the

temperature at light-off was 7°C; it rose to 11°C and fell to 0.6°C as a snow

squall moved into the area. In May, the three sequential prescribed

underburns began in the morning and continued past midnight. Temperature

at initial light-off was 13°C; it rose to 19°C and fell to a low of 7°C at the end

of the burns.

At Bear Springs, the burn began about noon and continued until

about 8 p.m. The temperature at light-offwas 20°C; it rose to 21°C and fell to
12°C at the end of the burns.
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Table 1-8-Weather during prescribed underbums

Site Treatment Bum date
Dry-bulb

temperature
Relative
humidity

Wind speed,
range

°C percent km hr'

Lava Butte MFC' May 15-16, 16-17, 1979 22 - 72 33 - 74 0 - 13'
HFC June 12-13, 1979 11-2 50 - 84 0-11

Cemetery Operational
underbum

September 10, 1984
17.8 - 20.6 - 15.6 37 - 23 - 36 1.6-4.8

Annabelle Operational April 24, 1986 7.2-11-0.6
underbum May 16-17,1986 13-19-6.7 50-30-72 <6.4

Bear Springs Operational 1.6-9.6
underbum May 27, 1988 20.0 - 21.1 - 12.2 18 - 66 gusts to 16

'MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption
prescribed underbum.

2Temperature and relative humidity values represent sequential values during burning:
beginning - high point - ending.

3Wind speed shows range during burning; wind speed values are not in sequence.
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Relative humidity. Relative humidity generally tracked inversely

to temperature-as temperature fell, relative humidity rose.

Wind speed. Wind speed generally was low during the prescribed

underburns, varying from 0 to 11 km hr-1.

Fire behavior. During the underburns, fire behavior was measured and

recorded at 2- to 5-minute intervals. Flame length and height were measured

against a metal device jabbed into the ground as the flaming front approached.

The metal measuring device is a 1 1/4 m vertical rod with a series of horizontal

cross bars spaced at 20-dm intervals. The lengths of the cross bars range from

20 dm at the lowest level to 1 m; and each cross bar is 20 dm longer than the
one below it. Rate of spread was calculated by measuring the distance flames

covered in 15- or 30-second intervals. Byram's (1959) fire-line intensity, I, was
calculated:

I = 259.833 L2174, where L is flame length in meters.

Flame length, height, rate of spread, and fire-line intensity are shown in

Figures I-4a, b, and c (data in Appendix, Table A-1). Mean flame length

ranged from 39 cm in the MFC units at Lava Butte to 133 cm at Bear Springs.

Mean flame height followed the same pattern with a low of 28 cm in the MFC

units at Lava Butte and a high of 102 cm at Bear Springs. Mean rate of

spread was lowest at Annabelle at 0.3 m min-' and highest at Cemetery, which

had the steepest slopes, at 1.5 m min"'. Mean fire-line intensity ranged from 49

kW m' in the Lava Butte MFC units to 885 kW m-' at Bear Springs. The high

values from the Bear Springs fire can be attributed to the differences in fuel

bed depth; Bear Springs had an understory of head-high snowbrush ceanothus

that contributed to flame length, height, and fire-line intensity, which is

calculated from flame length.
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Tree Growth Measurements

On all study plots, all trees > 5 cm dbh were numbered and tagged. All

trees were measured for height and dbh at the end of the growing period that

immediately preceded the prescribed underburns. Thereafter, all trees were

measured after every fourth growing season.

The general procedure for measuring trees in order to determine

volume will be described and then exceptions to it given. In general, on each

study plot for each measurement period, 15 trees were measured with an

optical dendrometer so a volume table could be constructed for each

measurement period for each plot. These trees encompassed the size range on

each plot but were selected to sample a higher proportion of the larger trees

since larger trees have the most volume. Bark thickness was measured to the

nearest 0.25 cm on the 15 volume trees. The remaining trees with a dbh > 5

cm were measured for height to the nearest 15 cm with height poles and for

diameter outside bark to the nearest 0.25 cm. Volumes for trees not measured

with a dendrometer were calculated using equations of the form:

In V = a + b (In d) + c (In h)

where V is volume inside bark, d is diameter outside bark, h is height, and In is

the symbol for natural logarithms. The constant a and coefficients b and c

were determined separately for each plot by fitting a stepwise regression to the
values for the trees measured with a dendrometer. The volume for each plot

for each measurement period was computed by summing the volumes of all the

trees with a dbh > 5 cm on that plot for each measurement period.

Exceptions to this general procedure occurred at Lava Butte

(measurements in 1986 and 1990) and Annabelle (all measurements): All trees
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were measured for height with an optical dendrometer rather than height poles

due to the height of the trees. Exceptions also occurred at Bear Springs:

Trees were climbed for measurements of diameter up the bole because density

and height of the understory precluded the use of an optical dendrometer.

Periodic annual increments (PAIs) for height, BA, volume, and

quadratic mean'diameter (Dg) were calculated for each 4-growing-season

measurement period. A PAI was calculated by finding the difference between

the measurements at the beginning of the measurement period and the end

and dividing this difference by four.

Percent increases for BA and volume were also calculated for each 4-

growing-season measurement period. A percent increase was calculated by

dividing the increase during a measurement period by the measurement at the

beginning of the measurement period.

For measurements of growth-PAIs or percent increases-calculations

were based on the trees that were alive at the end of each 4-growing season

measurement period. Trees that died during a growing period were deleted

from calculations of initial BA or volume for that growing period. However,

for calculations of mortality in terms of BA, the Bas of trees that died during

the growing period were included in the initial BA.

Statistical Analyses

Because the prescribed underburns were not conducted during the same

year, the four sites were treated statistically as four separate case studies.
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At Lava Butte each treatment unit contained four to six study plots.

The individual study plots were measurement plots and were treated as

subsamples. Each treatment unit was a true replicate.

At the remaining three sites-Cemetery, Annabelle, and Bear

Springs-the treatment units each contained one study plot. Each individual

study plot was a treatment unit and was treated statistically as a replicate.

Hereafter, I will refer to the study plots at these three sites as treatment units.

Tree growth measurements were analyzed using repeated measures of
analysis (SAS, 1988) for the Lava Butte data where three 4-growing-season

measurement periods-1979 to 1982, 1983 to 1986, and 1987 to 1990-had
elapsed since burning. For the other three sites-where one 4-growing-season

measurement period had elapsed since burning-tree growth measurements

were analyzed using a t-test (SAS, 1988). Both repeated measures and t-tests

were conducted at a = 0.10.

Treatment means were determined using least squares means for the
Lava Butte data, which had unequal numbers of study plots in each treatment
unit (SAS, 1988).

Simple linear, multiple linear, and quadratic regressions of measures of
tree growth-PAIs and percent increases-(Y) on measures of

combustion-percent duff depth reduction and Byram's fire-line intensity-(X)
were evaluated for all sites and all measurement periods. Only relationships
that were found to be significant (with p-values < 0.10) and strong (with r2s or
R's > 0.70) are reported.
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RESULTS

Fuel Consumption

Forest floor reduction. Forest floor depth before and after prescribed

underburning is shown in Figure I-2b. Forest floor depth reduction ranged
from 38 percent at Cemetery to 92 percent in the HFC units at Lava Butte,

with 39 percent at Annabelle, 56 percent in the MFC units at Lava Butte, and

57 percent at Bear Springs (Table 1-3). An ash layer averaging 0.2 cm deep

was found on eight of the 10 HFC study plots at Lava Butte.

Woody fuel reduction. The dead-and-down woody fuel load, by

diameter class, before and after burning is given in Table 1-3. Fuel load in the
0.00 to 0.62 cm diameter class ranged from 0.3 to 0.9 Mg ha' prior to burning.
This diameter class was reduced by 89 percent in the burn units at Annabelle,

67 percent at Cemetery, and 40 percent in both burn units at Lava Butte
(Figure I-5a).

In the 0.63 to 2.54 cm diameter class, woody fuel load ranged from 2.6

to 10.1 Mg ha-' before burning. It was reduced 81 percent in the HFC units

and 42 percent in the MFC units at Lava Butte, 72 percent at Annabelle, and

38 percent at Cemetery.

In the 2.55 to 7.62 cm diameter class, fuel load ranged from 3.0 to 20.6
Mg ha'. Reductions were 48 percent in the burn units at Annabelle, 40

percent at Cemetery, and 37 percent in the HFC units at Lava Butte.

Interestingly, the MFC units at Lava Butte appeared to gain fuel in this

diameter class, going from 3.0 Mg ha -1 before burning to 4.1 Mg ha' after

burning. This increase could be due to a reduction in size of larger fuels
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during the burn or to the exposure of this diameter class of fuels by removal of

part of the forest floor, or to both factors. The largest percentage reduction in

this diameter class-48 percent at Annabelle-was in the burn unit with the

greatest mass in this diameter class prior to burning-20.6 Mg ha-';

nonetheless, Annabelle (and Cemetery) still had the most fuel in this diameter

class after burning, with 8.9 Mg ha'1.

The load of fuel in the >_ 7.63 cm diameter class ranged from 17.5 Mg

ha-' in the Lava Butte HFC burn units tb 42.5 Mg ha-' in the control units at

Annabelle. In the units to be burned, the fuel load of this diameter class

varied from 17.5 Mg ha-1 in the HFC units at Lava Butte to 26.9 Mg ha-' at

Cemetery. Reductions in fuel load in this class were 73 percent and 45 percent

in the HFC and MFC units, respectively, at Lava Butte; 61 percent at

Cemetery; and ,6 percent at Annabelle.

When all diameter classes of dead-and-down woody material were

summed, the total woody fuel load ranged from 27.6 Mg ha-' in the MFC units

at Lava Butte to 68.7 Mg ha-' in the control units at Annabelle (Figure I-5b).

The range in the units to be burned was from 27.6 Mg ha-' in the MFC units at

Lava -Butte to 44.7 Mg ha-' in the burn units at Cemetery. Reductions in total
woody fuel load due to underburning were: 69 percent in the HFC units and,
36 percent in the MFC units at Lava Butte, 53 percent at Cemetery, and 32

percent at Annabelle. Following burning, the remaining total woody fuel load

ranged from 10.5 Mg ha-' in the HFC units at Lava Butte to 29.2 Mg ha-' at
Annabelle.

Mortality

Five descriptors of mortality are given in Table 1-9. Mortality, as a

percent of initial BA, for the four sites is shown in Figure 1-6. Mortality, as a
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Figure I-5b-Total dead-down-woody fuel load before and after prescribed underburning at Lava Butte, Cemetery, and
Annabelle; MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed underburn.



Table 1-9-Mortality at the four sites; mean ± standard error at Lava Butte, mean ± standard deviation at other sites

Site Period or Species Treatment
Number of
dead trees

Basal area
mortality

Dg' of dead
trees

Basal area of
dead trees

Annual mortality
rate

ha'' percent cm m2 ha'' percent

Lava Butte 1979 - 1982 Control 0 0 0 0 0
P. ponderosa MFC2 8 ± 3 0.86 ± 0.42 7 ± 2 0.040 ± 0.018 0.8 ± 0.4

HFC 28±6 2.09 ± 0.59 9 ± 1 0.094 ± 0.025 2.5 ± 0.6

1983 - 1986 Control 6 ± 5 1.09 ± 1.09 2 ± 2 0.059 ± 0.059 0.6 ± 0.6
P. ponderosa MFC 1 ± 1 0.18 ± 0.18 2 ± 2 0.010 ± 0.010 0.1 ± 0.1

HFC 4 ± 2 0.45 ± 0.30 3 ± 2 0.021 ± 0.014 0.3 ± 0.2

1987 - 1990 Control 3 ± 1 0.32 ± 0.25 4 ± 3 0.021 ± 0.017 0.2 ± 0.1
P. ponderosa MFC 1 ± 1 0.08 ± 0.08 2 ± 2 0.006 ± 0.006 0.1 ± 0.1

HFC 2 ± 2 0.17 ± 0.13 3 ± 2 0.011 ± 0.008 0.1 ± 0.1
Cemetery 1985 - 1988 Control 2 ± 3 0.03 ± 0.07 0.4 ± 1.0, 0.001 ± 0.003 0.2 ± 0.5

P. ponderosa Operational underbum 61 ± 73 1.59 ± 2.28 3 ± 1 0.166 ± 0.254 9.0 ± 13.1

P. menziesii Control 2 ± 3 0.63 ± 1.54 7 ± 17 0.057 ± 0.140 0.1-0.3
Operational underbum 8 ± 8 25.88 ± 37.62 35 ± 32 0.523 ± 0.492 7.0 ± 11.6

P. ponderosa plus Control 3 ± 4 0.49 ± 1.17 8 ± 17 0.058 ± 0.140 0.2 ± 0.3
P. menziesii Operational underbum 68 ± 74 5.38 ± 3.56 21 ± 12 0.689 ± 0.460 9.4 ± 13.0

Annabelle 1986 - 1989 Control 2 ± 3 0.007 ± 0.018 1 ± 3 0.002 ± 0.005 0.03 ± 0.08
P. ponderosa Operational underburn 60 ± 64 0.96 ± 1.12 9 ± 4 0.180 ± 0.167 3.1 ± 3.8

Bear Springs 1988 -1991 Control 0 0 0 0 0
P. ponderosa Operational underburn 26 ± 22 2.12 ± 2.16 20 ± 4 0.355 ± 0.375 1.5 ± 1.2

'Dg = quadratic mean diameter = diameter of tree of average basal area.

2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underbum.
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Figure I-6-Mortality of ponderosa pine, as a percent of initial basal area, after prescribed underburning at Lava Butte, Cemetery,
Annabelle, and Bear Springs; years indicate 4-growing-season measurement periods; MFC = moderate fuel consumption
prescribed underburn, HFC = high fuel consumption prescribed underburn.
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percent of initial BA, in the first 4-growing-season measurement period at Lava

Butte was 0.9 and 2.1 percent in the MFC and HFC units, respectively; at

Cemetery mortality was 1.6 percent of the initial BA of ponderosa pine, 25.9

percent of the initial BA of Douglas-fir, and 5.4 percent of the initial BA of

ponderosa pine and Douglas-fir combined; at Annabelle it was 1.0 percent; and

at Bear Springs it was 2.1 percent. The Dg of the trees that died-was 9.3 cm at
Lava Butte; 3.0 cm for ponderosa pine, 35 cm for Douglas-fir, and 20.6 cm for

ponderosa pine and Douglas-fir combined at Cemetery; 8.6 cm at Annabelle;

and 19.6 cm at Bear Springs. During the first measurement period, annual

mortality rates ranged from 0 in the control units at Lava Butte and Bear

Springs to 9.4 percent for ponderosa pine and Douglas-fir combined in the
burned units at Cemetery.

Tree Growth

The differences in tree growth that are reported in this RESULTS

section are significant at a = 0.10.

Periodic annual increments. Periodic annual increments, their

associated p-values, and the dates of the measurement periods are given in

Table I-10a for each period at Lava Butte and in Table I-10b for the periods at

Cemetery, Annabelle, and Bear Springs.

At the Lava Butte site, which had three measurement periods, there was

no significant treatment x period interaction for any PAI; therefore, main-

factor effects of treatment and period can be reported separately. Main-factor

treatment effects at Lava Butte are the overall effect of the treatment averaged

across the three 4-growing-season measurement periods. Main-factor period

effects are the overall effect of period averaged across the three treatments

(Table I-11).



Table 1-10a-Periodic annual increments for height, basal area, volume, and quadratic mean diameter' at Lava Butte; mean t
standard error and p-values for treatment, period, and treatment x period

Variable Treatment

4-Growing-season measurement period U-values for

1979 - 1982 1983 - 1986 1987 - 1990 TRT Period TRT x Period

Height, Control 0.34 ± 0.013 0.27 0.24
m year' MFC2 0.31 0.23 0.20

HFC 0.29 0.22 0.18 0.0322 0.00134 0.9282

Basal area, Control 0.71 ± 0.03 0.76 ± 0.03 0.59 ± 0.03
m2 ha" year' MFC 0.60 t 0.02 0.68 ± 0.02 0.53 ± 0.02

HFC 0.53 ± 0.02 0.65 ± 0.02 0.57 ± 0.02 0.0623 0.0055 0.1728

Volume, Control 7.68 ± 0.85 8.52 ± 0.85 5.45 ± 0.85
m3ha''year-' MFC 5.84 ± 0.81 8.25 ± 0.81 5.67 ± 0.81

HFC 5.97 ± 0.80 6.77 ± 0.80 5.27 ± 0.80 0.0776 0.0658 0.6003

Quadratic mean Control 0.33 t 0.01 0.34 0.25
diameter, cm MFC 0.28 0.31 0.23

HFC 0.25 0.29 0.25 0.2956 0.0062 0.1765

'Quadratic mean diameter = diameter of tree of average basal area.

2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
'Standard error is the same within a variable for all treatments unless shown otherwise.
4p-values for Period and TRT x Period adjusted using Greenhouse - Geisser e.



Table 1-10b-Periodic annual increments for height, basal area, volume, and quadratic mean diameter' at Cemetery, Annabelle, and Bear Springs,

mean _t standard deviation and p-values for treatment

Species

P. ponderosa P. menziesii

PAI
variable Treatment Cemetery

4-Growing-season
measurement period

Height,
m year'

Basal area,
m2 ha" year'

Volume,
m3 ha'' year'

Quadratic mean
diameter, cm

1985 - 1988

P. ponderosa plus
P. menziesii P. ponderosa P. ponderosa

Site

Control 0.16 ± 0.01 -0.01 ± 0.05 0.15 ± 0.06

Operational underburn 0.30 ± 0.15 -0.03 ± 0.04 0.28 ± 0.19

p-value 0.3673 0.7815 0.5478

Annabelle Bear Springs

1986 - 1989 1988 - 1991

0.29 ± 0.02 0.51 ± 0.01
0.26 ± 0.01 0.48 ± 0.01

0.1789 0.1817

Control 0.275 ± 0.052 0.128 ± 0.030 0.403 ± 0.026 0.878 ± 0.022 1.345 ± 0.044

Operational underburn 0.269 ± 0.029 0.047 ± 0.017 0.316 ± 0.037 0.590 t 0.071 1.078 ± 0.028

p-value 0.9208 0.0403 0.0825 0.0031 0.0004

Control 1.691 ± 0.288 1.004 ± 0.249 2.695 ± 0.265 8.347 ± 0.694 13.970 t 0.550

Operational underburn 2.052 ± 0.243 0.489 ± 0.169 2.541 ± 0.310 5.501 ± 0.924 12.762 ± 0.458

p-value 0.3610 0.1179 0.7133 0.0321 0.1224

Control 0.58 ± 0.04 0.61 ± 0.07
Operational underburn 0.48 ± 0.05 0.42 ± 0.14
p-value 0.1705 0.2485

1.18 ± 0.08 0.41 ± 0.04 1.38

0.90 ± 0.17 0.29±0.03 1.09±0.04
0.1463 0.0179 0.0010

'Quadratic mean diameter = diameter of tree of average basal area.
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Table I-11-Periodic annual increments averaged across the three 4-growing-season measurement
periods at Lava Butte, mean ± standard error and p-values; for contrasts between treatments

Periodic annual increment

Height,
m year'

Basal area,
m2 ha' year'

Volume,
m3 ha" year'

Quadratic mean diameter3,
cm year'

Treatment Mean ± standard error Contrast p-value'

Control 0.283 ± 0.0062 Control vs. MFC 0.0211
MFC 0.250 Control vs. HFC 0.0045
HFC 0.228 MFC vs. HFC 0.0655

Control 0.68 ± 0.02 Control vs. MFC 0.0133
MFC 0.60 Control vs. HFC 0.0055
HFC 0.59 MFC vs. HFC 0.3826

Control 7.2 ± 0.5 Control vs. MFC 0.4112
MFC 6.6 Control vs. HFC 0.1503
HFC 6.0 MFC vs. HFC 0.4284

Control 0.307 ± 0.007 Control vs. MFC 0.0241
MFC 0.273 ± 0.006 Control vs. HFC 0.0128
HFC 0.266 ± 0.006 MFC vs. HFC 0.4817

Table I-12-Periodic annual increments averaged across treatments at Lava Butte for the three
4-growing-season measurement periods; mean ± standard error and pvalues for contrasts
between periods

Period p-value for contrast

Variable 1st:
1979 - 1982

2nd:
1983 - 1986

3rd:
1987 - 1990 1st vs. 2nd 2nd vs. 3rd

Height, m year' 0.315 ± 0.006 0.240 0.206 0.9989 0.8850

Basal area,
m2 ha'' year' 0.61 ± 0.01 0.70 0.57 0.0837 0.4022

Volume,
m3 ha' year' 6.5 ± 0.05 7.8 5.5 0.4961 0.6737

Quadratic mean
diameter, cm year' 0.29 ± 0.01 0.31 0.24 0.0327 0.4706

'p-value adjusted using Greenhouse - Geisser e.

'Standard error is the same within a variable for all periods.
'Quadratic mean diameter = diameter of tree of average basal area.
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Differences between treatments.

Basal area periodic annual increment. Underburning

significantly reduced the BA PAI at all four sites and the BA PAI in

ponderosa pine alone at three sites (Figure 1-7). At Lava Butte, the BA PAIs

were 12 and 15 percent lower in the MFC and HFC units, respectively, than in

the control units over the 12-year duration of the experiment (Table I-11). At
Annabelle and Bear Springs, the BA PAI was 33 and 20 percent lower,

respectively, in the burned units than in the control units (Table I-10b).

At Cemetery, the differences in BA PAI in ponderosa pine

were not significant (Table I-10b). However, the BA PAI of Douglas-fir was 63

percent lower in the burned units than in the control units. This difference in

Douglas-fir BA PAI between treatments was sufficient to produce a significant

difference when the BA PAIs of the two species were summed. The summed
BA PAIs of ponderosa pine and Douglas-fir were 22 percent lower in the

burned units than in the control units.

Volume periodic annual increment. Volume PAI was

significantly reduced by prescribed underburning at two sites (Table 1-10a and

b). At Lava Butte, treatments produced significantly different volume PAls

over the 12-year measurement period. At Annabelle, the volume PAI was 34

percent lower in the burn units than in the control units (Figure 1-8).

Height periodic annual increment. Height PAI (Figure I-
9) was significantly reduced by prescribed underburning at Lava Butte, where

height was 12 and 19 percent lower in the MFC and HFC units, respectively,

than in the control units, over the 12-year measurement period (Table I-11).
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Figure 1-7-Basal area periodic annual increment of ponderosa pine after prescribed underburning at Lava Butte, Annabelle, and

Bear Springs; and of ponderosa pine and Douglas-fir summed at Cemetery; years indicate 12-(Lava Butte) or 4-(other sites)

growing-season measurement periods; MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption

prescribed underburn.
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Figure 1-8-Volume periodic annual increment of ponderosa pine after prescribed underburning at Lava Butte, Annabelle, and

Bear Springs; and of ponderosa pine and Douglas-fir summed at Cemetery; years indicate 12-(Lava Butte) or 4-(other sites)

growing-season measurement periods; MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption

prescribed underburn.
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Figure 1-9-Height periodic annual increment of ponderosa pine after prescribed underburning at Lava Butte, Annabelle, and
Bear Springs; and of ponderosa pine and Douglas-fir summed at Cemetery; years indicate 12-(Lava Butte) or 4-(other sites)
growing-season measurement periods; MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption
prescribed underburn.
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Quadratic mean diameter periodic annual increment. Quadratic

mean diameter PAI (Figure 1-10) was significantly decreased due to prescribed

underburning at Lava Butte, Annabelle, and Bear Springs. At Lava Butte, the

control, MFC, and HFC units had Dgs of 0.307, 0.273, and 0.266 cm year'

(Table I-il). The Dg PAIs in MFC and HFC units were 11 and 13 percent

lower, respectively, than in the control units. At Annabelle, Dg PAI was 29

percent lower in the burned units than in the control units, and at Bear

Springs, it was 22 percent lower in the burned units than in its control units
(Table I-10b).

Differences between measurement periods. Repeated measures

analysis of the Lava Butte data showed that, irrespective of treatment, the

different measurement periods yielded significant differences in the PAIs for

height, BA, volume, and Dg (Table I-10a). Exploration of the differences

between the periods (Table 1-12) revealed that for BA PAI, the first

measurement period, 1979 to 1982, at 0.61 m2 ha' year', was significantly

lower than the second measurement period, at 0.70 m2 ha-' year'. The same

was true for Dg PAI: The first measurement period, at 0.29 cm year', had
significantly less growth than the second measurement period, at 0.31 cm year'.

Percent increases based on measurement at beginning of measurement

period.

Basal area percent increase. Basal area percent increase was

significantly lower in the burned units at all four sites during the first postburn

measurement period (Figure I-11). Basal area percent increases and their

associated p-values are shown in Table I-13a for Lava Butte and in Table I-13b

for Cemetery, Annabelle, and Bear Springs.
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Figure 1-10-Quadratic mean diameter (Dg) periodic annual increment of ponderosa pine after prescribed underburning at LavaButte, Annabelle, and Bear Springs; and of ponderosa pine and Douglas-fir summed at Cemetery; years indicate 12-(Lava Butte)or 4-(other sites) growing-season measurement periods; MFC = moderate fuel consumption prescribed underburn, HFC = highfuel consumption prescribed underburn.
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Figure I-11-Basal area percent increase in ponderosa pine after prescribed underburning at Lava Butte, Cemetery, Annabelle,and Bear Springs; years indicate 4-growing-season measurement periods; MFC = moderate fuel consumption prescribedunderburn, HFC = high fuel consumption prescribed underburn.



Table I-13a-Basal area percent increase at Lava Butte; mean ± standard error and p-values for contrasts between periods and treatments

Initial basal 4-Growing-season Basal area Increase in p-value for p-value forTreatment area measurement period growth basal area Contrast contrast' Contrast contrast
m2 ha'' m2 ha' percent

Control 24.61 ± 0.10 1st period: 2.8 ± 0.1' 11.5 ± 0.4 Control vs. MFC 0.0242MFC2 25.25 ± 0.09 1979 - 1982 2.4 9.4 1st vs. 2nd Control vs. HFC 0.0242HFC 22.82 ± 0.09 2.1 9.4 period 0.0378 MFC vs. HFC 0.9922
Control 27.44 ± 0.10 2nd period: 3.0 11.1 Control vs. MFC 0.1008MFC 27.65 ± 0.09 1983 - 1986 2.7 9.9 Control vs. HFC 0.3248HFC 24.95 ± 0.09 2.6 10.5 MFC vs. HFC 0.3293
Control 30.46 ± 0.10 3rd period: 2.4 7.9 2nd vs. 3rd Control vs. MFC 0.2093MFC 30.40 ± 0.09 1987 - 1990 2.1 7.1 period 0.9541 Control vs. HFC 0.3796HFC 27.55 ± 0.09 2.3 8.4 MFC vs. HFC 0.0706

'p-values for contrasts adjusted using Greenhouse - Geisser e.
2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
'Standard error is the same for all periods and treatments unless shown otherwise.



Table 1-13b---Basal area percent increase at Cemetery, Annabelle, and Bear Springs, mean ± standard deviation and p-values

Site
4-Growing-season
measurement period Species Treatment

Initial basal
area

Basal area
growth

Increase in
basal area

p-value
for TRT

years m2 ha'' m2 ha'' percent
Cemetery 1985-1988 P. ponderosa Control 7.3±1.0' 1.10±0.17 16±5

Operational underbum 10.01.08 11 ± 3 0.0588
P. menziesii Control 4.6 ± 1.0 0.51 13 ± 4

Operational underbum 1.6 0.19 12 ± 2 0.5638

P. ponderosa plus Control 11.9 ± 1.0 1.61±0.13 14 ± 3
P. menziesii Operational underbum 11.7 1.27 11 0.0951

Annabelle 1986-1989 P. ponderosa Control 27.8 ± 3.4 3.5 ± 0.2 13 ± 3
Operational underbum 24.5 2.4 10 0.0860

Bear Springs 1988-1991 P. ponderosa Control 21.8 ± 0.7 5.4 ± 0.1 25 ± 2
Operational underbum 20.2 4.3 21 0.0080

'Standard deviation is the same within a site for all treatments and species unless shown otherwise.
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At Lava Butte during the first growing period after prescribed

underburning, 1979 to 1982, the BA percent increase was significantly lower in

the MFC and HFC units, by 18 percent, than in the control units. During the

third growing period, 1987 to 1990, the BA percent increase was significantly

higher in the HFC units, by 16 percent, than in the MFC units.

At Cemetery, the ponderosa pine BA percent increase was

significantly lower, by 31 percent, in the bum units than in the control units.

When the BA percent increase of ponderosa pine and Douglas-fir were

summed, the BA percent increase was significantly lower, by 21 percent, in the

burned units than in the control units.

At Annabelle, the BA percent increase in the burn units was

significantly lower, by 23 percent, than in the control units.

At Bear Springs, the BA percent increase was much higher in

both the control and the underburn units than at the other sites. Nonetheless,

the BA percent increase in the burn units was significantly lower, by 16

percent, than in the unburned units.

Volume percent increase. Volume percent increase was

significantly lower in the burned units at all four sites during the first postburn

measurement period (Figure 1-12). Volume percent increases and their

associated p-values are given in Table I-14a for Lava Butte and in Table I-14b

for Cemetery, Annabelle, and Bear Springs.

At Lava Butte, during the first postburn measurement period, the

volume percent increase was significantly lower, by 30 percent, in the MFC
units than in the control units.
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Figure I-12-Volume percent increase of ponderosa pine after prescribed underburning at Lava Butte, Cemetery, Annabelle, andBear Springs; years indicate 4-growing-season measurement periods; MFC = moderate fuel consumption prescribed underburn,HFC = high fuel consumption prescribed underburn.



Table 1-14a-Volume percent increase at Lava Butte, mean t standard error and p-values for contrasts between periods and treatments

Treatment
Initial
volume

4-Growing-season
measurement period

Volume
growth

Increase in
volume Contrast

value for
contrast' Contrast

contras for
cont a t

"3

r s
m ha MM' ha"

Control
MFC2

125
135

± 23 1st period:
1979 - 1982

31 t 3
ercent

25.0 t 2.2 Control vs. MFC 0.0829
HFC 111

23 17.5 t 2.1 1st vs. 2nd Control vs. HFC 0.337424 21.6 t 2.1 period 0.0739 MFC vs. HFC 0.2505
Control
MFC

155
158

2nd period:
1983 1986

34 22.3 t 2.2 Control vs. MFC 0.6697
HFC 135

- 33 20.9 ± 2.1 Control vs. HFC 0.514627 20.1 ± 2.1 MFC vs. HFC' 0.8055

Control
MFC

189
191

3rd period:
1987 - 1990

22 11.8 ± 2.2
'

2nd vs. -3rd 0.8155 Control vs. MFC 0.8999
HFC 162

23 12.2.:t 2.1 period Control vs. HFC 0.710021 13.0 ± 2.1 MFC vs. HFC 0.7988

` p-values for contrasts adjusted using Greenhouse Geisser e.
2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
'Standard error is the same for all treatments and all periods unless shown otherwise.



Table 1-14b-Volume percent increase at Cemetery, Annabelle, and Bear Springs; mean ± standard deviation and p-values for contrasts betweentreatments

Site
4-Growing-season
measurement period Species Treatment

Initial
volume

Volume
growth

Increase in
volume

p-value for
TRT

ears m2 ha-' m2 ha'' percent
Cemetery 1985-1988 P. ponderosa Control 32 ± 51 7 ± 1 23 ± 2

Operational underburn 48 8 17 ± 1 0.0250
P. menziesii Control 25 ± 6 4 ± 1 22 ± 5

Operational underburn 9 2 24 ± 2 0.7633
P. ponderosa plus Control 57 ± 8 11 ± 1 20 ± 2
P. menziesii Operational underburn 57 10 18 ± 1 0.3248

Annabelle 1986-1989 P. ponderosa Control 170 t 27 33 ± 3 22 ± 3.
Operational underburn 155 22 15 ± 2 0.0706

Bear Springs 1988-1991 P. ponderosa Control 104 # 4 56 ± 2 53.9 -± 0.5
Operational underburn 98 51 52.3 ± 0.6 0.0663

'Standard deviation is the same within a site and variable for both treatments unless shown otherwise.
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At Cemetery, the volume percent increase in ponderosa pine was

significantly lower, by 26 percent, in the underburned units than in the control
units.

At Annabelle, the volume percent increase was significantly

lower, by 32 percent, in the burned units than in the control units.

At.Bear Springs, the volume percent increase was significantly

lower, by 3 percent, in the burned units than in the control units.

Regressions of Measures of Tree Growth (Y) on Measures of Combustion (X)

Percent duff depth reduction-a measure of smoldering

combustion-and Byram's fire-line intensity-a measure of flaming

combustion-were evaluated for their relationships to tree growth.

Regressions of measures of tree growth-PAIs and percent increases-on

percent duff depth reduction or fire-line intensity, or both, with p-values <

0.10 and r2s or R's > 0.70 are given in Table I-15.

Regressions on percent duff depth reduction M. Linear regression

functions, with percent duff depth reduction as the independent variable,

described several inverse relationships between tree growth and duff depth

reduction. Percent duff depth reduction accounted for 95 percent of the

variation in BA PAI during the first 4-growing-season measurement period at

Lava Butte and for 73 percent of the variation at Bear Springs. The quadratic

regression function with percent duff depth reduction as the independent

variable described more of the variation at Lava Butte-96 percent.

Percent duff depth reduction also accounted for 71 percent of the

variation in BA percent increase at Lava Butte. The quadratic regression



Table 1-15-Regressions of measures of BA (Y) on measures of combustion-percent duff depth reduction (X), fire-line intensity (X), or both-(X1,X2)
after prescribed underburning at four sites

Y Variable Site
4-Growing-season
measurement period Species n r2 or R2 p-value Regression functions

BA PAIL, Lava Butte 1979 - 1982 P. ponderosa 6 0.9492 0.0010 BA PAI = 0.702167 - 0.001978 DDR
m2 ha'' 0.9607 0.0078 BA PAI 0.707065 - 0.002735 DDR + 0.000008807 DDR2

0.9714 0.0048 BA PAI = 0.699218 - 0.0020911 + 0.000005658 12
0.9775 0.0034 BA PAI = 0.708023 + 0.000270 I - 0.002645 DDR

1987 - 1990 P. ponderosa 6 0.8533 0.0562 BA PAI = 0.592879 + 0.000666 I - 0.001869 DDR
Annabelle 1986 - 1989 P. ponderosa 12 0.7675 0.0004 BA PAI = 0.88123'3 - 0.001394 1

0.7722 0.0027 BA PAI = 0.876484 - 0.001697 I + 0.001175 DDR
Bear Springs 1988 - 1991 P. ponderosa 12 0.7339 0.0004 BA PAI = 1.342362 - 0.006137 DDR

0.7413 0.0023 BA PAI = 1.341730 + 0.000019952 I - 0.006521 DDR
BA percent Lava Butte 1979 - 1982 P. ponderosa 6 0.7099 0.0352 BAvnc = 0.112702 - 0.000255 DDRincrease 0.8631 0.0507 BA inc = 0.115362 - 0.000666 DDR + 0.000004782 DDR2

0.8184 0.0774 BA inc = 0.114412 + 0.000078876 I - 0.000450 DDR

'BA PAI = basal area periodic annual increment.

=
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function with percent duff depth reduction as the independent variable

described more of the variation-86 percent.

Regressions on fire-line intensity M. A linear regression function with
Byram's fire-line intensity as the independent variable described an inverse

relationship between BA PAI and Byram's fire-line intensity. The fire-line

intensity accounted for 77 percent of the variation in BA PAI at Annabelle.
The quadratic regression function with fire-line intensity as the independent

variable described 97 percent of the variation in BA PAI at lava Butte during
the first postburn growing season.

Regressions on duff .depth reduction and fire-line intensity (X1 XQ.

When percent duff depth reduction and fire-line intensity were combined in
multiple regression models, one regression function was calculated that

accounted for 98 percent of the variation in BA PAI at Lava Butte during the

first postburn growing period and another accounted for 85 percent of the

variation in the third postburn growing period. Similarly, a multiple regression

function accounted for 77 percent of the variation in BA PAI at Annabelle and
74 percent at Bear Springs. A separate multiple regression function with the

same independent variables account for 82 percent of the variation in BA

percent increase at Lava Butte during the first postburn growing period.
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DISCUSSION

Fire Behavior

Flame measurements are subjective because flame length and height are

measured on a fluctuating flame; rate of spread is more objective because it is

measured as the flaming front passes. More objective still is the measurement

of duff depth reduction because duff measuring spikes are installed before the

burn and total duff depth and duff depth consumption are measured after the
burn.

Deiterich (1979) recommended that fire-line intensities of prescribed

fires be maintained below 344 kW m"1. Fire-line intensities were under this

recommended value at Lava Butte, Cemetery, and Annabelle but exceeded it

at Bear Springs. The fire-line intensity at Bear Springs, 885 kW m-1, can be

attributed to the height of the understory which produced tall flames and long
flame lengths.

McArthur (1962 in Byrne, 1980) described 345 kW m-1 as the upper

limit of fire-line of intensity for acceptable damage. Brown and Davis (1973 in

Byrne, 1980) listed 555 kW m"1 as being "probably near the maximum that

could be used in prescribed burning work".

Fuel Moisture and Fuel Reduction

The HFC units at Lava Butte had the least moisture in all forest floor
horizons and had the highest percent reduction in the forest floor, at 98
percent, of all the units.
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Of the treatment units where both woody fuel moisture and fuel
consumption were measured-the MFC and HFC burn treatments at Lava
Butte and the burn treatment units at Cemetery-the HFC units at Lava Butte
had the lowest fuel moisture in all but the largest fuel diameter class but did
not produce the greatest fuel consumption in all diameter classes. In the 0.00
to 0.62 cm diameter class, the Lava Butte HFC units had the lowest fuel

moisture, but the burn treatment units at Cemetery had higher consumption.

In the 0.63 to 2.54 cm diameter class, the HFC units at Lava Butte had the
lowest moisture and the highest consumption. In the 2.55 to 7.62 cm diameter
class, Lava Butte HFC units had the lowest moisture, but the Cemetery burn

treatment units had the highest consumption. In the >_ 7.63 diameter class, the
Cemetery burn units had the lowest fuel moistures, but the Lava Butte HFC
units had the highest consumption.

The prescribed underburn at Cemetery was conducted in September and

low fuel moisture and high fuel consumption in the larger diameter classes of

woody fuel were expected. Nonetheless, the LavaButte HFC units had higher

consumption in the >_ 7.63 cm diameter class than the Cemetery burn units

had. The higher consumption in this diameter class in the HFC units at Lava

Butte was probably due to the much lower rate of spread in the Lava Butte

HFC units, at 0.5 m mind, than in the Cemetery burn units, at 1.5 m min'.

Reduction in total dead-and-down woody fuel was greatest in the HFC

units at Lava Butte where the fuel moisture was lowest in most of the diameter

classes and the rate of spread was also low.
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Mortality

At the sites where wide ranges of diameter classes were present Lava

Butte, Cemetery, and Annabelle-the trees that died due to the prescribed

underburns were in the smaller diameter classes.

At Cemetery, where both thick- and thin-barked species were

present ponderosa pine and Douglas-fir-the trees that died due to the

underburns were thin-barked species.

At Bear Springs, which was a plantation, the diameter size classes and

species were homogeneous, and the trees that died were representative of the

average diameter.

Mortality at the Lava Butte site was from two sources: prescribed

underburning and mountain pine beetle. Mountain pine beetle attacked the

control units as well as the underburned units; this attack occurred as part of a

widespread mountain pine beetle epidemic in southcentral Oregon. Mortality

in the control units in the second and third 4-growing-season measurement

periods was due to mountain pine beetle, primarily.

Mortality in ponderosa pine, as a percent of initial BA, was highest in at

Lava Butte in the HFC units and at Bear Springs in the burn units. In these

burn units, mortality exceeded two percent of the initial BA. The Dg of the

dead trees shows that mortality is usually confined to the smaller stems. All

four sites were either fully stocked or overstocked, and a reduction in stocking

was not a disadvantage. Unfortunately, the reduction in stocking that results

from underburning is not uniformly distributed throughout a site.
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Simon (1990) reported mortality in underburned ponderosa pine in
southcentral Oregon. The area was stocked with 430 to 480 trees ha-1 in the

thinned stands and 2090 to 2200 trees ha-1 in the unthinned stands. Mortality
due to underburning, as a percent of initial BA, increased 0.4 to 2.7 percent in

the thinned stands and decreased 3 to 11 percent in unthinned stands.

Swezy and Agee (1991) found that when large ponderosa pine (dbh >
22 cm) were underburned, the mortality was greater in the burned areas, at
19.5 percent, than in adjacent control areas, at 6.6 percent. They attributed the
increase in mortality to an increase in fine root mortality in the burned areas.

Tree Growth

When stand density index (SDI) is high, PAIs for BA and volume are

sensitive measures of growth because a small change in SDI produces a small

change in PAls (Zedaker et al., 1987, after Langsaeter, 1941). When
significant differences are found within this small change in PAls, they are

likely to be due to treatment and not due to the small changes in SDI that are
caused by growth. Two sites-Lava Butte and Annabelle-had stand density
indices, 0.56 and 0.63, respectively, that were high enough to be in this

category. Therefore, PAIs for BA and volume will be emphasized for these
sites.

Based on trees that were alive at the end of the growing period, BA

PAIs decreased in ponderosa pine following prescribed underburning at Lava
Butte, Cemetery, and Annabelle. Reductions ranged from 12 percent in the

MFC units at Lava Butte for the first 12 growing seasons after burning to 33

percent at Annabelle for the first four growing seasons after burning.
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Compared to the control units, volume PAI decreased significantly in

the burn units at Annabelle and in the MFC and HFC units at Lava Butte.

Quadratic mean diameter PAI decreased significantly at Lava Butte, by

11 and 13 percent in the MFC and HFC units, respectively, and in the burn

units at Annabelle, by 29 percent.

When SDI is low, PAIs for BA and volume are not sensitive measures

of growth, because a small change in SDI, which can be caused by growth,

produces a large change in PAIs. These small changes in SDI, and their

accompanying large changes in PAI, confound the determination of changes in

PAI that are due to treatment. Therefore, when SDI is low, percent increases

for BA and volume are more sensitive measures of growth. The Bear Springs

site, which had a SDI of 0.13, was in this category. For this site percent

increases for BA and volume will be emphasized rather than PAIs.

At Cemetery, the stand was uneven aged and both PAIs and percent

increases in BA and volume were calculated and will be discussed.

The BA percent increase at Bear Springs was 16 percent lower in the

burned units than in the control units. At Cemetery, the BA percent increase

of ponderosa pine was 31 percent lower in the burned units than in the control

units, and the BA percent increase in Douglas-fir and ponderosa pine

combined was 21 percent lower.

At Bear Springs, the volume percent increase was 3 percent lower in the

burned units than in the control units. At Cemetery, the volume percent

increase in ponderosa pine was 26 percent lower in the burned units than in

the control units.
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At the three sites-Lava Butte, Cemetery, and Annabelle-where PAIs
in BA and volume were considered appropriate measures of growth, BA PAI

was reduced at all three sites, and volume PAI was reduced at two sites-Lava
Butte and Annabelle.

At the two sites-Bear Springs and Cemetery-where percent increases

in BA and volume were considered appropriate measures of growth, percent

increase in both BA and volume were reduced at both sites.

Periodic annual increments for height are not as affected by SDI as are

PAIs for BA and volume; therefore, PAIs for height at all sites will be

considered together. Height PAls were significantly reduced in both MFC and

HFC units at Lava Butte.

Other researchers have reported decreases in ponderosa pine growth

after prescribed underburning: Lynch (1959) found reduced diameter growth

eight years after a wildfire in the 15 to 23 cm diameter class of ponderosa pine
that had > 50 percent crown scorch. He suggested that diameter growth

would be reduced 30 to 50 percent when crown scorch is > 50 percent. Lynch

reported that the fire-line intensity of the wildfire was about 2300 kW m'
during the day, reached an extreme of 5500, and dropped to about 900 at

night. These values far exceed recommended fire-line intensities for prescribed
underburning.

Dieterich (1979) found changes in growth rates in southwestern
ponderosa pine 3-growing seasons after a dormant season wildfire. "Two-thirds

of live trees had a slightly suppressed growth ring the first year following the
fire but by the second and third years were growing at or above the prefire
growth rate."
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Simon (1990) found significant reductions in the BA PAI but no

significant difference in height PAIs between burned and unburned ponderosa

pine one growing season after prescribed underburning. Basal area PAI

reductions were 45 and 33 percent for burns conducted in 1988 and 1989,

respectively, in a ponderosa pine/bitterbrush/fescue habitat type on the

Fremont and Winema National Forests of southcentral Oregon. Flame lengths
of 15 to 30 cm were maintained, which produced fire-line intensities of 4 to 19
kW m'1.

However, researchers have also found increases in diameter or height

growth or both: Morris and Mowat (1958), using prescribed fire to reduce

competition in dense stands of ponderosa pine in northeastern Washington,

reported that dbh and height growth on burned plots exceeded that of the

control plots for the 6-growing-season postburn period. The growth increases

in dbh were attributed to the thinning effect; the underburns had reduced the

stocking from 2038 stems ha-' to 336. Diameter and height growth on the

burned plots surpassed the growth on the control plots by 36 and 7 percent,

respectively. Morris and Mowat also reported that height growth of ponderosa

pine decreased at a highly significant rate as the percentage of crown scorch

increased. By adjusting the analyses to include the average BA of competition

as well as the initial dbh of ponderosa pine, Morris and Mowat calculated the

average dbh growth of ponderosa pine on the burned plots exceeded that on

unburned plots by 25 percent-a highly significant difference.

Pearson et al. (1972) found radial growth increased on ponderosa pine

burned in wildfire where crown scorch was < 60 percent and decreased-at

least temporarily-where crown scorch was > 60 percent.

Wyant et al. (1983) reported that after a prescribed underburn with a

fire-line intensity of 20 kW m-', ponderosa pine fascicle length and bud
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diameter were greater in burned than in control plots. They concluded that

various shoot growth characteristics of ponderosa pine are affected differently

by the level of fire treatment.

Crown scorch is often cited as the cause of growth reductions observed

in other pine species after prescribed underburning (de Ronde, 1983; Cain,

1985). If the growth reductions are simply the function of the removal through

scorching of the lower crown-the least efficient part of the crown

photosynthetically-then removal of a similar portion of the lower crown by

pruning might produce similar results. However, early work investigating the

effect of pruning of ponderosa pine found no significant differences in

diameter growth pruned and unpruned pine.

Dahms (1954) found that "where one-fourth of the live crown was

removed, 10-year diameter growth averaged 97 percent as much as that for

unpruned trees. Comparative figures for one-half and three-fourths crown

removal were 82 and 46 percent, respectively... Pruned trees showed a

definite recovery from the first [5-year] period to the second... When only

one-fourth of the live crown was removed, recovery was complete... Removal

of one-fourth, one-half, and three-fourths of the live crown reduced height

growth to 98, 94 and 90 percent. Pruned trees showed no clear-cut evidence of

height growth recovery from the first 5-year period to the second as was true

for diameter growth."

In California, Gordon (1959) found no significant differences between

the diameter growth rates in eastside pine type [ponderosa pine] for unpruned

and pruned trees that had one-fourth of the live crown removed.

At the Lava Butte site, crown needle mass was reduced 4 and 20

percent in the MFC and HFC units, respectively, by the prescribed underburns
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(Landsberg and Cochran, 1980). If pruning is a good surrogate for crown

removal by burning, it appears that the removal of 4 to 20 percent of the crown

at Lava Butte did not cause the observed diameter growth reduction.

Since the prescribed underburns were completed at the Lava Butte site

in 1979, this site has been hammered by an outbreak of pandora moths, a

defoliator, which started in 1989 and lasted through 1992. The biennial

defoliation,-in 1989 and 1991, caused by the moth larvae, was nearly complete

on most trees in all units spanning the three treatments at the site. Concurrent

with this defoliation, all PAIs decreased from their values in the previous 4-

growing-season measurement period. Simultaneously, the differences in PAls

between the control units and the underburn units became smaller.

Interpretation of growth rates at Cemetery is made more complex by

reductions in growth of the Douglas-fir due to an attack by western spruce

budworm. Due to severe infestation in the upper one-third of the crown of the

Douglas-firs, the height of the trees was reduced, producing a negative height

growth rate. Further, the Douglas-fir were not distributed uniformly

throughout the research site but were located predominantly on the control

units. Therefore, differences in growth rates between the burned and control
units due to burning may be masked by a reduction in growth in the control

plots due to the impact of the western spruce budworm on Douglas-fir growth.

Extrapolating the observed reductions in PAIs that occurred at Lava
Butte and Bear Springs to the ponderosa pine zone of Oregon and Washington

produces a range of growth reductions that might occur. Region-6 of the
Forest Service has estimated that between 24,300 and 32,400 ha, most of which

is ponderosa pine, are underburned each year in Oregon and Washington. In

this research the Lava Butte site had the lowest BA PAls and the Bear Springs
site had the highest. Using the Lava Butte site as an example of a site with a
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low site index, extrapolating the reductions in BA growth to the total area

underburned each year in Oregon and Washington, and assuming the area
burned is entirely ponderosa pine, calculations yield BA reductions of 850 to

1134 m2 year' for the first 12 growing seasons after underburning. Using the

Bear Springs site as an example of a site with a higher site index, and

extrapolating the reductions in BA growth to the total area underburned in

Oregon and Washington, calculations yield BA reductions of 6488 to 8651 m2

year' for the first four growing seasons after burning.

The same calculations for volume, based on a site with a low site

index-drawn from the Lava Butte data yield volume reductions of 486 to

648 m3 year-' for a period of 12 growing seasons after burning. Based on a site

with a higher site index-drawn from the Bear Springs data-extrapolation

gives volume reductions of 6488 to 8651 m3 year' for a period of four growing

seasons after burning.

In actuality, reductions will probably be closer to the low values than to

the high values: Not all land that is underburned is in ponderosa pine; not all

of the ponderosa pine land that is underburned is as high a site as Bear

Springs; and prescribed underburning is currently being done with lower

intensity fires than were used in this research (R. Bonaker, 1992, personal
communication).

While growth reductions do occur after prescribed underburning at the

fire intensities used in this research, other objectives can be enhanced by the

use of fire. Reduced fuel loads lower the potential for catastrophic wildfire

and the risk of loss of the entire stand. Stands can be opened for production

of forage for game animals. Importantly, prescribed fire can be used to

maintain seral ponderosa pine by discriminating against more shade tolerant
species.
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CONCLUSIONS

For some time it has been acknowledged that desired reductions in fuel

accumulations can be achieved by prescribed underburning in ponderosa pine

stands. In this research, underburns were accomplished under a range of fuel

moisture and weather conditions that produced a range of fuel reductions,

mortality, and tree growth rates.

Dead-and-down woody fuel load reductions ranged from 32 to 69

percent, and the forest floor depth reductions ranged from 38 to 92 percent.

Mortality in the first 4-growing-season measurement period after

prescribed underburning ranged from 0.3 to 2.1 percent of the initial BA of the

ponderosa pine. These stands all had sufficient stocking; this range of

mortality was not seen as an adverse outcome.

All differences reported are significant at a = 0.10. Ponderosa pine BA
PAI after prescribed underburning was lower in the burned units than in the

control units at three sites; reductions ranged from 12 to 33 percent. Volume
PAI in ponderosa pine was lower at two sites; reductions ranged from 8 to 34

percent. Height PAI was lower at one site by 12 and 19 percent at two levels
of fuel consumption. Quadratic mean diameter PAI was lower at three sites;

reductions ranged from 11 to 29 percent.

Percent increases for BA and volume of ponderosa pine were reduced
in the first postburn measurement period at all four sites. The BA percent
increase ranged from 16 to 31 percent lower in the burned units than in the

control units, and the volume percent increase ranged from 3 to 32 percent
lower in the burned units.



76

At Lava Butte-the site where measurements spanned 12 growing

seasons after burning-the PAIs for height, BA, volume, and Dg were lower in

the burned units than in the control units for the first eight growing seasons

after burning. During the last 4-growing-season measurement period, volume

PAI in the MFC units exceeded the volume PAI in the control units. Basal

area PAI was nearly the same in the HFC units as in the control units.

Quadratic mean diameter PAI was equal in the control and HFC units.

However, height PAI remained lower in the MFC and HFC units than in the

control units.

Among the burn units, the reductions in PAIs were least in the MFC

units at Lava Butte. The MFC units also had the lowest mean fire-line

intensity and the lowest mean flame height.

Percent increases in BA and volume had the least reduction in the

burned units at Bear Springs, the site with the highest site index.

Prescribed underburning can be used in ponderosa pine stands to

accomplish a range of management objectives. Growth rate decreases will be

present for at least eight growing seasons after underburning. The growth rate

decreases can be minimized by conducting the underburns under conditions

that produce low amounts of duff depth reduction.
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CHAPTER 11: ...............................................

SOIL FERTILITY RESPONSE TO PRESCRIBED

UNDERBURNING IN PONDEROSA PINE FORESTS OF

NORTHCENTRAL AND CENTRAL OREGON

INTRODUCTION

Following discovery of the reduction in ponderosa pine tree growth after

prescribed underburning (Landsberg et al., 1984), it became important to

determine the reasons for the growth decrease.

A decrease in stem growth can be caused by many complex, interrelated

elements. In broadest terms, growth decrease indicates a change in either the

amount of carbon available or in the pattern of carbon allocation. The amount

of carbon available is dependent upon many factors. In simplest terms, these

factors are the tree's capacity to obtain water and nutrients from below ground

and to capture the energy of the sun. If any of these is impaired, the amount

of carbon available for allocation will be reduced.

In the research cited above, by measuring foliage quantity and foliar N

concentration and by calculating mass, I indirectly evaluated the tree's ability to

capture the energy of the sun. These measurements showed that foliar N

concentration is not affected by prescribed underburning, although crown

biomass did decrease due to crown scorch, resulting in a decrease in foliar N

mass. However, the degree of crown scorch-4 to 20 percent (Landsberg and

Cochran, 1980)-did not exceed the amount that other studies have shown

could be safely removed by pruning without affecting tree growth. Dahms
(1954), Gordon (1959), and Barrett (1968) found no effect of pruning
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ponderosa pine when less than 25 percent of the live crown was removed. If

the loss of crown N mass were responsible for the growth reduction, it would

follow that the stem growth rate would return to a rate equal to the rate in the

control units once the scorched crowns had recovered; this did not occur.

Concurrently with the investigation of changes in foliar N mass and tree

growth, I began determining the effect of prescribed underburning on soil

nutrient concentrations and properties. We (R.E. Martin, 1979, personal

communication, and I) had hypothesized that tree growth would increase

following prescribed underburning due to the liberation of NH4' and

NO3 -the so-called "ash-bed effect." When initial results indicated that tree

growth decreased, it became important to determine the soil nutrient changes

attendant on prescribed underburning.

Soil fertility had been reported to change following fire. Grier, (1972),

studying movement and distribution of nutrients in a ponderosa pine zone of

the Entiat wildfire area in central Washington, found losses of up to 90 percent

N, 60 percent P, and 20 percent of the base elements originally in the fuel.

The Entiat fire was, according to Grier, "an exceptionally hot wildfire."

When two different prescribed burning regimes in a ponderosa pine

system were simulated, Wallace (1976) found that a cool, creeping fire results

in a very moderate reduction of nutrients. A hotter simulated fire, similar to

one that would consume the subordinate vegetation, results in a significant loss

of nutrients due to volatilization, with the greatest reduction appearing in N.

Nissley (1978) evaluated the effect of prescribed underburning on

nutrients in ponderosa pine lands and found "total losses through particulates

and volatiles to be negligible for all nutrients except N and S." Nitrogen losses
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ranged from 10 to 30 percent, but may have been as high as 65 percent on the

more heavily burned plots.

Raison et al. (1985) reported decreases in N reserves proportional to

duff consumption in 30 studies covering a range of plant materials and fire
intensities.

In addition to these reported effects, other, more general effects can be

inferred from knowledge of soil properties and of combustion. Prescribed

burning has the potential to alter many soil components. Numerous soil

properties are dependent upon soil organic matter (SOM): soil structure,

cation exchange capacity (CEC), available nutrients, and microbial activity.

Organic matter begins changing chemically when heated to 200°C and is

completely destroyed at 450°C (Hosking, 1938)-temperatures which are

readily reached in a prescribed underburn.

Soil nutrients, some of which are components of SOM, volatilize at

different temperatures, with N, P, and S volatilizing at lower temperatures

compared to Ca, Mg, and K (Dean, 1985).

The spatial distribution of nutrients in a typical soil profile exposes

some soil constituents more directly to soil heating than others. For example,

soil microorganisms and SOM are concentrated on or near the soil surface,

and are therefore most affected. Mineralization of killed microbial biomass

may release readily available nutrients in addition to those produced directly by

the combustion of fuels (DeBano, 1990).

In addition to the immediate, direct effects of fire on soil nutrients, fire

may produce changes which appear over time in (1) nutrient mobilization due

to changes in moisture balance, temperature, and general soil chemistry, (2)
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nutrient leaching through changes in vegetation cover and infiltration rates, and

(3) nitrification because of high concentrations of ammonium substrate

(DeBano, 1990).

In the summary review, The Effects of Fire on Soils, Wells et al. (1979)

state: "the degree of exposure of mineral soil to heat governs the response of

soil properties."

Because of the potential lability of SOM to prescribed burning and

because SOM contains much of the total N (TN), extractable P, and CEC

affiliated with a soil, I elected to determine the extent of the effects ,of

prescribed underburning on those soil properties. And because the CEC is

potentially altered due to loss of SOM, I also evaluated the effect of fire on

soil properties affiliated with CEC, including pH and exchangeable Ca, Mg,

and K.

Fire both prescribed fire .and wildfire-has been shown to impact the

soil nutrient reserves in ponderosa pine systems, but the effect of those

changes on tree growth has not been evaluated.

This research has been focused on evaluating the soil nutrient changes

that accompany prescribed underburning. The principal objectives of this

research are:
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1) To determine changes in mineral soil properties, nutrient

concentrations, or ratios of concentrations; mineral soil mole charges,

nutrient masses, or ratios of masses; forest floor masses or ratios of

masses; and the summed mass of forest floor and mineral soil nutrients

a) immediately after prescribed underburning,

b) due to long-term effects of prescribed underburning,

c) over time, dependent upon treatment (treatment x time

interactions) in response to prescribed underburning, and

d) from year to year, irrespective of treatment.

2) To determine relationships between pairs of mineral soil, forest floor,

or summed forest floor and mineral soil nutrients before and after

prescribed underburning.

3) To determine relationships between fire-line intensity or percent duff

depth reduction (DDR), or both, and postburn levels of mineral soil,

forest floor, or summed forest floor and mineral soil nutrients.
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METHODS AND MATERIALS

Field Methods

Mineral soil sampling. Twenty soil subsamples that were taken from

the upper 6 cm of mineral soil at uniformly distributed points on each study

plot were composited. Plots were sampled prior to burning and within 10 days

after burning, during which time no precipitation occurred. This first postburn

sample will be called the immediate postburn sample. After the initial preburn

and immediate postburn samplings, the sites were sampled as follows: Lava

Butte in 1980, 1982, 1984, 1986, 1987, 1988, and 1990 for the 12-year duration

of the experiment at that site; Cemetery in 1985, 1986, 1988, and 1989 for the

6-year duration at that site; Annabelle in 1987, 1988, and 1990 for the 5-year

duration at that site; and Bear Springs in 1989 and 1990 for the 3-year duration

of the study at that site.

Bulk density was determined by sampling the soil to a depth of 6 cm at

12 uniformly distributed points on each study plot. Volume of sample was

determined by calculating the volume inside the sampling ring to a depth of 6

cm. Samples were dried to constant weight at 105°C. Bulk density was

determined at all sites in 1992; only at Lava Butte was bulk density also

determined prior to and immediately after burning.

Forest floor sampling. Four forest floor subsamples were collected

from each Lava Butte study plot at uniformly spaced locations using a 972 cm2

frame. Forest floor material was sampled prior to and immediately after the

burns, and in 1982. Each horizon-new litter (Oi), old litter (Oe), and duff

(0a)-was sampled separately and composited by plot. An additional horizon,

ash, was collected on the immediate postburn sampling date.
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Laboratory Methods

Mineral soil. Samples were passed through a 2-mm screen, partitioned,

and air dried prior to analysis. A subsample was dried at 105°C to constant

weight, and all results were calculated on a dry weight basis.

All analyses were conducted in duplicate. Soil pH was determined using

a glass electrode on the supernatant liquid from a one-to-one soil:0.01 M CaC12

mixture (Agronomy series, 1982). Organic carbon was determined using a

Cr207 2-H2SO4 wet oxidation without external heat (Walkley and Black method

modified by Gaudette et al., 1974) with 72 percent recovery assumed. Soil

organic matter was calculated assuming it contained 58 percent organic carbon.

Total N was determined using a Li2SO4 H2O2-H2SO4 digestion (Parkinson and

Allen, 1975) followed by segmented flow continuous colorimetric analysis. on a

Technicon AutoAnalyzer II (1979). Extractable P was analyzed using four

extraction procedures followed by continuous flow colorimetric analysis of

P04-' (Technicon AutoAnalyzer, 1979):

Common Soil:
name Extractant solution Reference

ratio

Water Water 1:20 McKee2
Bray I 0.03 M NH4F + 0.025 M Hcl 1:7 Bray and Kurtz (1945)
BEP', Olsen 0.5 M NaHCO3 1:20 Olsen, et al. (1954)

1 M H2SO4 1 M H2SO4 1:50 McKee, see footnote 2

Total mineralizable N was measured after seven days' anaerobic

incubation at 40°C (Powers, 1980) by segmented flow continuous colorimetric

analysis for NH4+-N. Cation exchange capacity was measured using NH4OAc

'BEP= bicarbonate extractable phosphorus.

2W.H. McKee, 1986, personal communication.
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extraction followed by segmented flow continuous colorimetric analysis

(Schollenberger, 1945, reported in Berg and Gardner, 1978). Exchangeable Ca,

Mg, and K were determined by NH4OAc extraction followed by atomic

absorption spectroscopy (Peech, 1947).

Forest floor. Forest floor material was air-dried and separated into

three fractions-woody, coarse, and fine materials. Woody material was

removed by hand from the remainder of the sample and dried to constant

weight at 70°C. The woody material was then chopped, ground in a flail

grinder, and reserved for addition back to the remainder of the sample. The

coarse material was separated from the fine material using a 3-mm hardware-

cloth sieve. The fine materi al, which passed through the sieve, was dried to

constant weight at 70°C. The coarse fraction was floated in cold water, and the

rocks and other non-organic material that sank were discarded. The coarse

fraction was dried to constant weight at 70°C and subsequently ground in a flail

grinder. The ground-woody, ground-coarse, and unground-fine fractions were

recombined and thoroughly mixed. The combined sample was partitioned, and

a portion was reserved. Prior to laboratory analysis, this portion was sieved to

pass a 3-mm hardware-cloth sieve. The fine material was reserved, and the

coarse material was ground in a Udey Mill to pass a 0.6-mm sieve. The fine

and ground-coarse fractions were recombined and this recombined material,

the subsample, was reserved for laboratory analyses. Weight-loss-on-ignition

was determined on a 5-g portion of the subsample, and all results were

calculated on an ash-free, dry weight basis (Agronomy series, 1982).

Forest floor organic matter (OM) was calculated directly from weight-

loss-on-ignition data. Total N was determined as for soil, and total P was

measured simultaneously on the same digestate. Total Ca, Mg, and K were

measured on a separate portion of the same digestate using atomic absorption
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spectrophotometry (Parkinson and Allen, 1975). Laboratory analyses were

conducted in duplicate and were reported on an ash-free, dry weight basis.

Statistical Analyses

The statistical procedure was a two-way analysis of variance with a

repeated measure on one factor-time-for all nutrients or properties except

mineralizable N. Repeated measures analysis could not be used to determine

differences due to treatment or time for mineralizable N because the

mineralizable N concentration changed during storage prior to analysis. For

Lava Butte mineralizable N data, analysis of variance procedure was used on a

year-by-year basis to determine the differences attributable to burning. For the

other three sites, data for each year were analyzed using t-tests to determine

differences attributable to burning.

Treatment means were determined using least squares means for the

Lava Butte data, which had unequal numbers of plots in the replications (SAS,

1988). Data were weighted to compensate for the unequal number of plots in

each replication at Lava Butte, but were not weighted for the other three sites

where experimental design established one plot per replication (SAS, 1988).

Because samples taken over time from the same plot are not totally

independent, an adjusted p-value was calculated, using the Greenhouse-Geisser

E (Greenhouse and Geisser, 1959). This adjusted p-value was applied wherever

there were multiple comparisons in which time was a factor, either as a main

effect or as an interaction.

Where treatment x time interaction was significant, only the interaction

was evaluated. Where treatment x time interaction was not significant, both

treatment and time were evaluated, separately, as main effects. When time
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was significant as a main effect, only the differences between consecutive years
were evaluated.

For all sites, the mineral soil nutrient concentrations and masses data

were analyzed for the immediate and long-term effects of burning. To evaluate
the immediate effect of burning, the data from the preburn and immediate

postburn samples were used. To evaluate the long-term effect of burning, the
data from the preburn samples were eliminated from the data set because they
did not represent a treatment response. All postburn data were evaluated to

determine the effect of treatment, time, and treatment x time.

For the Lava Butte site, forest- floor nutrient masses data were analyzed

for three dates-'79 preburn, '79 postburn, and '82. Changes between preburn

and postburn and between '79 postburn and '82 were evaluated using repeated

measures with the Helmert option to determine when changes occurred. The
Helmert option contrasts the nth level of a repeated factor and the mean of
subsequent levels.

Analyses were conducted at a = 0.10.
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RESULTS

Results will be presented in the following sequence: effects of

prescribed underburning and time on 1) mineral soil properties, nutrient

concentrations, and ratios of the concentrations, 2) mineral soil mole charges,

nutrient masses, and ratios of the masses, 3) forest floor nutrient masses, and

ratios of the masses, and 4) the.summed masses of forest floor and mineral soil

nutrients and ratios of the masses. Regression models are also presented: 1)

regressions of selected mineral soil properties, nutrient concentrations, or

masses on other mineral soil properties, nutrient concentrations, or masses,

and 2) regressions of mineral soil properties, nutrient concentrations, or masses

on measures of combustion-fire-line intensity or DDR, or both.

All results presented are statistically significant at a = 0.10.
Results of interest that are not statistically significant are located in the
appendices.

Effect of Prescribed Underburning and Time on Mineral Soil Properties, Nutrient

Concentrations, and Ratios of the Concentrations

The means and standard errors for the preburn sampling data of soil

properties, nutrient concentrations, and ratios at all four sites are in Table II-1.

The means and standard errors for the soil properties, nutrient

concentrations, and ratios that showed significant differences immediately after

underburning are given in Tables II-2a and b, respectively for the Lava Butte

and Cemetery sites. There were no significant differences immediately after

underburning at Annabelle or Bear Springs.
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Table 11-1-Preburn soil properties, nutrient concentrations, or ratios of the concentrations in the
top 6 cm of mineral soil at all four sites, mean ± standard error

Variable Lava Butte Cemetery Annabelle Bear Springs

Prebum sampling date May 1979 May 1984 August 1985 Sept. 1986

Clay, percent 4.2 18.0 4.6 10.8

Sand, percent 79.7 45.1 75.3 50.3

TN, percent 0.095 ± 0.001 0.116 ± 0.006 0.090 ± 0.003 0.132 ± 0.007

MinN, ppm 30 ± 1 31±2 18±2 38±2
PBEPI, PPm 20.6 ± 0.4 22±2 18±1 8.4 ± 0.6

PBRAY r PPM 51.1±0.6 34±2 35±3 16±2

PHao4. PPM 740 i- 21 ND 640 ± 27 399 ± 36

pH 5.47 ± 0.03 5.88 ± 0.04 5.61 ± 0.03 5.55 ± 0.05

SOM, percent 4.9 ± 0.1 4.50 ± 0.26 4.1 ± 0.2 5.5 ± 0.3

CEC, cmol(+)kg'' 18.2 ± 0.6 27 ± 2 15.5 ± 0.4 21.1 ± 0.8

Ca, cmol(+)kg-' 4.3 ± 0.1 15.7 ± 1.1 4.9 ± 0.2 8.1 ± 0.4

Mg, cmol(+)kg'' 0.51 ± 0.01 6.6 ± 0.6 0.81 ± 0.05 0.73 ± 0.03

K, cmol(+)kg'' 0.62 ± 0.03 1.25± 0.04 0.74± 0.04 1.11 ± 0.02

Bulk density, g cm-' 0.75 ± 0.01 ND2 ND ND
C/N 30.0 ± 0.7 22.4 ± 0.5 26.9 ± 0.7 24.1 ± 0.6

C/PBEI 1406 ± 49 1268 ± 93 1399 ± 113 3930 ± 305

C/PBRAY I 565 -!- 14 800 ± 69 720 ± 67 2377 ± 382

C/PHIIOI 39 ± 1 ND 38±2 85 ± 7

N/PBs. 48 ± 2 57±4 52±3 161 ± 12

N/PBRAY I 19.0 ± 0.3 36±3 27±2 97±17
N/Pxao4 1.31 ± 0.02 ND 1.43 ± 0.08 3.5 ± 0.3

IPBE, = P extracted by 0.5 M NaHCO3; PBRAy I = P extracted by 0.03 M NH4F + 0.025 M HCI;
PH2so4 = P extracted by 1 M H2S04.

2ND = not determined.



Table II-2a-Lava Butte, immediate effects of prescribed underbuming: Soil properties, nutrient concentrations, or ratios of the concentrations in the
top 6 cm of mineral soil with significant differences (a = 0.10), mean ± standard error

Sampling date values for

TRT effect: TRT contrast by date

Variable Treatment '79 prebum '79 postburn
preburn vs.
postburn

Preburn vs.
postbum by TRT Contrast Prebum Postburn

TN, percent Control 0.095 ± 0.0022 0.082 0.0282 Control vs. MFC 0.7549 0.0134
MFC' 0.094 0.099 0.1959 Control vs. HFC 0.4066 0.1043
HFC 0.098 0.074 0.0162 0.0048 MFC vs. HFC 0.2734 0.0045

P 3BEP, PPM Control 18.5 ± 0.8 14.5 0.0375 Control vs. MFC 0.6900 0.0544
MFC 19.0 18.00.4150 Control vs. HFC 0.0141 0.9894
HFC 24.2 14.5 0.0223 0.0028 MFC vs. HFC 0.0169 0.0504

SOM, percent Control 4.9 ± 0.2 3.9 0.0226 Control vs. MFC 0.1253 0.0936
MFC 4.4 4.4 0.8737 Control vs. HFC 0.0842 0.1527
HFC 5.4 3.5 0.0168 0.0028 MFC vs. HFC 0.0174 0.0218

Exchangeable Mg, Control 0.50 ± 0.02 0.45 0.2641 Control vs. MFC 0.6105 0 0150cmol(+)kg-' MFC 0.48 0.61 0.0223 Control vs. HFC 0.1445
.

0.0425
HFC 0.56 0.60 0.0532 0.9755 MFC vs. HFC 0.0809 0.1708

Bulk density, Control 0.77 ± 0.01 0.77 1.0000 Control vs. MFC 0.5138 0 0561g cm-' MFC 0.76 0.72 0.0980 Control vs. HFC 0.1521
.

0.0057
HFC 0.74 0.64 0.0763 0.0128 MFC vs. HFC 0.3175 0.0254

C/PBRAY I Control 581 ± 25 539 ± 25 0.3277 Contro l vs. MFC 0.3145 0.5020
MFC 539 ± 24 566 ± 25 0.4826 Control vs. HFC 0.8794 0.0487
HFC 575 ± 24 427 ± 24 0.0760 0.0222 MFC vs. HFC 0.3626 0.0280

1MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
2Within a variable, standard error is the same for all treatments and both sampling dates unless shown otherwise.
3PBEP = P extracted by 0.5 M NaHCO3; PBRAY 1 = P extracted by 0.03 M NH4F + 0.025 M HCI; PHZSO4 = P extracted by 1 M H2SO4.



Table II-2a-Lava Butte, immediate effects of prescribed underburning: Soil properties, nutrient concentrations, or ratios of the concentrations in thetop 6 cm of mineral soil with significant differences (a = 0.10), mean ± standard error

Sampling date values for

TRT effect: TRT contrast by date

Variable Treatment '79 preburn '79 postburn
preburn vs.
postburn

Preburn vs.
postburn by TRT Contrast Preburn Postbum

C/PH2so4 Control 42 ± 2 33 0.0804 Control vs. MFC 0.0845 0.5717
MFC 33 35 0.6251 Control vs. HFC 0.9597 0.1233HFC 42 26 0.0653 0.0155 MFC vs. HFC 0.0756 0.0691

N/PBxnY I Control 19.5 ± 0.5 19.7 0.7930 Control vs. MFC 0.6823 0.0430MFC 19.8 21.9 0.0451 Control vs. HFC 0.0690 0.0094
HFC 17.7 15.9 0.0460 0.0587 MFC vs. HFC 0.0454 0.0025

N/PH2so4 Control 1.40 ± 0.03 1.21 0.0227 Control vs. MFC 0.0264 0.0492
MFC 1.22 1.35 0.0589 Control vs. HFC 0.0925 0.0093HFC 1.29 0.96. 0.0090 0.0038 MFC vs. HFC 0.1849 0.0026

Table II-2b-Cemetery, immediate effects of prescribed underburning: Soil nutrient concentrations
in the top 6 cm of mineral soil with significant differences (a = 0.10), mean ± standard error

Sampling date p-value for
ff

p-value
f

Variable Treatment '84 preburn '84 postburn
ect:TRT e

pre vs. post
or TRT

contrast

Min N, ppm Control 31 ± 2 22 0.0077
Operational underburn 31 31 0.0323 0.9138

Control 34 ± 3 33 0.7762
PBRAY ppm Operational underburn 34 38 0.0875 0.2470
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The means and standard errors for soil properties, nutrient

concentrations, and ratios that showed significant long-term differences after

underburning are given in Tables II-3a for Lava Butte and II-3b for Cemetery,

Annabelle, and Bear Springs.

The means and standard errors for soil properties, nutrient
concentrations, and ratios that showed significantyear-to-year differences,

irrespective of treatment, are given in Tables II-4a, b, c, and d.

Because this data set-on changes following prescribed underburning in

mineral soil properties, concentrations, and ratios of the concentrations, and on

forest floor nutrient amounts-covers a wide scale, both temporally and

spatially, treatment means for each sampling date at all four sites are included,

whether or not statistical differences are present. The treatment means and

their associated p-values for mineral soil nutrient properties, concentrations,

and ratios of the concentrations are in Appendix Tables A-2a, b, c, and d for

the Lava Butte, Cemetery, Annabelle, and Bear Springs sites, respectively.

-Similarly, the responses of these mineral soil properties, nutrient

concentrations, and ratios of concentrations to treatment and time, and their
associated standard errors, are shown graphically, whether significant or not, in

Appendix Figures A-1 to A-18. Estimates of mineral soil mole charges,

nutrient masses, or ratios of masses for Cemetery, Annabelle, and Bear Springs

sites are included in Appendix Tables A-3a, b, and c. Treatment means for
forest floor nutrient masses by horizon are included in Appendix Table A-4.

Changes due to treatment or time, or both, are reported for each soil

property, nutrient concentration, or ratio of concentration, including total N

(TN); mineralizable N; P extracted by 0.5 M NaHCO3 (PBEP), by 0.03 M NH4F

+ 0.025 M HCl (PBRAY I), and by 1 M H2SO4 (Pxzso4); pH; soil organic matter

(SOM); cation exchange capacity (CEC); exchangeable Ca, Mg, and K; and
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Table ll-3a-Lava Butte, long-term effects of prescribed underbuming: Soil properties, nutrient
concentrations, or ratios of the concentrations in the top 6 cm of mineral soil with significant
differences (a = 0.10), mean ± standard error

Response Mean ± p-value for p-value for
variable Treatment standard error TRT effect Contrast contrast

SOM, percent Control 3.60 ± 0.062 Control vs. MFC 0.6071'
MFCI 3.64 Control vs. HFC 0.0042
HFC 3.25 0.0288 MFC vs. HFC 0.0042

CEC,
'

Control 14.3 ± 0.3 Control vs. MFC 0.0602
cmol(+)kg' MFC 15.0 Control vs. HFC 0.2268

HFC 13.6 0.0295 MFC vs. HFC 0.0090

BRAY 1 Control 416 ± 7 Control vs. MFC 0,8934
MFC 414 ± 6 Control vs. HFC 0.0014
HFC 334 ± 6 0.0227 MFC vs. HFC 0.0014

C/i H2504 Control 32.1 ± 0.6 Control vs. MFC 0.1829
MFC 30.8 Control vs. HFC 0.0002
HFC 23.9 0.0573 MFC vs. HFC 0.0002

Table II-3b-Cemetery, Annabelle, and Bear Springs; long-term effects of prescribed underbuming:
Soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral
soil with significant differences (a=0.10), mean ± standard error

Site Response
variable

Treatment Mean ± standard
error

p-value for
TRT effect

Cemetery C/N Control 19.8 ± 0.4
Operational underbum 18.9 0.08865

Annabelle pH Control 5.56 ± 0.03
Operational underburn 5.73 0.0581

SOM, percent Control 4.8 ± 0.1
Operational underbum 4.3 0.0171

C/N Control 25.2 ± 0.4
Operational underbum 23.30.0201

C/PBBnY I Control 797 ± 42
Operational underbum 641 0.0384

N/PBRAY I Control 32 ± 2
Operational underbum 29 0.0449

Bear Springs Exchangeable K, Control .
1.10 ± 0.02

cmol(+)kg I Operational underbum 1.18 0.0228

'MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption
prescribed underburn.

2Within a variable, standard error is the same for all treatments unless shown otherwise.
3p-value for contrast adjusted for repeated measures using Greenhouse - Geisser e.

4PBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI; PH2s04 = P extracted by 1 M H2SO4.
5p-value for TRT effect adjusted for repeated measures using Greenhouse - Geisser e.



Table II-4a-Lava Butte, year-to-year changes, irrespective of treatment: Soil properties, nutrient concentrations, or ratios of the concentrations in the top 6cm of mineral soil with significant differences (a = 0.10), year means t standard errors and p-values for overall effect of time after burning and for year-to-year effect of time after burning

Sample date p-value for consecutive years
p-value

Variable for year '79post '80 - '82 - '84 - '86 - '87 - 188-'79
postburn

'80 '82 '84 '86 '87 '88 '90 effect - '80 '82 '84 '86 '87 '88 '90

TN, percent 0.085 ±
0.002' 0.082 0.087 0.071 0.060 0.076 0.107 0.085 0.00032 0.3546 0.1299 0.0045 0.0069 0.0045 0.0045 0.0045

PBRAY 13, ppm 45 1 60 62 60 47 56 45 54 0.0003 0.0025 0.2039 0.4131 0.0025 0.0025 0.0025 0.0025
SOM, percent

CEC,

3.9 ± 0.1 3.9 4.2 3.4 3.3 3.0 3.4 2.9 0.0010 0.9148 0.0650 0.0031 0.4253 0.1214 0.0325 0.0084

cmol(+)kg'

Exchangeable

16.0 t 0.4 14.1 14.0 13.0 15.9 15.6 13.4 12.5 0.0106 0.0184 0.7659 0.1325 0.0038 0.6103 0.0092 0.1452

Ca, cmol(+)kg-'

Exchangeable K,

3.7 ± 0.1 3.8 3.8 3.8 4.2 4.2 3.8 3.4 0.0224 0.4593 0.7513 0.9149 0.0239 0.9939 0.0183 0.0391

cmol(+)kg7' 0.68 ± 0.01 0.66 0.65 0.71 0.73 0.72 0.77 0.73 0.0028 0.2041 0.2138 0.0072 0.1697 0.4578 0.0209 0.0412
C/N 27 ± 1 28 28 28 32 23 18 20 0.0002 0.4401 0.6914 0.5602 0.0041 0.0030 0.0030 0.2483
C/PBEp 1474 t 54 1604 1598 1141 1326 1425 1357 1231 0.0208 0.1425 0.9388 0.0038 0.0540 0.2751 0.4436 0.1519
C/PBRAY1 512 t 10 386 400 327 408 315 441 314 0.0001 0.0014 0.3723 0.0014 0.0014 0.0014 0.0014 0.0014

'Within a variable, standard error is the same for all sample dates.
2p-values for year effect and for consecutive years adjusted for repeated measures using Greenhouse - Geisser e
3PBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI; PBEp = P extracted by 0.5 M NaHCO3; PH2so4 = P extracted by 1 M H2S04.



Table II-4a-Lava Butte, year-to-year changes, irrespective of treatment: Soil properties, nutrient concentrations, or ratios of the concentrations in the top 6cm of mineral soil with significant differences (a = 0.10), year means ± standard errors and p-values for overall effect of time after burning and for year-to-year effect of time after burning

Sample date p-value for consecutive years

Variable

' ' ' '

p-value
for year '79post '80 - '82 - '84 - '86 - '87 - '88 -79 80 82 84 '86 '87 '88 '90 effect - '80 '82 '84 '86 '87 '88 '90postburn

31 ± 1 ND' 33 ND 26 ND 26 ND 0.0002 ND '79-'82 ND '82-'86 ND '86-'88 NDC/PH2so4
0.1805 0.0002 0.9120

1 11 BEr 55 ± 1 58. 57 42 42 62 74 63 0.0002 0.1429 0.6906 0.0041 0.7997 0.0041 0.0041 0.0041

'ND = not determined.



Table II-4b-Cemetery, year-to-year changes, irrespective of treatment: Soil properties, nutrient concentrations, or ratios of the concentrations
in the top 6 cm of mineral soil with significant differences (a = 0.10), year means ± standard errors and p-values for overall effect of time
after burning and for year-to-year effect of time after burning

Sample date p-value p-value for consecutive years

Variable '84 postburn '85 '86 '88 '89
for year
effect '84post -'85 '85 '86 '86 - '88 '88 - '89

TN, percent 0.116 ± 0.0051 0.131 0.120 0.148 0.190 0.00012 0.0438 0.1327 0.0007 0.0002

SOM, percent 4.8 ± 0.2 4.8 4.0 4.2 5.1 0.0024 0.9540 0.0148 0.4566 0.0040

CEC,
cmol(+)kg" 26_* 1 25 25 24 27 0.0104 0.3181 0.8374 0.8268 0.0489

Exchangeable Ca,
cmol(+)kg" 17.4 ± 0.9 17.6 14.7 15.2 15.20.0001 0.0921 0.8430 0.0257 0.6776

Exchangeable K,

cmol(+)kg" 1.35 ± 0.04 1.39 1.43 1.37 1.46 0.0209 0.4933 0.5269 0.3251 0.1638

C/N 23.7 ± 0.6 21.1 19.5 16.8 15.7 0.0001 0.0089 0.0879 0.0053 0.2324

C/pl BEP3 1234 t 75 999 876 1034 1101 0.0028 0.0358 0.2625 0.1518 0.5337

N/PBEP 52 ± 4 47 46 62 70 0.0001 0.3125 0.7950 0.0045 0.1113

'Within a variable, standard error is the same for all sample dates.

2p-values for year effect and for consecutive years adjusted for repeated measures using Greenhouse - Geisser e.

'PBEP = P extracted by 0.5 M NaHCO3.

-



Table II-4c-Annabelle, year-to-year changes, irrespective of treatment: Soil properties, nutrient concentrations, or ratios of the concentrations in
the top 6 cm of mineral soil with significant differences (a = 0.10), year means ± standard errors and p-values for overall effect of time after
burning and for year-to-year effect of time after burning

Sample date p-value o-value for consecutive years

Variable '86 postburn '87 '88 '90
for year
effect '86post - 87 '87 - '88 '88 - '90

TN, percent 0.091 t 0.005' 0.095 0.123 0.138 0.00012 0.5746 0.0001 0.0268

PBEP3, Ppm 14 t 1 13 15 17 0.0004 0.5046 0.1197 0.1752

PBRAY a PPM 42 t 3 44 35 36 0.0255 0.5984 0.0419 0.7663

SOM, percent 4.5 t 0.2 4.2 4.6 4.8 0.0869 0.2082 0.0856 0.5450

pH 5.54 t 0.05 5.58 5.77 5.68 0.0004 0.5471 0.0114 0.1897

CEC, cmol(+)kg' 15.9 t 0.4 17.6 14.5 15.30.0001 0.0039 0.0002 0.1946

Exchangeable Ca, cmol(+)kg" 4.8 t 0.2 4.3 4.0 4.6 0.0139 0.1155 0.3870 0.0537

Exchangeable Mg, cmol(+)kg" 0.68 ± 0.05 0.70 0.86 0.94 0.0001 0.7542 0.0438 0.3099

Exchangeable K, cmol(+)kg'' 0.73 t 0.04 0.75 0.79 0.79 0.0636 0.7516 0.5016 1.0000

C/N 28.8 t 0.6 25.9 22.0 20.30.0001 0.0025 0.0002 0.0564

C/PBEP 1955 t 99 1881 ± 104 1825 ± 99 1705 t 99 0.0920 0.6108 0.7000 0.3998

C/PBRAY I 683 t 59 588 ± 61 802 t 59 803 t 59 0.0045 0.2789 0.0207 0.9840

N/PBEP 67 t 5 73 84 85 0.0245 0.9503 0.1497 0.9964

N/PBRAV I 24 t 2 23 t 3 37 ± 2 40 ± 2 0.0001 0.8291 0.0007 0.4049

`Within a variable, standard error is the same for all sample dates unless shown otherwise.

2p-values for year effect and for consecutive years adjusted for repeated measures using Greenhouse - Geisser e
'PREP = P extracted by 0.5 M NaHCO3; PBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI.



Table II-4d-Bear Springs, year-to-year changes, irrespective of treatment: Soil properties, nutrient concentrations, or ratios of
the concentrations in the top 6 cm of mineral soil with significant differences (a = 0.10), year means ± standard errors and
p-values for overall effect of time after burning and for year-to-year effect of time after burning

Sample date p-value for p-value for consecutive years

Variable '88 postburn '89 '90
year effect

'88 postbum - '89 '89 - '90

PBRAY 11, ppm 20 '±- 22 18 15 0.03353 0.6314 0.4714

pH 5.69 ± 0.04 5.68 5.47 0.0040 0.7451 0.0011

Exchangeable Ca, cmol(+)kg-1 7.3 ± 0.3 7.0 6.3 0.0330 0.5963 0.1251

Exchangeable Mg, cmol(+)kg'1 0.82 ± 0.03 0.87 0.77 0.0087 0.3060 0.0319

C/N 20.2 ± 0.5 19.0 20.4 0.0759 0.0924 0.0511

C/PBRAY 1 2123 ± 360 2326 2776 0.0086 0.6951 0.3902

N/PBRAY 1 106 ± 19 122 139 0.0031 0.5555 0.5394

IPBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI.

'Within a variable, standard error is the same for all sample dates.

3p-values for year effect and for consecutive years adjusted for repeated measures using Greenhouse - Geisser e.
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bulk density; followed by changes in the ratios of concentrations, ON, C/P, and
N/P.

Changes due to treatment or time, or both, are reported in the following

sequence: 1) changes occurring immediately after prescribed underburning, 2)

long-term changes due to underburning, 3) changes over time dependent upon

treatment (treatment x time interaction significant), and 4) year-to-year

changes, irrespective of treatment.

Total N. The mean preburn mineral soil TN concentrations at the four
study sites, averaged over all the study plots at a given site prior to treatment,

are shown in Table II-1. Prior to underburning, the mineral soil TN

concentrations ranged from 0.090 percent at Annabelle to 0.132 percent at
Bear Springs.

Mineral soil TN concentration changed significantly between the

preburn and immediate postburn sampling dates only at Lava Butte (Figure II-

1). Total N concentration decreased in the HFC units, from 0.098 to 0.074

percent; the TN concentration in the control units also decreased, from 0.095

to 0.082 percent; and TN concentration in the MFC units did not change. P-
values for differences between sample dates by treatment and for differences
between treatments at a given sample date are in Table II-2a.

The above are the significant differences in TN concentration due to
underburning. There were no other significant differences in TN concentration

due to treatment at any site immediately after underburning or over the time
span of the experiment.

Total N concentrations, irrespective of treatment, showed significant

differences from year to year, at three of the four locations-Lava Butte,
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Figure 11-1-Total N concentration in the top 6 cm of mineral soil before and immediately after prescribed underburning at Lava
Butte; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed
underburn.
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Cemetery, and Annabelle (Tables II-4a, b, and c)-with total N concentration

differing between sequential sampling dates for five out of the seven sampling

intervals at Lava Butte, for three out of four sampling intervals at Cemetery,

and for two out of three sampling intervals at Annabelle.

Mineralizable N. The mean prebum anaerobic mineralizable N

concentrations for the four sites are given in Table II-1. Prior to

underburning, mineralizable N concentrations ranged from 18 ppm at

Annabelle to 38 ppm at Bear Springs.

Immediate changes in mineralizable N concentration due to prescribed

underburning were determined only at Lava Butte and Cemetery. Differences

in mineralizable N concentration immediately after burning were significant

only at Cemetery, where the mineralizable N concentration in the burn units

was 9 ppm greater than in the control units (Figure 11-2). The following year,

the mineralizable N concentration in the bum units, at 51 ppm, was again

significantly higher than in the control units, at 31 ppm.

At Lava Butte, ten years after burning, there were significant differences

in mineralizable N concentration among the three treatments; the control units

had 20 ppm, the MFC units had 21 ppm, and the HFC units had 16 ppm. Two

years later, 12 years after burning, differences continued: The control and

MFC units had 15 and 16 ppm, respectively, and the HFC units were different

from the control and MFC units, with 12 ppm mineralizable N (Figure 11-3).

Soil extractable P. When soil was extracted with water, no

orthophosphates were detectable. Mean preburn values for P extracted with

bicarbonate, Bray I, and H2SO4 are given in Table II-1. Prior to underburning,

PBEP concentrations ranged from 8.4 ppm at Bear Springs to 22 ppm at

Cemetery; PBRAY I concentrations ranged from 16 ppm at Bear Springs to 51
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Figure 11-2-Mineralizable N concentration in the top 6 cm of mineral soil before and after prescribed underburning at Cemetery;
Con = control.
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Butte; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed
underburn.
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ppm at Lava Butte; and PH2so4 concentrations ranged from 399 ppm at Bear
Springs to 740 ppm at Lava Butte.

Immediately after burning, there were significant differences in PBEp

concentration at Lava Butte and in PBRAY I concentration at Cemetery. At Lava

Butte, PBS concentration decreased in the control units, from 18 to 15 ppm,

and in the HFC units, from 24 to 14 ppm (Figure II-4). At Cemetery, PBIZAY I

concentration increased immediately after underburning, from 34 to 38 ppm in

the underburned units, while PBRAY I concentration in the control units did not

change (Figure 11-5).

There were no other significant differences in P extracted with any
extractant, that were attributable to burning, either as an immediate or a long-

term effect at any location.

Extractable P concentrations changed over time depending upon both

the treatment a unit had received (treatment x time interaction significant) and

the extraction solution used. Bicarbonate extractable P concentration (Figure

II-6a), at Lava Butte, and both PBU (Figure II-6b) and PBRAY I concentrations

(Figures 11-7), at Cemetery, showed significant treatment x time

interaction-the control and burn units responded differently over time.

Irrespective of treatment, extractable P concentration showed significant

differences from year to year, when determined with Bray I. This extractant

produced differences in extractable P concentration at Lava Butte for five out
of seven sequential sampling intervals (Table II-4a); at Annabelle for one out
of three sequential sampling intervals (Table II-4c); and at Bear Springs, but

not between any sequential sampling dates (Table II-4d). Bicarbonate

extractable P concentration changed significantly at Annabelle, irrespective of

treatment, but not between any sequential sampling dates (Table II-4c).
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Figure II-4-Bicarbonate extractable P concentration in the top 6 cm of mineral soil before and immediately after prescribed
underburning at Lava Butte; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC = high fuel
consumption prescribed underburn.
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underburning at Cemetery; Con = control.
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Soil pH. The mean preburn pH values of the top 6 cm of mineral soil,
measured in 0.1 M CaC12, at the four sites are given in Table II-1. Prior to the
underburns, mineral soil pH values ranged from 5.47 at Lava Butte to 5.88 at
Cemetery.

Changes in soil pH following burning were evident only after at least
one year had elapsed.

Prescribed underburning produced significant long-term changes in soil
pH only at Annabelle (Table II-3b), where the pH in the burned units was 0.17
pH units higher than in the control units.

Soil pH changed differently over time between the burned units and the
control units (treatment x time interaction significant) at Lava Butte and

Cemetery (Figures II-8a and b), where the burned units showed consistently

higher pH values.

At both Annabelle and Bear Springs, the year-to-year changes in soil

pH, irrespective of treatment, were also significant (Tables II-4c and d).

Soil organic matter. The mean preburn SOM concentration at the four
locations is given in Table II-1. Prior to treatment, SOM concentration ranged
from 4.1 percent at Annabelle to 5.5 percent at Bear Springs.

Mineral SOM concentration decreased significantly between preburn
and the immediate postburn samplings in both the control and HFC units at
Lava Butte. There the SOM concentration decreased in the control units from
4.9 to 3.9 percent and in the HFC units from 5.4 to 3.5 percent; the SOM
concentration in the MFC units did not change during this period (Figure 11-9).
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Figure 11-9-Organic matter concentration. in the top 6 cm of mineral soil before and immediately after prescribed underburning at
Lava Butte; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed
underburn.
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The SOM concentration was significantly lower over the long term in
burned units Lava Butte and Annabelle (Tables II-3a and b). At Lava Butte,
the mean SOM concentrations, calculated by treatment for the 12-year

sampling period, were 3.59, 3.64, and 3.25 percent in the control, MFC, and

HFC units, respectively. At Annabelle, the mean SOM concentrations,

calculated by treatment for the 5-year sampling period, were 4.84 in the control
units and 4.25 percent in the underburned units.

Mineral SOM concentration fluctuated from year to year, irrespective of

treatment, at three of the four sites: Lava Butte, Cemetery, and Annabelle

(Tables II-4a, b, and c). These sites all had initial SOM concentrations (Table

II-1) of <_ 5.0 percent, while the Bear Springs site-which did not show these

fluctuations-had an initial SOM concentration of 5.5 ± 0.3 percent.

Cation exchange capacity. The mean preburn CECs for the four sites

are given in Table 11-1. Prior to burning, the CEC ranged from 15.5

cmol(+)kg 1 at Annabelle to 27 cmol(+)kg 1 at Cemetery.

There was no change in CEC between the preburn and immediate
postburn sampling dates at any site.

Lava Butte is the only site where burning produced a significant long-

term change in CEC (Table II-3a). The mean CEC for the duration of the

experiment was lower in the HFC units than in the control or MFC units, by
0.5 or 1.4 cmol(+)kg 1, respectively.

Cation exchange capacity changed significantly from year to year,
irrespective of treatment, at Lava Butte, Cemetery, and Annabelle (Tables II-
4a, b, and c).
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Exchangeable bases. The mean preburn concentrations of exchangeable

bases are given in Table II-1. Prior to burning, exchangeable Ca values ranged

from 4.3 cmol(+)kg-' at Lava Butte to 15.7 at Cemetery; exchangeable Mg

ranged from 0.51 at Lava Butte to 6.6 at Cemetery; and exchangeable K from

0.62 at Lava Butte to 1.25 at Cemetery.

Immediately after burning, exchangeable Mg increased in the MFC units
at Lava Butte (Figure 11-10) from 0.480 cmol(+)kg-' before burning to 0.614
after burning.

During the 3-year sampling period at Bear Springs, the mean
exchangeable K value increased significantly from 1.10 cmol(+)kg' before

burning to 1.18 after burning (Table II-3b).

Concentrations of exchangeable Ca changed significantly (p = 0.0677)
from year to year at Cemetery depending upon treatment received-burn or
control (Figure II-11).

Irrespective of treatment, the exchangeable Ca concentration changed

significantly from year to year at Lava Butte, Cemetery, Annabelle, and Bear

Springs. Similarly, exchangeable Mg concentration changed significantly at

Annabelle and Bear Springs; and exchangeable K concentration changed

significantly at Lava Butte, Cemetery, and Annabelle (Tables II-4a, b, c, and
d).

Bulk density. Soil bulk density was measured three times at Lava
Butte-1979 preburn, 1979 postburn, and 1992-and only in 1992 at the other
three sites.
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Mean preburn bulk density of the upper 6 cm of mineral soil at Lava
Butte is given in Table II-1.

Prescribed underburning produced immediate significant decreases in

bulk density: from 0.76 to 0.72 g cm-' in the MFC burn units, and from 0.74 to
0.64 g cm-' in the HFC units (Figure 11-12).

Soil bulk density also changed significantly between the 1979 immediate

postburn and 1992 sampling dates (p = 0.0003). During this interval, bulk

density increased in the HFC units from 0.64 to 0.76 (Greenhouse - Geisser

adjusted p = 0.0031). At the 1992 sampling date there were no significant

differences in soil bulk density among treatments.

Carbon/nitrogen ratios. The mean preburn C/N ratios for the sites are
given in Table II-1. The sites rank in preburn C/N ratio from lowest to highest

as follows: Cemetery, 22; Bear Springs, 24; Annabelle, 27; and Lava Butte, 30.

The prescribed underburning treatment produced a significant long-term

decrease in the C/N ratio at Cemetery and Annabelle. At Cemetery, the mean
ratio was 18.9 in the underburned units compared to 19.8 in the control units;

at Annabelle the ratio was 23.3 in the underburned units compared to 25.2 in
the control units, over the duration of the study (Table II-3b).

Irrespective of treatment, the C/N ratio changed significantly from year
to year at all four sites (Tables II-4a, b, c and d). At Lava Butte, the C/N ratio
changed significantly during three out of seven sequential sampling intervals; at

Cemetery during three out of four; at Annabelle during all three; and at Bear
Springs during both sequential sampling intervals.
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121

Carbon/phosphorus ratios. The mean preburn ratios of concentrations,

C/P, with P extracted by bicarbonate, Bray I, and H2SO4, are given in Table II-

1. Prior to burning, the C/PBEP ratio ranged from 1268 at Cemetery to 3930 at

Bear Springs; the C/PBIAY I ratio ranged from 565 at Lava Butte to 2377 at

Bear Springs; and the C/PH2so4 ratio ranged from 38 at Annabelle to 85 at Bear
Springs.

The only significant changes in any of the ratios of concentrations, C/P,

immediately after burning occurred at Lava Butte where both the C/PBR,Y I and

C/PLI2so4 ratios changed significantly between the preburn and immediate
postburn sampling dates. The C/PBRAY I ratio decreased in the HFC units from
575 in the before burning to 427 after burning; the ratio in the control and

MFC units did not change (Figure 11-13). Also, immediately after burning and

at Lava Butte, the C/PH2so4 ratio decreased in the HFC units, from 42 to 26,
and in the control units from 42 to 33; the ratio did not change in the MFC
units (Figure 11-14).

Prescribed underburning produced a significant long-term decrease in

the C/PBIAY I ratio at Lava Butte and Annabelle, and in the C/PH2so4 ratio at

Lava Butte (Table II-3a and b). At Lava Butte, throughout the duration of the
experiment, the C/PBxAY I ratio was lower in the HFC, at 334, than in the

control and MFC units, at 416 and 414, respectively. At Annabelle, the
C/PBIIAY I ratio of 641 in the burn units was significantly lower than that in the

control units, at 797. Similarly, at Lava Butte, the C/PH2so4 ratio in the HFC of

23.9 was significantly lower than the ratio in the control and MFC units, at 32.1
and 30.8, respectively.

Irrespective of treatment, there were significant year-to-year changes in

the C/PBEP ratio at Lava Butte, Cemetery, and Annabelle (Tables II-4a, b, and
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c); in the C/PBJIY I ratio at Lava Butte, Annabelle, and Bear Springs (Tables

II-4a, c, and d); and in the C/PHZSOa ratio at Lava Butte.

Nitrogen/phosphorus ratios. The mean preburn ratios of
concentrations, N/P, are given in Table II-1. Prior to burning, the N/PBBI, ratio
ranged from 48 at Lava Butte to 161 at Bear Springs; the N/PBRAy I ratio
ranged from 19 at Lava Butte to 97 at Bear Springs; and the N/PHnO4 ratio
ranged from 1.31 at Lava Butte to 3.5 at Bear Springs.

The changes in the ratios of concentrations, N/P, immediately after
burning followed the same pattern seen in the C/P ratios. The N/PBRAY I and

N/PH2sO4 ratios changed significantly, but only at Lava Butte. The N/PBIU,YI
ratio decreased from 17.7 to 15.9 in the HFC units but increased, from 19.8 to
21.9, in the MFC units. The control units did not change during this time
period (Figure 11-15). The N/PH2SO4 ratio decreased significantly in the control
units, from 1.40 to 1.21, and in the HFC units, from 1.29 to 0.96, but increased
significantly in the MFC units, from 1.22 to 1.35 (Figure 11-16).

The only long-term changes in the N/P ratios appeared at Annabelle.
Throughout the duration-of the experiment, the N/PBRAY I ratio of 29 in the
burn units was significantly lower than the ratio of 32 in the control units
(Table II-3b).

There was a significant treatment x time interaction in N/PBRAY I ratio at
Lava Butte and Cemetery (Figure II-17a and b), and in the N/PH2o4 ratio at
Lava Butte (Figure 11-18).

There were significant year-to-year differences, irrespective of treatment,
in the N/PBm ratios at Lava Butte, Cemetery, and Annabelle (Tables II-4a, b,
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and c), and in the N/PBRAY I ratios at Annabelle and Bear Springs (Tables II-4c
and d).

Effect of Prescribed Underburning and Time on Mineral Soil Mole Charges,

Nutrient Masses, and Ratios of the Masses at Lava Butte

Because preburn and immediate postburn bulk density had been

determined at Lava Butte, soil nutrient mass changes due to burning could be

determined for that site (Table 11-5). In 1992 soil bulk density was measured

at all sites. For Cemetery, Annabelle, and Bear Springs, the bulk density value

obtained in 1992 was used to provide an estimate of soil nutrient mass

(Appendix Tables A-3a, b, and c).

Immediately after burning there were significant changes in the

following mole charges, nutrient masses, or ratios of masses at Lava Butte:

SOM, PBEP, exchangeable Mg, and C/PH2so4 and N/PH2so4; and nearly significant

changes in TN (p = 0.1015). Further, there were significant decreases in the

HFC units in the following mole charges, nutrient masses, or ratios of masses:

SOM, TN, PBEP, PBRAY I, CEC, exchangeable Ca, C/N, C/ BRAY I, C/PH2so4,

N/PBJ Y I and N/PH2S04 (Table 11-5).

Of the above six nutrients or ratios that showed significant, or nearly

significant, changes between the preburn and immediate postburn sampling

dates, five-SOM, TN, PBEP, C/PMso4, and N/PHS04-followed a pattern of

decreasing in the control and HFC units and either showing no change or

increasing in the MFC units.

Mineral SOM mass set the pattern with significant decreases

immediately after burning (p-values in Table 11-5)-in the control units a

decrease of 4.6 Mg ha' to a postburn mass of 18.0 Mg ha', and in the HFC



Table 11-5-Lava Butte: Mole charge, nutrient masses,or ratios of the masses in the top 6 cm mineral soil, treatment means ± standard errors

Variable

Overall
prebum
mean Treatment

p-value for
Sample date

TRT effect TRT contrast by date

'79 prebum vs. '79 postburn '79 prebum vs. '79 postburn vs.'79 prebum '79 postbum '90 '79 postburn vs. '90 '79 postburn '90
SOM, 22.2 t Control 22.6 t 1.02 18.0 12.6 0.0236 0.0125Mg ha-' 0.6 MFC' 19.9 19.0 13.7 0.5681 0.0117HFC 24.0 13.3 12.2 0.0329' 0.2491 0.0004 0.4714
TN, 432 ± 6 Control 437 ± 11 376 379 0.0243 0.8437kg ha-' MFC 426 t 10 425 t 11 408 ± 10 0.9436 0.3446HFC 432 ± 10 287 361 0.1015 0.0106 0.0019 0.0122
PBE?4, 9.3 ± 0.1 Control 8.5 i- 0.2 6.7 6.1 0.0062 0.1854kg ha' MFC 8.6 7.7 6.2 0.0589 0.0122HFC 10.7 5.6 6.2 0.0325 0.0182 0.0010 0.1579
PBRAY 23.1 t Control 22.9 ± 0.8 19.4 22.00.0290 0.0699kg ha' 0.4 MFC 21.7 ± 0.7 19.6 ± 0.8 23.4 ± 0.7 0.1041 0.0183HFC 24.6 ± 0.7 18.2 27.9 0.5655 0.0164 0.0022 0.0005H2SO4' P334 ± 11 Control 316 ± 19 317 ND' 0.9564 NDkg ha'' MFC 349 ± 18 315 ± 19 ND 0.2852 NDHFC 336 ± 18 299 ± 18 ND 0.5771 ND 0.2464 ND

'MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
'Within a variable and a treatment, standard error is the same for all sample dates unless shown otherwise.
'All p-values adjusted for repeated measures using Greenhouse-Geisser e except p-values for PH2S041 CPH2SO4, and N/PH2s04.
4PBE' = P extracted by 0.5 M NaHCO3; PBRAY i = P extracted by 0.03 M NH4F + 0.025 M HCI; PH2so4 = P extracted by 1 M H2S04.'ND = not determined.



Table 11-5-Lava Butte: Mole charge, nutrient masses, or ratios of the masses in the top 6 cm mineral soil, treatment means t standard errors

Variable

Overall
preburn
mean Treatment

n-value for
Sample date

TRT effect TRT contrast by date

'79 preburn vs. '79 postburn '79 preburn vs. '79 postburn vs.'79 prebum '79 postburn '90 '79 postburn vs. '90 '79 postburn '90
CEC, 82 ± 3 Control 88 ± 5 73 56 0.1236 0.0839mol(+)103 ha' MFC 73 74 58 0.9478 0.0952HFC 86 57 53 0.2706 0.1302 0.0188 0.5630
Exchangeable Ca, 19.1 ± Control 20.0 ± 1.3 18.2 13.7 0.3701 0.0575mol(+)103 ha' 0.7 MFC 17.3 ± 1.2 16.2 ± 1.3 15.6 ± 1.2 0.5658 0.7397HFC 20.1 ± 1.2 13.5 16.6 0.2671 0.1776 0.0120 0.1288
Exchangeable Mg, 2.31 t Control 2.3 ± 0.1 2.1 2.2 0.3278 0.4121mol(+)103 ha-' 0.07 MFC 2.2 2.6 2.5 0.0467 0.3875HFC 2.5 2.2 2.2 0.0690 0.5943 0.1460 0.9864
Exchangeable K, . 2.8 ± 0.1 Control 2.9 ± 0.3 3.2 3.1 0.5812 0.9703mol(+)103 ha"' MFC 2.6 ± 0.2 2.9 -±- 0.3 3.3 ± 0.2 0.4192 0.3242HFC 2.9 ± 0.2 2.6 3.3 0.7919 0.0649 0.5726 0.1460
Mineralizable N, 13.4 t Control 15.0 ± 0.9 9.9 6.7ab2 0.0153 NDkg ha"' 0.5 MFC 12.8 9.7 7.Oa 0.0665 ND

C/N

HFC 12.4 10.6 5.4b 0.4928 ND 0.2197 NDp-value' 0.3914 0.7554 0.0224

30.0 ± Control 30 ± 2 28 19 0.3375 0.02130.9 MFC 27 26 20 0.6119 0.0415HFC 33 27 19 0.4053 0.8590 0.0605 0.0255

'Mineralizable N values not comparable between dates; therefore, p-values for TRT effect within a sample date are given.
'Different letters indicate significant difference at a = 0.10, least significant difference.



Table 11-5-Lava Butte: Mole charge, nutrient masses, or ratios of the masses in the top 6 cm mineral soil, treatment means ± standard errors

Sample date
p-value for

Overall
b

TRT effect TRT contrast by date

Variable
pre urn
mean Treatment

'79 preburn '79 postbum '90
'79. preburn vs.
'79 postbum

'79 postburn '79 preburn vs.
vs. '90 '79 postburn

'79 postburn vs.
'90

CfPBEP 1408 t
48

Control 1537 ± 86 1572 1222 0.7840 0.0424MFC
H

1363 ± 82 1444 ± 86 1289 ± 82 0.5282 0.2576FC 1323 ± 82 1389 ± 82 1163 ± 86 0.4706 0.6672 0.5995 0.1269
C/PBRAY i 565 ± 17 Control 586 ± 30 541 343 0.3667 0.0046MFC

HF
536 ± 28 565 ± 30 342 ± 28 0.5122 0.0024C 575 ± 28 427 ± 28 258 ± 30 0.1358 0.6495 0.0128 0.0083

C/PH2so4 39 ± 1 Control 42 ± 2 33 ND 0.0804 NDMFC 33 35 ND 0.6251 NDHFC 42 26 ND 0.0653 ND 0.0155 ND
NIP 48 ± 2 Cont l 52BEP ro 57 63 0.2728 0.2088MFC 50 56 66 0 2407 0 0560HFC 41 52 59 0.6187 0.2334

.

0.0482
.

0.1377
N/PBRAY I 19.0 ±

0 2
Control 19.5 ± 0.4 19.7 17.7 0.7706 0.0374. MFC 19.8 21.9 17.5 0 0286 0 0034HFC 17.7 15.9 13.00.1179 0.0262

.

0.0396
.

0.0027
NfPH2SO4 1.31 ±

0 02
Control 1.40 ± 0.03 1.21 ND 0.0227 ND

. MFC 1.22 1.35 ND 0.0589 NDHFC 1.29 0.96 ND 0.0264 ND 0.0038 ND
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units a decrease of 10.7 Mg ha-' leaving a postburn mass of 13.3 Mg ha-1
(Figure 11-19).

The decrease in TN mass in the HFC units from 432 kg ha-1 to a
postburn mass of 287 was significant as was the decrease in the control units

from 437 to 376 (Figure 11-20).

Similarly, PBEP mass decreased, by 1.8 kg ha-' to 6.7 kg ha'1, in the

control units and, by 5.1 kg ha -I to 5.6 kg ha1, in the HFC units. However,
PBEP also decreased significantly in the MFC units, by 0.9 kg ha-' (Figure 11-21).

The amount of exchangeable Mg, in mole charges, changed significantly

immediately after underburning but did not follow the same pattern. The

amount of exchangeable Mg increased immediately after burning, but only in
the MFC units, by 0.4 mol(+) 103 ha 1, leaving 2.6 immediately after burning

(Figure 11-22).

The ratios of masses, C/PH2so4 and N/PHnoa, in the mineral soil followed
the pattern seen above with SOM. Both ratios decreased significantly in both

the control and HFC units-the C/PH2sO ratio decreased in the control from 42
to 33 and in the HFC units from 42 to 26 (Figure 11-23), and the N/PH2so4 ratio

decreased in the control units from 1.40 to 1.21 and in the HFC units from
1.29 to 0.96, but increased in the MFC units from 1.22 to 1.35 (Figure 11-24).

Differences between the 1979 postburn sampling date and the 1990

sampling date in nutrient masses or amounts of mole charges were determined

to identify changes over time after the prescribed underburns (Table 11-5).

Between these two sampling dates, significant differences were found in the
masses of TN, PBEP, PBRAY 1, in the amount of exchangeable K, and in the

N/PBRAY
1

ratio.
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Figure II-23-Ratio of masses, C/PH2SO41 in the top 6 cm of mineral soil before and immediately after prescribed underburning atLava Butte; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC =high fuel consumption prescribed underburn.
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During the 11 years after burning, the TN mass increased significantly in

the HFC units over its previous value, from 287 to 361 kg to nearly the

amount in the control, 379 kg ha-' (Figure 11-20).

The PB1, mass decreased significantly in the MFC units from 7.7 to 6.2
kg ha 1, giving all treatments a similar end PBEp mass at 6.1 to 6.2 kg ha-'
(Figure II-21).

The PBRAy I mass increased significantly in all three treatments-from

19.4 to-22.0 kg ha-' in the control units, from 19.6 to 23.4 in the MFC units,

and from 18.2 to 27.9 in the HFC units (Figure II-25).

Although there was a significant difference in the amount of

exchangeable K, in mole charge, between the immediate postburn sampling

date and the sample three years later, there was no significant difference in any
of the treatments between those two sampling dates.

The ratio of masses, NIPBRAY 1, decreased significantly in all treatment
units during the 11-year postburn period. The ratio decreased in the control
units from 19.7 to a postburn value of 17.7, in the MFC units- from 21-9-fo
17.5, and in the HFC units from 15.9 to 13.0 (Figure 11-26).

Effect of Prescribed Underburning and Time on Forest Floor Nutrient Masses and

Ratios at Lava Butte

Forest floor nutrient masses have been determined at Lava Butte. At
that site, the amounts of.OM, TN, total P, Ca, and K in the forest floor
changed significantly between the preburn and immediate postburn sampling

dates (Table 11-6). In the three years after burning, the amount of Ca, and the
C/N, C/P, and N/P ratios all changed.
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Table 11-6-Lava Butte: Nutrient masses or ratios of the masses in the forest floor, treatment means, confidence intervals (a = 0.05), and p-values
determined on In of variables

Sample date

Variable Treatment '79 preburn '79 postburn

OM,
Mg ha-',

TN,
kg ha'

Total P,
kg ha''

Total Ca,
kg ha"

Total Mg,
kg ha'

Total K,
kg ha'

C/N

Control 16 (11,22)
MFC1 16 (11,22)
HFC 29 (21,39)

Control 181 (132,249)
MFC 196 (145,264)
HFC 345 (256,466)

Control 20 (13,29)
MFC 18 (13,27)
HFC 41 (28,59)

Control 112 (88,142)
MFC 120 (95,151)
HFC 185 (148,233)

Control 32 (14,70)
MFC 25 (12,53)
HFC 41 (20,88)

Control 29 (20,42)
MFC 27 (19,38)
HFC 56 (40,80)

Control 51 (39,67)
MFC 47 (36,60)
HFC 48 (37,63)

18 (13,26)
16 (11,22)

3 (2,4)

207 (151,283)
233 (172,314)

65 (48,87)

27 (18,39)
35 (24,50)
19 (13,27)

153 (120,195)
174 (138,218)'
205 (163,258)

29 (13,64)
35 (17,75)
20 (9,41)

40 (28,57)
45 (32,64)
30 (21,43)

52 (39,68)
39 (30,51)
27 (21,35)

'82

18 (13,26)
18 (13,25)

5 (4,7)

191 (140,262)
207 (153,279)

42 (31,56)

19 (13,28)
19 (13,28)

4 (3,6)

135 (106,171)
165 (131,207)

33 (26,41)

24 (11,54)
26 (12,56)

4 (2,10)

26 (18,38)
27 (19,37)

5 (4,7)

56 (42,73)
51 (39,66)
71 (55,92)

p-value for overall TRT effect p-value for within TRT contrast

'79pre vs. '79post '79 post vs. '82 '79pre vs. '79post '79post vs. '82

0.03362

0.0298

0.0226

0.0065

0.3348

0.0166

0.6979

0.7594

0.7923

0.3473

0.0643

0.5850

0.5159

0.0995

0.5038
0.9942
0.0005

0.5231
0.3929
0.0027

0.2336
0.0251
0.0110

0.1104
0.0674
0.0884

0.8659
0.5016
0.1890

0.2261
0.0698
0.0421

0.9572
0.3269
0.0212

0.9768
0.4830
0.0376

0.6952
0.5428
0.0854

0.1702

0.0312

0.0004

0.4266
0.7189
0.0028

0.7423
0.5557
0.0412

0.1293
0.0628
0.0014

0.6736
0.1685
0.0042

`MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.

2A11 p-values adjusted for repeated measures using Greenhouse - Geisser e.



Table 11-6-Lava Butte: Nutrient masses or ratios of the masses in the forest floor, treatment means, confidence intervals (a = 0.05), and p-values
determined on In of variables

Sample date p-value for overall TRT effect p-value for within TRT contrast

Variable Treatment '79 preburn '79 postbum '82 '79pre vs. '79post '79 post vs. '82 '79pre vs. '79post '79post vs. '82

C/TP' Control 469 (376,584) 401 (322,500) 565 (454,705) 0.2680 0.0370
MFC 493 (400,608) 261 (212,322) 548 (444,675) 0.0021 0.0010
HFC 407 (330,502) 93 (76,115) 778 (632,959) 0.1660 0.0034 0.0001 0.0001

N/TP Control 9 (7,11) 8 (6,10) 10 (8,13) 0.2657 0.1108
MFC 11 (9,13) 7 (5,8) 11 (9,13) 0.0266 0.0240
HFC 8 (7,10) 3 (3,4) 11 (9,13) 0.4182 0.0333 0.0038 0.0027

'Total P determined by Kjeldahl digestion.
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Forest floor organic matter. Immediately after burning, the HFC units

had 3 Mg ha-1 of forest floor OM, 13 Mg ha-' less than the MFC and 15 Mg

ha' less than the control units (Figure II-27). In the HFC units, 26 Mg ha-' of

forest floor OM had been removed by the prescribed underburns.

Three years after burning, the amount of organic matter was not

significantly different from the amount immediately after burning.

Forest floor total nitrogen. The TN mass in the forest floor followed a

pattern similar to that of forest floor OM. Immediately after burning, the

HFC units had 65 kg ha-' TN, 168 kg ha-' less than the MFC units and 142 kg

ha-' less than the control units. The decrease in TN mass, of 280 kg ha-1, in the

HFC units was significant (Figure 11-28).

Three years after burning, the amount of TN in the forest floorwas not

significantly different from the amount immediately after burning.

Forest floor total phosphorus. Immediately after burning, the amount

of total P in the MFC units had increased significantly, by 17 kg ha 1, while the

amount of total P in the HFC units had decreased significantly, by 22 kg ha-'

(Figure 11-29). Interestingly, the initial total P ranged from 18 kg ha-' in the

MFC units to 41 kg ha -1 in the HFC units; and after burning it ranged from 19

kg -1 in the HFC units to 35 kg ha-' in the MFC units.

There was no significant difference in the amount of total P in the three

years after burning. However, upon examining contrasts, the MFC and HFC

units both decreased significantly: the MFC units by 16 kg ha1, from 35 to 19,

and the HFC units by 15 kg ha-1, from 19 to 4.
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Figure II-27-Forest floor OM mass before and after prescribed underburning at Lava Butte; treatment means and confidence
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Figure II-28-Forest floor TN mass before and after prescribed underburning at Lava Butte; treatment means and confidence
intervals (a = 0.05) determined on In of variable; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel
consumption prescribed underburn, HFC = high fuel consumption prescribed underburn.
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Forest floor total calcium. Immediately after burning, forest floor total
Ca mass increased significantly in both burn treatments. In the MFC units,
total Ca increased by 54 kg ha-'; and in the HFC units, it increased by 20 kg
ha-' (Figure 11-30).

In the three years following the burns, the amount of total Ca decreased

significantly in the HFC units, by 172 kg ha'', leaving 33 kg ha-'.

Forest floor total magnesium. There were no changes in forest floor
total Mg between the preburn and immediate postburn sampling dates, or
between the immediate postburn sampling date and the sample three years
later.

Forest floor total potassium. Immediately after burning, the total K
mass increased significantly in the MFC units, by 18 kg ha-' to 45 kg ha-1, but

decreased significantly in the HFC units, by 26 kg ha-' to 30 kg ha' (Figure II-
31).

Forest floor C/N, C/TP, and N/TP ratios. There were no significant
differences in the C/N, C/TP, or N/TP ratios immediately after burning.

Three years after burning, all three ratios-C/N, C/TP, and N/TP-had
increased significantly. The C/N ratio increased only in the HFC treated units,
from 27 to a postburn value of 71 (Figure 11-32).

The C/TP ratio increased in all three treatments-by 164 to a postburn
value of 565 in the control units, by 287 to 548 in the MFC units, and by 685

to 778 in the HFC units (Figure 11-33).
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Figure 11-32-Ratio of masses, C/N, in the forest floor before and after prescribed underburning at Lava Butte; treatment means
and confidence intervals (a = 0.05) determined on In of variables; Pre = preburn, Post = postburn; Con = control, MFC =
moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed underburn.
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Figure II-33-Ratio of masses, C/TP, in the forest floor before and after prescribed underburning at Lava Butte; treatment meansand confidence intervals (a = 0.05) determined on In of variables; Pre = preburn, Post = postburn; Con = control, MFC =moderate fuel consumption prescribed underburn, HFC = high fuel consumption prescribed underburn.
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The N/TP ratio increased in both burn treated units-from 7 to a
postburn value of 11 in the MFC units and from 3 to 11 in the HFC units
(Figure II-34).

Immediate Effect of Prescribed Underburning on the Summed Masses of Nutrients

in the Mineral Soil and Forest Floor or the Ratios of those Sums at Lava Butte

Both mineral soil and forest floor nutrient masses were determined only

at Lava Butte; therefore, the summed nutrient mass present in the forest floor

and the top 6 cm of mineral soil was determined only at Lava Butte (Table II-
7).

Nutrient mass data for basic cations was not summed because, in the

mineral soil, the exchangeable fraction of each basic cation was determined,

and in the forest floor, the total mass of each basic cation was determined. A

sum of these two values would overestimate the exchangeable portion of the
cation or underestimate the total mass of that cation.

I OM mass. The preburn summed (1) OM mass in the forest floor and

top 6 cm of mineral soil ranged from 39 to 54 Mg ha', with the largest amount

found in the HFC units.

The burn treatments significantly reduced the SOM mass immediately

after treatment in the HFC treatment units, where it decreased by 36 Mg ha'

(Figure 11-35).

E TN mass. Preburn ZTN mass in the forest floor and top 6 cm of

mineral soil ranged from 654 to 789 kg ha', with the largest amount present in

the HFC units.
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Table II-7-Lava Butte: Summed masses of nutrients in the forest floor and the top 6 cm of mineral
soil, or ratios of the summed masses, before and immediately after prescribed underbuming; treatment
means ± standard errors

Overall Sample date p-value for
preburn

Variable mean Treatment '79 prebum '79 postburn TRT effect TRT contrast

Z1OM, 45 ± 1 Control 41 ± 23 38 0.3622
Mg ha" MFC2 39 37 0.6673

HFC 54 18 0.0053 0.0010

Y.TN, 700 ± 4 Control 654 ± 7 600 ± 7 0.0107
kg ha-' MFC 656 ± 6 683 ± 7 0.0658

HFC 789 ± 6 381 ± 6 0.0001 0.0001

ZTP4, 362 ± 9 Control 339 ± 16 348 ± 16 0.7094
kg ha" MFC 370 ± 16 354 ± 16 0.5067

HFC 378 ± 15 325 ± 15 0.2807 0.0902

IMN 37 ± 1 Control 36 ± 2 36 0.9263
MFC 34 31 0.3668
HFC 40 28 0.0644 0.0131

IC/ZTP 71 ± 3 Control 69 ± 5 63 0.4737
MFC 60 61 0.9818
HFC 84 33 0.0288 0.0060

YN/ TP 1.93 t 0.03 Control 1.93 ± 0.06 1.74 0.1170
MFC 1.77 1.92 0.1578
HFC 2.10 1.17 0.0051 0.0013

II
indicates the summation of the mass of a nutrient in the forest floor plus the mass of that

nutrient in the top 6 cm of mineral soil.

2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption
prescribed underburn.

3Within a variable, standard error is the same for all sample dates unless given otherwise.
`XT? = sum of mineral soil P extracted in 1 M H2SO4 plus forest floor total P determined by

Kjeldahl digestion.
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Figure II-35-IOM mass in the forest floor and top 6 cm of mineral soil before and immediatelyafter prescribed underburning at
Lava Butte; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC =
high fuel consumption prescribed underburn.
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The ITN mass changed significantly in all three treatments between the
preburn and immediate postburn sampling dates. The ITN increased by 54
and 27 kg ha-1 in the control and MFC units, respectively, and decreased by 15

times that amount-408 kg ha---in the HFC units (Figure 11-36).

I total P mass. The mass of Z total P was obtained by summing the

H2SO4Pmass from the mineral soil and the total P mass from the forest floor,

which had been determined by Kjeldahl digestion. The preburn X total P mass

ranged from 339 to 378 kg ha 1, with the largest amounts found in the HFC
units.

There was no overall significant difference between the preburn and

immediate postburn I total P masses (Figure 11-37). Examination of the

contrasts, preburn versus immediate postburn by treatment, did show a

significant reduction in I total P mass in the HFC units from 378 kg ha 1,

leaving 325 kg ha-'.

Ratios of masses, ZC/ZN. ZC/YTP, and EN/ZTP. The preburn MC/IN

ratio ranged from 36 to 40; the preburn IC/ITP ratio ranged from 60 to 84;
and the preburn EN/YT?-ratio ranged from 1.77 to 2.10. For each ratio, the

highest preburn value was found in the HFC units.

All three ratios changed significantly and similarly between the preburn
and immediate postburn sampling dates-by decreasing in the HFC units. The

IC/IN ratio decreased in the HFC units from 40 to a postburn value of 28

(Figure 11-38), the IC/ZTP ratio from 84 to 33 (Figure 11-39), and the IN/ITP
ratio from 2.10 to 1.17 (Figure 11-40).
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Figure II-36-ITN mass in the forest floor and top 6 cm of mineral soil before and immediately after prescribed 'underburning at
Lava Butte; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC =
high fuel consumption prescribed underburn.
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Figure II-37-E total P mass in the forest floor and top 6 cm of mineral soil before and immediately after prescribed underburning
at Lava Butte; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel consumption prescribed underburn, HFC
= high fuel consumption prescribed underburn.
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Figure 11-38-Ratio of summed masses, Y.CI N, in the forest floor and top 6 cm of mineral soil before and immediately after
prescribed underburning at Lava Butte; Pre = preburn, Post = postburn; Con = control, MFC = moderate fuel consumption
prescribed underburn, HFC = high fuel consumption prescribed underburn.
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Regressions of Mineral Soil Nutrient Concentrations or Properties (Y) on Other

Mineral Soil Nutrient Concentrations or Properties (I) before and after Prescribed

Underburning

Regression functions, r2s, and p-values for regressions of mineral soil
nutrient concentrations or properties on other mineral soil nutrient

concentrations or properties are given in Table 11-8. This information is

presented for preburn and immediate postburn sampling dates and for any

subsequent sampling dates where the regression functions have p-values <

0.10. Strong relationships-relationships that have r2s > 0.70-are presented

in Figures U-41 to 44.

Regressions of TN (Y) on SOM M. At Lava Butte, the TN

concentration was significantly related to SOM concentration for three out of
nine sampling dates; at Cemetery, for five out of six; at Annabelle, for all five;

and at Bear Springs, for all four sampling dates. Strong relationships between

SOM concentrations and TN concentrations existed for Lava Butte, Cemetery,

and Bear Springs (Figures 11-41a and b).

Regressions of pH (Y) On SOM (X). Soil pH was significantly related to

SOM concentration at Lava Butte and Annabelle. At Lava Butte, this
relationship existed for five out of nine sampling dates and at Annabelle for

three out of five sampling dates.

Regressions of mineralizable N (Y) on TN (X). Mineralizable N

concentration was significantly related to TN concentration at all sites for some
years (Table II-8). Significant relationships existed for all years only at Bear

Springs, which had the highest preburn concentrations of both TN and

mineralizable N (Table 11-1). Strong relationships are shown in Figure 11-42.
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Table 11-8-Regressions of mineral soil nutrient concentrations or properties in the top 6 cm of mineral
soil (Y) on other mineral soil nutrient concentrations or properties in the same soil depth (X) before
and after prescribed underbuming, regressions for postbum dates included only if immediate postbum
or when regression function has p-value < 0.10

Variables

X Y Site Year n r2
p-

value

SOM TN Lava '79prebum 6 0.0008 0.9564
Butte '79postbum' 6 0.7544 0.0248

'86 6 0.5743 0.0809
.M 6 0.5582 0.0878

Cemetery '84preburn 12 0.8998 0.0001
'84postbum 12 0.7658 0.0002
'85 12 0.5514 0.0057
'88 12 0.8542 0.0001
'89 12 0.5455 0.0061

Annabelle '85preburn 12 0.5121 0.0089
'86postbum 12 0.6500 0.0015
'87 12 05016 0.0099
'88 12 0.5744 0.0043
'90 12 0.4129 0.0242

Bear '86prebum 12 0.3629 0.0382
Springs '88postburn 12 0.8438 0.0001

'89 12 0.7192 0.0005
190

12 0.8682 0.0001

SOM pH Lava '79prebum 6 0.5608 0.0867
Butte '79postburn 6 0.2274 0.3390

'82 6 0.8703 0.0066
'84 6 0.5550 0.0893
'86 6 0.5743 0.0809
'87 6 0.6599 0.0495

Cemetery '84prebum 12 0.0181 0.6764
'84postbum 12 0.0028 0.8703

Annabelle '85prebum 12 0.1234 0.2628
'86postbum 12 0.0340 0.5663
'87 12 0.6178 0.0024
,88

12 0.4919 0.0110
'90 12 0.4367 0.0193

Bear '86prebum 12 0.0053 0.8220
Springs '88postburn 12 0.1649 0.1903

Regression function

TN = 0.094877 + 0.000194 SOM
TN = 0.016941 + 0.017303 SOM
TN = -0.009627 + 0.021373 SOM
TN = 0.009375 + 0.026250 SOM

TN =
TN =
TN =
TN =
TN =

TN =
TN =
TN =
TN =
TN =

TN =
TN =
TN =
TN =

0.011076 + 0.023409 SOM
0.032877 + 0.017552 SOM
0.040906 + 0.018988 SOM
-0.032441 + 0.042506 SOM
0.069135 + 0.023588 SOM

0.024761 + 0.015692 SOM
0.039290 + 0.011326 SOM
0.043997 + 0.011950 SOM
0.008125 + 0.024687 SOM
0.046740 + 0.019082 SOM

0.081538 + 0.008318 SOM
0.051259 + 0.020423 SOM
0.050656 + 0.022256 SOM
0.000527 + 0.028523 SOM

pH = 4.969150 + 0.100512 SOM
pH = 5.943150 - 0.097835 SOM
pH = 7.335952 - 0.401020 SOM
pH = 8.284783 - 0.732609 SOM
pH = 7.564902 - 0.578431 SOM
pH = 8.125870 - 0.823913 SOM

pH = 5.785000 + 0.020000 SOM
pH = 5.974559 - 0.010433 SOM

pH = 5.948519 - 0.082137 SOM
pH = 5.729953 - 0.041306 SOM
pH = 6.424544 - 0.198711 SOM
pH = 6.914516 - 0.245968 SOM
pH = 6.668750 - 0.207031 SOM

pH = 5.643066 - 0.016360 SOM
pH = 5.911180 - 0.034931 SOM

'"Postburn" following a year = immediate postburn; all other postburn years indicated by year
only.



166

Table 11-8-Regressions of mineral soil nutrient concentrations or properties in the top 6 cm of mineral
soil (Y) on other mineral soil nutrient concentrations or properties in the same soil depth (X) before
and after prescribed underburning, regressions for postbum dates included only if immediate postburn
or when regression function has p-value < 0.10

Variables

X Y Site Year n r2
p-

value

TN MinN Lava '79prebum 6 0.1183 0.5044
Butte '79postbum 6 0.0575 0.6473

'86 6 0.8307 0.0114
'88 6 0.7225 0.0321
'90 6 0.8934 0.0044

Cemetery '84prebum 12 0.4864 0.0117
'84postbum 12 0.1149 0.2812
'85 12 0.5412 0.0064
'86 12 0.3196 0.0554

Annabelle '85prebum 12 0.0685 0.4114
'86postburn 12 0.0464 0.5016
'88 12 0.4836 0.0120
'90 12 0.7006 0.0007

Bear '86prebum 12 0.3870 0.0308
Springs '88postbum 12 0.2928 0.0692

'89 12 0.3348 0.0487
'90 12 0.6822 0.0009

CEC pH Lava '79prebum 6 0.4815 0.1262
Butte '79postbum 6 0.4718 0.1317

'82 6 0.5412 0.0956
'90 6 0.6916 0.0402

Cemetery '84preburn 12 0.4091 0.0251
'84postburn 12 0.2283 0.1162
'88 12 0.3446 0.0448

Annabelle '85preburn 12 0.1729 0.1789
'86postburn 12 0.0627 0.4325
'87 12 0.4752 0.0131
'88 12 0.5583 0.0052
'90 12 0.5927 0.0034

Bear '86preburn 12 0.0001 0.9810
Springs '88postburn 12 0.0198 0.6627

Regression function

MinN = -5368421 + 363.844394 TN
MinN = 30.577381 - 77.380952 TN
MinN = -11371405 + 437.962202 TN
MinN = -15.963907 + 320.594480 TN
MmN = -9.427004 + 275.949367 TN

MinN = 12.185490 + 159.466083 TN
MinN = 9.266168 + 147.531172 TN
MinN = -23.233309 + 507.799436 TN
MinN = 9.739237 + 231.551739 TN

MinN = 11.566648 + 73.537817 TN
MinN = 8.519489 + 197.769144 TN
MinN = 3.825907 + 92.627779 TN
MinN = -3.184214 + 148.922032 TN

MinN = 5.318419 + 245.838490 TN
MinN = 24.735826 + 163.419993 TN
MinN = 7.195274 + 175.081231 TN
MinN = 14.585749 + 114.633138 TN

pH = 5.077880 + 0.021218 CEC
pH = 6.630904 - 0.067106 CEC
pH = 7.742409 0.149695 CEC
pH = 8.641684 - 0.236984 CEC

pH = 5.477295 + 0.014577 CEC
pH = 5.461696 + 0.017831 CSC
pH = 4.620516 + 0.045905 CEC

pH = 6.028644 - 0.027073 CEC
pH = 6.144064 - 0.037986 CEC
pH = 6.760595 - 0.067080 CEC
pH = 7.271904 - 0.103512 CEC
pH = 7.805987 - 0.139661 CEC

pH = 5.540601 + 0.000603 CEC
pH = 5.816091 - 0.005970 CEC

-
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Table II-8-Regressions of mineral soil nutrient concentrations or properties in the top 6 cm of mineral
soil (Y) on other mineral soil nutrient concentrations or properties in the same soil depth (X) before
and after prescribed underbuming, regressions for postbum dates included only if immediate postbum
or when regression function has p-value < 0.10

Variables

X Y Site Year n r2

p-
value

SOM CEC Lava '79prebum 6 0.7802 0.0196
Butte '79postbum 6 0.8318 0.0078

'84 6 05583 0.0878
'87 6 0.9687 0.0004
'90 6 0.6472 0.0536

Cemetery '84prebum 12 03587 0.0396
'84postbum 12 0.3134 0.0584
'85 12 0.4557 0.0160
'88 12 0.3551 0.0409

Annabelle '85prebum 12 0.1408 0.2293
'86postbum 12 0.2462 0.1008
'87 12 0.4937 0.0108
'88 12 05932 0.0034
'90 12 0.3758 0.0341

Bear '86prebum 12 0.7546 0.0002
Springs '88postbum 12 0.7860 0.0001

'89 12 0.5936 0.0034
'90 12 0.8593 0.0001

Ca pH Lava '79prebum 6 0.0000 1.0000
Butte '79postbum 6 0.0767 05952

'80 6 0.6846 0.0421
'86 6 0.7339 0.0293
'88 6 0.8878 0.0049

Cemetery '84prebum 12 0.4503 0.0169
'84postbum 12 0.3076 0.0613
'85 12 0.4411 0.0185
'86 12 0.4388 0.0189
'88 12 0.3223 0.0542
'89 12 0.4238 0.0219

Annabelle '85prebum 12 0.0629 0.4316
'86postbum 12 0.5053 0.0096

Bear '86prebum 12 0.5428 0.0063
Springs '88postbum 12 0.0409 0.5286

'89 12 0.4072 0.0256

Regression function

CEC = -0.896111 + 3.877175 SOM
CEC = 8.449606 + 1.915354 SOM
CEC = -5.556522 + 5.521739 SOM
CEC = -1.941304 + 5.760870 SOM
CEC = 2.333333 + 3.500000 SOM

CEC = 9.725152 + 3.901818 SOM
CEC = 11.923943 + 2.959872 SOM
CEC = 11.752676 + 2.728460 SOM
CEC = 11.462354 + 3.018735 SOM

CEC = 9.944183 + 1.347481 SOM
CEC = 12.517660 + 0.732872 SOM
CEC = 9.822234 + 1.825456 SOM
CEC = 5.443548 + 1.949597 SOM
CEC = 10.177083 + 1.058594 SOM

CEC = 7.392327 + 2.503678 SOM
CEC = 9.545551 + 1.797552 SOM
CEC = 9.839673 + 1.785456 SOM
CEC = 5.436594 + 2373356 SOM

pH = 5.463333 + 0 Ca
pH = 5.809877 - 0.067078 Ca
pH = 3.173797 + 0.672174 Ca
pH = 3.819666 + 0.445897 Ca
pH = 3.730809 + 0.515029 Ca

pH = 5.505541 + 0.023507 Ca
pH = 5.464272 + 0.030228 Ca
pH 4.737072 + 0.068850 Ca
pH = 5.014216 + 0.038455 Ca

' pH = 5.188524 + 0.037041 Ca
pH = 4.776746 + 0.059031 Ca

pH = 5.434838 + 0.035650 Ca
pH = 5.087958 + 0.095518 Ca

pH 4.788619 + 0.094506 Ca
pH = 5.866824 - 0.024104 Ca
pH = 5.216922 + 0.065284 Ca

=

=
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Regressions of pH (Y) on CEC M. Soil pH was significantly related to
CEC for 7 out of the 24 sets of measurements across all sites; with the
relationship being either direct or inverse. At Lava Butte and Annabelle-the
sites with low CECs-the relationship was inverse, with pH decreasing as CEC
increased. At Cemetery-the site with the highest CEC-pH increased slightly
as CEC increased.

Regressions of CEC (Y) on SOM (X). Cation exchange capacity was
significantly related to SOM concentration for 16 out of the 24 sets of
measurements across all four sites. Strong relationships, which existed at Lava
Butte and Bear Springs, are shown in Figures II-43a and b. These sites had
the highest preburn SOM concentrations.

Regressions of pH (Y) on exchangeable Ca (70. Soil pH was
significantly related positively to exchangeable Ca concentration for 12 out of
the 24 sets of measurements across all four sites. Strong relationships, which
existed at Lava Butte, are shown in Figure H-44.

Regressions of Forest Floor TN or Total P Masses (19 on Forest Floor OM Mass

-(X) before and after Prescribed Underburning at Lava Butte

Regression functions, r2s, and p-values for regressions of forest floor TN
and total P mass on forest floor OM mass are shown in Table 11-9. This

information is presented for three sampling dates: preburn, immediate

postburn, and 1982.

In the forest floor, TN mass was significantly related to OM mass for all
three sampling dates (Figure 11-45). Similarly, total P mass was significantly
related to OM mass for two sampling dates: preburn and 1982 (Figure 11-46).
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Table 11-9-Lava Butte: Regressions of forest floor TN or total P masses (Y) on forest floor OM mass
(X) before and after prescribed underburning; regressions for postburn dates included only if immediate
postburn or when regression function has a p-value < 0.10

Variable

X Y Year n r2 p-value Regression function

OM TN '79 preburn 6 0.7384 0.0283 TN = 51.059314 + 0.009629 OM
'79 postburnl 6 0.8883 0.0049 TN = 45.109197 + 0.010287 OM
'82 6 0.9718 0.0003 TN = -25.764452 + 0.012827 OM

OM TP2 '79 preburn 6 0.8269 0.0120 TP = -7.504501 + 0.001610 OM
'79 post 6 0.4141 0.1680 TP = 21.920315 + 0.000656 OM
'82 6 0.9031 0.0036 TP = -1.079136 + 0.001119 OM

Table 11-10-Lava Butte: Regressions of summed TN mass in the forest floor and the top 6 cm of mineral soil
(Y) on summed OM mass from the same horizons (X) before and immediately after prescribed underburning

Variables

X Y Year n r2 p-value Regression function

EOM ETN '79 preburn 6 0.7854 0.0187 ETN = 376.924493 + 0.007232 EOM
'79 postburn 6 0.9032 0.0036 ETN = 140.477240 + 0.013297 EOM

'Postburn following a year = immediate postburn; all other postbum years indicated by year only.

ZTP = total P determined by Kjeldahl digestion.
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Regressions of Summed TN Mass in the Forest Floor and the Mineral Soil (Y) on

Summed OM Mass in the Forest Floor and the Mineral Soil (X) before and after

Prescribed Underburning at Lava Butte

Summed nutrient amounts were calculated from nutrient masses in the

forest floor and in the top 6 cm of mineral soil. A significant relationship was

found between XOM mass and ZTN mass (Table 11-10 and Figure 11-47).

However, the I total P mass was not related to ZOM mass for any sampling

date even though total P mass was shown to be related to OM mass for two

sampling dates.

Regressions of Mineral Soil Properties, Nutrient Concentrations, or Ratios of

Concentrations (19 on Measures of Combustion (X)

Regressions on duff depth reduction M. Regressions of mineral soil
properties and of nutrient concentrations on percent DDR were calculated for

two soil sampling dates: immediate and one-year postburn, with the exception

of Cemetery where the second sampling date was two years postburn. The

regression functions, r2s, and p-values for regression functions that have p-

values < 0.10 are presented-in Table I1=11.

For the Lava Butte data, there are both linear and quadratic regression

functions that have r2s > 0.70. Linear regression functions with percent DDR

as the independent variable accounted for 82 percent of the variability in pH

and 85 percent of the variability in exchangeable Ca (Figure 11-48). Similarly,

quadratic regression functions with the same independent variable accounted

for up to 99 percent of the variability in pH, 95 percent in TN, 91 percent in

PBEP, and up to 92 percent in exchangeable Ca.



179

CO

900
79 Preburn

Y
800 _-..-Z

1-

----0 700---CO

m 600

500
0
0
U-

400

O

= 0.84

Con + MFC * HFC

u_ 300 1
_ 15 20- 25 30 35- 40 45 50 55 60

Forest Floor + Mineral Soil OM, kg/ha
(Thousands)

CO 900

800.

I-

0 700

a
C

500
0
0

400.1
LL 300

15

79 Postburn

T
20

0 Con + MFC * HFC

2r =0.82

25 30 35 40 45 50 55

Forest Floor + Mineral Soil OM, kg/ha
(Thousands)

60

Figure 11-47-Regressions of summed masses of TN in the forest floor and top 6 cm of
mineral soil (Y) on summed masses of OM in the forest floor and top 6 cm of mineral
soil (X) with r2s > 0.70 at Lava Butte; Con = control, MFC = moderate fuel
consumption prescribed underburn, HFC = high fuel consumption prescribed underburn.



Table II-11-Regressions of mineral soil properties or nutrient concentrations (Y) on percent duff depth reduction (DDR) (X); computations based on datafrom the top 6 cm of mineral soil determined immediately and one year after prescribed underburning, except at Cemetery where the second sampling date
was two years postburn; r2s, p-values, and regression functions for dates when regressions have p-values < 0.10

Y Variable Site Year n r2 p-value Regression function

pH Lava Butte '80 6 0.8163 0.0135 pH = 5.473841 + 0.006342 DDR

'79 postburn' 6 0.8390 0.0646 pH = 5.513147 - 0.001859 DDR + 0.000079477 DDR2
'80 6 0.9950 0.0329 pH = 5.5395 - 0.003794 DDR + 0.00011797 DDR2

Cemetery '85 12 0.4650 0.0146 pH = 5.750024 + 0.006303 DDR

'85 12 0.4796 0.0529 pH = 5.737239 + 0.010835 DDR - 0.000065117 DDR2

Annabelle '86 postbum 12 0.2656 0.0864 pH = 5.482115 + 0.001911 DDR

TN, percent Lava Butte '79 postbum 6 0.9538 0.0099 TN = 0.081387 + 0.000918 DDR - 0.000011379 DDR2

MinN, ppm Lava Butte '80 6 0.6599 0.0495 MinN = 21.819566 + 0.040700 DDR

Cemetery '84 postbum 12 0.5539 0.0055 MinN = 22.071085 + 0.149418 DDR
'85 12 0.4974 0.0104 MinN = 35.963160 + 0.259146 DDR

'84 postburn 12 0.5648 0.0237 MinN = 21.831151 + 0.234469 DDR - 0.001222 DDR2
'85 12 0.4992 0.0445 MinN = 35.782350 + 0.323239 DDR - 0.000921 DDR2

SOM, percent Annabelle '87 12 0.3453 0.0455 SOM = 4.623630 - 0.012818 DDR

"'Postburn" following a year = immediate postbum sample; second year postburn indicated by year only.



Table 11-11-Regressions of mineral soil properties or nutrient concentrations (Y) on percent duff depth reduction (DDR) (X); computations based on data
from the top 6 cm of mineral soil determined immediately and one year after prescribed. underburning, except at Cemetery where the second sampling date
was two years postburn; r2s, p-values, and regression functions for dates when regressions have p-values < 0.10

Y Variable Site Year n r2 p-value Regression function

PBEP'' PPm

PBRAY I, PPM

Lava Butte '79 postburn 6 0.6773 0.0442 P. = 17.712963 + 0.063982 DDR

'79 postburn 6 0.9142 0.0251 PBEP = 14.553456 + 0.161231 DDR - 0.001861 DDR2

Cemetery '85 12 0.3772 0.0336 PBEP = 25.500895 + 0.146961 DDR

Annabelle '86 12 0.2543 0.0946 PB. = 15.356147 - 0.045652 DDR

'86 12 0.5936 0.0174 PBEP = 26.773868 - 0.304279 DDR + 0.006484 DDR2

Cemetery '85 12 0.3503 0.0426 PBRAY I = 33.152152 + 0.153221 DDR

'85 12 0.6414 0.0099 PBRAY I = 34.749333 - 0.412942 DDR + 0.008135 DDR2

Exchangeable Ca, Lava Butte '80
cmol(+)kg-'

6 0.8542 0.0084 Ca = 3.487582 + 0.007986 DDR

'79 postburn 6 0.9224 0.0216 Ca = 4.349357 - 0.028853 DDR + 0.000362 DDR2
'80 6 0.9261 0.0269 Ca = 3.49895 + 0.0062289 DDR + 0.0000204462 DDR2

'PREP = P extracted by 0.5 M NaHCO3; PBB.AY I = P, extracted by 0.03 M NH4F + 0.025 M Ha.



Table II-11-Regressions of mineral soil properties or nutrient concentrations (Y) on percent duff depth reduction (DDR) (X); computations based on datafrom the top 6 cm of mineral soil determined immediately and one year after prescribed underburning, except at Cemetery where the second sampling date
was two years postbum; r2s, p-values, and regression functions for dates when regressions have p-values < 0.10

Y Variable Site Year n r2 p-value Regression function

Exchangeable K,
"

Bear Springs '88 postburn 12 0.2550 0.0940 K = 1.133890 + 0.001732 DDR
cmol(+)kg 189 12 0.3152 0.0575 K = 1.111840 + 0.001984 DDR

'89 12 0.4178 0.0877 K = 1.117552 - 0.003234 DDR + 0.000113 DDR2

Cemetery '85 12 0.4850 0.0119 C/N = 22.368864 - 0.043656 DDR
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Regressions on fire-line intensity (X). Regressions of mineral soil

properties, of nutrient concentrations, and of ratios of concentrations on

Byram's (Bryam, 1959) fire-line intensity were calculated for two soil sampling
dates: immediate and one-year posthurn, with the exception of Cemetery

where the second sampling date was two years postburn. The regression

functions, r2s, and p-values for regression functions that have p-values < 0.10

are presented in Table II-12.

As with percent DDR, only the Lava Butte data produced linear and
quadratic regression functions that had r2s 0.70. Linear regression functions
with fire-line intensity as the independent variable accounted for 89 percent of
the variability in pH and 84 percent of the variability in mineralizable N

(Figure 11-49). Similarly, quadratic regression functions with the same

independent variable accounted for 93 percent of the variability in pH, 84

percent in mineralizable N, and 85 percent in exchangeable Ca.

Regressions on duff depth reduction and fire-line intensitl X .

Multiple linear determinations with independent variables of DDR and fire-
line intensity that have p-values < 0.10 are shown in Table 11-13.

Analyses of data from both Lava Butte and Cemetery produced multiple

linear determinations with R2s > 0.70. One year after burning, fire-line

intensity and percent DDR as independent variables accounted for 91 percent

of the variability in pH at Lava Butte and 72 percent at Cemetery. These

measures of combustion also accounted for 84 percent of variability in

mineralizable N and 86 percent in exchangeable Ca at Lava Butte, and 72
percent of the variability in the C/N ratio at Cemetery.



Table II-12-Regressions of mineral soil properties, nutrient concentrations, or ratios of concentrations (Y) on fire-line intensity (I) (X); computations
based on data from the top 6 cm of mineral soil determined immediately and one year after prescribed underbuming, except at Cemetery where the
second sampling date was two years postburn; r2s, p-values, and regression functions for dates when regressions have p-values < 0.10
Variable Site Year n r2 p-value Regression function

pH Lava Butte '80 6 0.8934 0.0044 pH = 5.545669 + 0.0023911

'80 6 0.9635 0.0863 pH = 5.507815 + 0.004046 I - 0.0000061872 12

Annabelle '87 12 0.4220 0.0305 pH = 5.480816 + 0.001028 I

'87 12 0.4578 0.0864 pH = 5.493406 - 0.000296 I + 0.000004885 12

SOM, percent

TN, percent

Annabelle '87 12 0.4494 0.0240 SOM = 4.645774 - 0.0040511

Bear Springs '88 12 0.4514 0.0906 SOM = 4.634330 - 0.002848 I - 0.000004440 12

Cemetery '84 postburn' 12 0.5368 0.0460 TN = 0.111963 + 0.000110 I - 0.000000141 12
'85 12 0.4508 0.0910 TN = 0.125758 + 0.000152 I - 0.000000166 12

Annabelle '87 12 0.3312 0.0640 TN = 0.100780 - 0.000060664 I

Bear Springs '89 12 0.3775 0.0335 TN = 0.194707 - 0.000018729 I
MinN, ppm Lava Butte '80 6 0.8355 0.0108 MinN = 22.175770 + 0.016504 I

'80 6 0.8372 0.0657 MinN = 22.236229 + 0.0138611 + 0.000009882 12

Cemetery '84 postburn 12 0.5963 0.0266 MinN = 21.840445 + 0.064177 I - 0.000062992 12

"'Postburn" following a year = immediate postburn; second year postburn indicated by year only.



Table 11-12-Regressions of mineral soil properties, nutrient concentrations, or ratios of concentrations (Y) on fire-line intensity (I) (X); computations
based on data from the top 6 cm of mineral soil determined immediately and one year after prescribed underbuming, except at Cemetery where thesecond sampling date was two years postburn; r2s, p-values, and regression functions for dates when regressions have p-values < 0.10
Variable Site Year r2 p-value Regression function

Pear Annabelle '86 postburn 12 0.2947 0.0844 PBpx = 15.334386 - 0.0136711

PBRAY I Cemetery '84 postbum 12 0.4095 0.0340 PBRAY = 32.281880 + 0.014147 I

'84 postburn 12 0.5573 0.0384 PBRAY I = 33.797488 - 0.017312 I + 0.000034063 I2
'88, 12 0.5813 0.0307 PBRAY = 27.749433 + 0.009838 I + 0.000004512 I2

Bear Springs '88 postbum 12 0.4115 0.0246 BRAY I = 17.612491 + 0.0057511

'88 postbum 12 0.4591 0.0629 PBRAY = 18.729356 - 0.001584 I + 0.000002571 12

Exchangeable Ca, Lava Butte '80 0.6983 0.0383 Ca = 3.614940 + 0.002602 I

'80 6 0.8479 0.0593 Ca = 3.518521 + 0.006817 1 - 0.000015759 12

Annabelle '86 12 0.6586 0.0136 Ca = 4.373218 I + 0.0281511 - 0.000100 12
C/N Cemetery '85 12 0.4241 0.0300 C/N = 21.773040 - 0.004952 I

'85 12 0.5453 0.0427 C/N = 22.245186.- 0.014752 1 + 0.000010612 12

n

I

I

6
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Table 11-13-Multiple linear regressions of mineral soil properties, nutrient concentrations, or ratios of concentrations (Y) on measures of
combustion-fire-line intensity (I) (X,) and duff depth reduction (DDR) (X2); computations based on data from the top 6 cm of mineral soildetermined immediately and one year after prescribed underburning, except at Cemetery where the second sampling date was two years postburn;
R2s, p-values, and regression functions for dates when regressions have p-values < 0.10

Variable Site Year R2 p-value Regression function

SOM, percent Cemetery '84 postburnt 12 0.5459 0.0425 SOM = 4.533587 - 0.0026411 + 0.021893 DDR

Annabelle '87 12 0.4713 0.0781 SOM = 4.606805 - 0.006537 I + 0.009645 DDR

TN Cemetery '84 postburn 12 0.6664 0.0124 TN = 0.111342 - 0.000058930 I + 0.000514 DDR
'85 12 0.5021 0.0615 TN = 0.125677 - 0.000043615 I + 0.000557 DDR

Annabelle '87 12 0.4936 0.0658 TN = 0.098930 - 0.000179 I + 0.000458 DDR
Bear Springs '89 12 0.4162 0.0888 TN 0.190898 - 0.000022487 I + 0.000257 DDR

pH Lava Butte '80 6 0.9123 0.0260 pH = 5.511006 + 0.001715 I + 0.002110 DDR
Cemetery '85 12 0.7222 0.0060 pH = 5.732413 - 0.000540 I + 0.011448 DDR
Annabelle '87 12 0.5336 0.0473 pH = 5.503830 + 0.002496 I - 0.005696 DDR

MinN, ppm Lava Butte '80 6 0.8355 0.0667 MinN = 22.178435 + 0.016556 I - 0.000162 DDR
Cemetery '84 postburn 12 0.5386 0.0453 MinN = 22.111602 - 0.008452 I + 0.188878 DDR

'85 12 0.6522 0.0146 MinN = 35.615177 - 0.025255 1 + 0.437976 DDR

'Postburn following a year immediate postburn; second year postburn indicated by year only.

n

=

=



Table II-13-Multiple linear regressions of mineral soil properties, nutrient concentrations, or ratios of concentrations (Y) on measures of
combustion-fire-line intensity (I) (X,) and duff depth reduction (DDR) (X2); computations based on data from the top 6 cm of mineral soil
determined immediately and one year after prescribed underbuming, except at Cemetery where the second sampling date was two years postburn;
R2s, p-values, and regression functions for dates when regressions have p-values < 0.10

Variable Site Year n R2 p-value Regression function

PBRAY I Cemetery '84 postburn 12 0.4675 0.0804 P,, Ay, = 33.191440 + 0.019340 I - 0.067860 DDR
Bear Springs '88 postburn 12 0.4462 0.0700 PBpy, = 18.673132 + 0.006798 I - 0.071430 DDR

Exchangeable Ca,
cmol(+)kg'I

Lava Butte '80 6 0.8551 0.0552 Ca = 3.491962 + 0.000202 I + 0.007487 DDR

Cemetery '84 postburn 12 0.4504 0.0912 Ca = 14.782874 - 0.008960 I + 0.076671 DDR
'85 12 0.5622 0.0367 Ca = 16.316870 - 0.009505 I + 0.101588 DDR

Annabelle '86 postburn 12 0.4752 0.0759 Ca = 4.405593 - 0.01344.8 I + 0.055961 DDR

C/N Cemetery '85 12 0.7155 0.0066 C/N = 22.474137 - 0.000949 1 - 0.052307 DDR
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Regressions of Mineral Soil Mole Charges or Nutrient Masses (Y) on Measures of

Combustion (X) Immediately after Underburning at Lava Butte

Simple or multiple determinations between measures of

combustion percent DDR and fire-line intensity, or both-and mineral soil
mole charges or nutrient masses that have p-values < 0.10 are given in'Table

11-14.

Quadratic regression functions with percent DDR as the independent

variable accounted for 93 percent of the variation in TN and CEC masses, and

98 percent in PBu.

Fire-line intensity as the independent variable in a quadratic regression

function accounted for 84 percent of the variation in CEC mass.

Regressions of Forest Floor Nutrient Masses or Ratio of Masses (19 on Measures of

Combustion (X) at Lava Butte

Simple or multiple determinations with fire-line intensity or percent
DDR or both as independent variables and forest floor nutrient masses or ratio
of masses that have p-values < 0.10 are shown for the Lava Butte site in Table
11-15. Relationships were determined for two sampling dates: immediate and
three years postburn.

Regressions on duff depth reduction M. Immediately after burning,
the linear regression functions with percent DDR as the independent variable

accounted for 92 percent of the variation in the ratio of masses, C/N (Figure

11-50). The quadratic regression function accounted for 90 percent of the
variability in forest floor OM mass, 82 percent in TN mass, and 83 percent in
total Ca mass. Three years after the underburns, the original DDR, in a



Table 11-14-Lava Butte: Regressions of soil mole charges or nutrient masses (Y) on measures of
combustion-percent duff depth reduction (DDR) and fire-line intensity (I)-(X); computations based on
data from the top 6 cm of mineral soil determined immediately after prescribed underburning; r2s, p-
values, and regression functions for regressions that have p-values < 0.10

Variable r2 p-value Regression function

TN, kg ha-' 0.9287 0.0190 TN = 374.231713 + 3.957937 DDR - 0.056436 DDR2

CEC, 0.5790 0.0789 CEC = 72.212768 - 0.065508 I
mol(+) 103 ha-' 0.8445 0.0613 CEC = 74.779835 - 0.063013 I - 0.00003094 12

0.5938 0.0729 CEC = 74.649425 - 0.184071 DDR
0.9281 0.0193 CEC = 73.583943 + 0.292383 DDR - 0.00550 DDR2

PBEP', kg ha' 0.5594 0.0873 PBEP = 6.969191 - 0.005583 1
0.9838 0.0021 PBEP = 6.695492 + 0.067987 DDR - 0.000923 DDR2

'PBEP = P extracted by 0.5 M NaHCO3.
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Table II-15-Lava Butte: Regressions of forest floor nutrient masses or ratios of masses (Y) on
measures of combustion-percent duff depth reduction (DDR) (X) or fire-line intensity (I) (X), or
both-(X1,X2); six observations for each variable for each sample date; r2s or R2s, p-values, and
regression functions for dates when regressions have p-values < 0.10

Variable

OM, kg ha-'

TN, kg ha-'

Total P,
kg ha'

Total Ca,
kg ha"

Total K,
kg ha"

C/N

Sample date r2 or R2 p-value Regression function

'79 postbum' 0.7059 0.0363 OM = 19251 - 57.165770 I
0.8386 0.0648 OM = 21235 - 143.910335 I + 0.324318 I2
0.7590 0.0238 OM = 21552 - 164.476369 DDR
0.8999 0.0317 OM = 19962 + 81.063651 DDR - 2.857638 DDRZ

'82 0.8012 0.0159 OM = 20638 - 62.819435 I
0.8478 0.0594 OM = 21851 - 115.8456011 + 0.198253 I2
0.6895 0.0407 OM = 22302 - 161.705868 DDR
0.9375 0.0156 OM = 20128 + 174.245126 DDR - 3.909857 DDRZ
0.8068 0.0849 OM = 21163 - 52.589973 I - 31.910585 DDR

'79 postbum 0.8168 0.0784 TN = 224.431751 + 2.963815 DDR - 0.050526 DDR2

'82 0.7000 0.0378 TN = 235.200147 - 0.07640611
0.8981 0.0325 TN = 215.266535 + 3.492529 DDR - 0.062091 DDR 2

'82 0.7357 0.0289 P = 22.067697 - 0.070879 1
0.6355 0.0575 P = 23.960574 - 0.182789 DDR
0.9513 0.0107 P = 21.070379 + 0.263678 DDR - 0.005196 DDRZ

'79 postburn 0.8270 0.0119 Ca = 169.705752 + 0.395176 I
0.8446 0.0612 Ca = 174.3222042 + 0.193368 I + 0.00075512
0.8273 0.0718 Ca = 170.388847+ 0.408508 I - 0.041587 DDR

'82 0.5856 0.0762 Ca = 179.478836 - 0.565873 I
0.8759 0.0203 Ca = 147.470227 + 4.241846 DDR - 0.063296 DDR2

'82 0.7638 0.0228 K = 31.054441 - 0.103536 I
0.7995 0.0898 K = 32.846930 - 0.181898 I + 0.000293 I2
0 6378 0 0568 K = 33 615753 - 0 262521 DDR. . . .

0.9381 0.0154 K = 29.5752275 + 0.361637 DDR - 0.007263 DDR2

'79 postbum 0.6231 0.0619 C/N =-47.269269 - 0.074696 I
0.9719 0.0047 C/N = 51.742998 - 0.270272 I + 0.000731 I2
0.9170 0.0027 C/N = 51.932853 - 0.251438 DDR
0.9171 0.0238 C/N = 51.992163 - 0.260600 DDR + 0.000107 DDR 2
0.9357 0.0163 C/N = 52.545988 + 0.028287 I - 0.321252 DDR

'nPostbum' after a year = immediate postburn; other postbum year indicated by year only.
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quadratic equation, accounted for 94 percent of the variability seen in forest
floor OM mass, 90 percent in TN mass, 95 percent in total P mass, 88 percent
total Ca mass, and 94 percent in total K mass.

Regressions on fire-line intensity M. Immediately after burning, fire-
line intensity as the independent variable in quadratic regression functions

accounted for up to 84 percent of the variation observed in forest floor OM

mass and total Ca mass, and 97 percent in the ratio of masses, C/N. Three
years later, the linear regression functions with fire-line intensity as the

independent variable accounted for 70 percent of the variation in TN mass and

74 percent in total P mass (Figure 11-51). For the same sampling period, the

quadratic regression functions with fire-line intensity as the independent

variable accounted for 85 percent of the variability in forest floor OM mass

and 80 percent in total K mass.

Regressions on duff depth reduction and fire-line intensity (X,.
Immediately after burning, multiple linear determinations with fire-line
intensity and percent DDR as the independent variables accounted for 90

percent of the variability in forest floor OM mass, 83 percent in total Ca mass,
and 94 percent in the ratio of masses, C/N. Three years postburn, these

measures of combustion accounted for 81 percent of the variability in forest
floor OM mass.

Regressions of the Summed Nutrient Masses in the Forest Floor and the Mineral

Soil or Ratio of those Masses (Y) on Measures of Combustion (X) at Lava Butte

Simple or multiple determinations that have measures of

combustion-percent DDR or fire-line intensity or both-as the independent

variables and the summed nutrient mass from the forest floor plus the top 6

cm of mineral soil, or ratio of the masses, were evaluated for the immediate
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postburn sampling date at Lava Butte. Relationships that have p-values < 0.10
are given in Table 11-16.

Regressions on duff depth reduction (X). Linear regression functions
with percent DDR as the independent variable accounted for 67 percent of the

variation in ZOM, 95 percent of the variation in IC/EN (Figure 11-52), and 76
percent of the variation in IC//T?. When quadratic regression functions were
determined, percent DDR as the independent variable accounted for 92

percent of the variation in YOM; 91 percent in XTN; 95 percent in the ratio of
the masses, IC/EN; 97 percent in C/,XTP; and 90 percent IN/ETP.

Regressions on fire-line intensity M. The linear regression function
with fire-line intensity as the independent variable accounted for 75 percent of
the variation in EOM mass (Figure II-53a); 56 percent in >.TN mass, 75

percent in IC/XN (Figure II-53b), 81 percent in ZC/ZTP (Figure 11-54), and 60
percent in IN/ZTP. When the quadratic regression functions were determined,
fire-line intensity as the independent variable accounted for 79 percent of the
variability of YOM mass, 91 percent in IC/XN, and 88 percent in IC/'IT?.

Regression on duff depth reduction and fire line intensity (X X,1. The
multiple linear determinations that had percent DDR and fire-line intensity as
independent variables accounted for 95 percent of the variation in IC/IN, and
83 percent in >C//TP.
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Table II-16-Lava Butte: Regressions of summed nutrient masses from the forest floor plus the top
6 cm of mineral soil or ratios of the summed masses (Y) on measures of combustion-percent duff
depth reduction (DDR) (X) or fire-line intensity (1) (X), or both-(X1,X2); determined immediately
after prescribed underburning; six observations for each variable; r2s or R2s, p-values, and regression
functions for regressions that have p-values < 0.10

Variable r2 or R2 p-value Regression function

110M, 0.7465 0.0265 ZOM = 38454 - 81.158695 I
kg ha' 0.7914 0.0952 ZOM = 39925 - 138.251028 I + 0.131843 12

0.6683 0.0469 YOM = 40791 - 212.954800 DDR
0.9196 0.0228 ZOM = 37876 + 267.215306 DDR - 5.575495 DDR2

ITN, 0.5610 0.0866 $TN = 643.260165 - 0.9844511
kg ha-' 0.9146 0.0250 $1'N = 598.953394 + 7.417496 DDR - 0.112597 DDR2

IC/ZN 0.7543 0.0248 ZC//N = 34.533778 - 0.030712 I
0.9087 0.0276 ZC/ZN = 35.559662 - 0.070537 I + 0.000091968 I2
0.9459 0.0011 $C/$N = 36.089016 - 0.095369 DDR
0.9470 0.0122 IM N = 36.163183 - 0.107586 DDR + 0.000142 DDR2
0.9459 0.0126 $C/EN = 36.07717 1 - 0.000546 I - 0.094022 DDR

IC/ TP2 0.8075 0.0149 IMP = 63.668910 - 0.126066 I
0.8828 0.0401 IMP = 66.510587 - 0.2363811 + 0.000255 I2
0.7610 0.0234 IMP = 67.688051 - 0.339370 DDR
0.9651 0.0065 IMP = 63.764049 + 0.306967 DDR - 0.007505 DDR2
0.8330 0.0683 IMP = 65.900335 - 0.082453 I - 0.135936 DDR

XTN//TP 0.5955 0.0722 ZN/IP = 1.845778 - 0.002565 I
0.9027 0.0303 $N/$P = 1.753521 + 0.016817 DDR - 0.000267 DDR2

11 indicates the summation of the mass of a nutrient in the forest floor plus the mass of that
nutrient in the top six cm of mineral soil.

2ZTP = sum of mineral soil P extracted by 1 M H2SO4 plus forest floor total P determined by
Kjeldahl digestion.
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DISCUSSION

Effect of Prescribed Underburning and Time on Mineral Soil Properties, Nutrient

Concentrations, and Ratios of the Concentrations

Nitrogen- and phosphorus-containing organic compounds volatilize

below 300°C (Dean, 1985). Because this temperature is attained in an

underburn (Wells et al., 1979), the effect of prescribed underburning on soil N
and P was examined to see what changes occurred in these and other soil and

forest floor nutrients.

Measures of mineral soil N concentration. Mineral soil TN

concentration showed only one change attributable to prescribed

underburning-a significant decrease immediately after burning at Lava Butte
in both the HFC and control units. The HFC units decreased by 0.024

.percentage points and the control units decreased by about half that amount.

There were no significant long-term changes in mineral soil TN

concentration attributable to prescribed underburning.

Changes in the soil TN concentration were greater from year to year

than were the changes due to treatment. These year-to-year changes were

significant at Lava Butte, Cemetery, and Annabelle-the three sites with the
lowest initial TN concentration-and are indicative of overall changes in the N
pool.

In addition to the significant year-to-year changes described above, there

were significant increases in TN concentrations between 1986 and 1988 at three

of the four sites. At Lava Butte, the TN concentration increased from 0.060
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percent in 1986 to 0.107 in 1988; at Cemetery the increase was from 0.120

percent in 1986 to 0.148 in 1988, and 0.190 in 1990; and at Annabelle the

increase was from 0.0.091 percent in 1986 to 0.123 in 1988, and 0.138 in 1990.

This may indicate atmospheric inputs into the N pool. Similar increases have

been measured by other researchers (R. Ottmar, 1992, personal

communication) and attributed to atmospheric inputs.

In the southeastern United States, McKee (1982) found there was no

decrease in mineral soil N in the burned Louisiana plots. On the Alabama
sites, TN concentration tended to be higher on the burn plots at all depths.

On the Florida plots, TN concentration was higher on the annual-burn plots

compared with control plots, and the periodic-burn plots did not differ from
plots with other treatments. On the South Carolina plots, TN concentration

was not significantly affected by burn treatments.

Martin (1975) related reports of reductions in N due to volatilization

during burning and of increases in N fixation after fire which offset the
volatilization losses.

In Australia, Hunt and Simpson (1985) did not find significant

differences in TN in the top 2.5 cm of mineral coil after three prescribed

underburns. However, at the next soil depth, 2.5 cm to 7.6 cm, TN

concentration was lower in the burned area, at 0.044 percent, than in the

control area, at 0.050 percent, for the final sampling, which was after the third
burn.

Mineralizable N concentration is a measure of the readily available N
within the system (Powers, 1980). Mineralizable N can increase due to
oxidation of nitrogenous compounds or decrease due to accelerated uptake or
immobilization. An increase in readily available N is consistent with the
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"ashbed" effect-the flush of nutrients following fire-which is the basis of
slash-and-burn agriculture.

Immediately after burning, the mineralizable N concentration was higher

in the burn units than in the control units at Cemetery where the burn units

had 31 ppm mineralizable N and the control units had 22 ppm. At Lava Butte,
10 and 12 years after underburning, the mineralizable N concentration was

lower in the HFC units than in the control units. This may indicate a decrease

in either a substrate or in an enzyme-a decrease that does not occur until

several years after burning. This decrease in mineralizable N a decade after

burning merits continued investigation at all sites.

In general, a slight decrease in mineral soil TN concentration may occur

immediately following a HFC prescribed underburn, especially on sites that

have 'a low initial "TN concentration. This result was obtained on one of the
four sites in this study. No long-term changes in soil TN concentration were

found that were attributable to prescribed underburning. Similarly, McKee

found no significant decrease and, in some instances, a slight increase in TN

concentration after periodic burning in the southeastern United States.

There were significant changes from year to year in the concentration of

soil nitrogen, indicating that the soil N pool was not static but in a state of flux.

The concentration of mineral soil TN increased at three of the four sites

between 1986 and 1988 with continued increases at two of the sites until the

end of the study, in 1990, indicating the possibility of atmospheric inputs into
the N pool.

Extractable P. The changes in mineral soil extractable P concentration

due to burning are less clear than the changes in measures of mineral soil N
concentration.
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Factors affecting the supply of P to plants are the amount of
soil P (quantity), the concentration of soil solution P (intensity),
and movement of P to the roots (diffusion) (Gunary and Sutton,
1967) ... Ideally, a P soil test would take into account both
intensity and quantity. In practice, however, soil tests
characterize either the quantity or the intensity factor. Weak
extractants such as water and CaCl2 evaluate the intensity factor
while strong extractants such as acids, complexing ions, and
alkaline-buffered solutions measure the quantity factor.
(emphasis in original; Kamprath and Watson, 1980)

Extractable P is a measure of the orthophosphate concentration in the

inorganic P fraction of the soil, which can be determined using a selected

extractant. To evaluate the effect of prescribed underburning on extractable P,

an extraction procedure appropriate to the form of P present needs to be used.

Scant information is available on the proportion of P bound to Si, Fe, Al, or
Ca in pumice soils and the solubility of those compounds. Further, little
information is available on the analysis of extractable P from pumice or pumice

and ash soils, or from those soils after underburning.

Extraction solutions differ widely in their ability to extract different

forms of P. Radwan et al. (1985) evaluated six standard P extraction

procedures on soil -and forest floor material and found that the stronger

extractants, such as Bray and mixed-acid extractants, were more suitable for

evaluating the P status of hemlock-supporting soils. In the southeastern

United States, the effect of prescribed burning on extractable P is commonly

measured using Bray II or mixed-acid extractants (McKee, 1982; W.H. McKee,

1987, personal communication). In this research, I measured extractable P

using four different extraction procedures that evaluate soil P intensity or
quantity to measure the response of soil extractable P to prescribed

underburning.
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To measure the concentration of orthophosphate directly liberated by

the prescribed underburns, soil was extracted with H2O.

To evaluate readily absorbed P, soil was extracted with buffered alkaline

solution, 0.5 M NaHCO3; this is known as the Olsen procedure (Olsen et al.,

1954), and has been modified by Berg (1978). In the Olsen procedure, which

was originally developed for calcareous soils, the HCO3 is quite effective in

replacing adsorbed P, and the Na' reduces the activity of Ca2+ in solution.

To measure the more readily available fractions of Al- and Fe-bound P,

the Bray I extraction procedure (0.03 M NH4F + 0.025 M HCl) was used (Bray

and Kurtz, 1945, cited in Berg and Gardner, 1978).

To determine if P had reacted with Ca that had, potentially, been

liberated during the burns, 1 M H2SO4 was used as extractant. This extractant

is recommended for determining Ca-bound P and will remove virtually all Ca-

bound P and additional quantities of Al- and Fe-bound P (Walker and Syers,

1976). The sulfate ion tends to reduce reabsorption of the P dissolved by the

acid solution (Nelson, et al., 1953, in Kamprath and Watson, 1980.)

In my research, the changes in extractable P following prescribed

underburning were dependent upon the extractant used and upon the soil type.

Immediately after burning, PBBp decreased at Lava Butte, in the control as well

as the HFC units; however, the reduction of 10 ppm in the HFC units was

much greater than the reduction of 4 ppm in the control units. The
concentration of PBRAY I increased immediately after burning at Cemetery.
There were no long-term changes in extractable P concentration determined

with any extractant at any site that were attributable to burning.
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Extractable P changed over time depending upon the treatment a unit
received (treatment x time interaction) and the extraction solution used.

Bicarbonate extractable P, at Lava Butte, and both PBEp and PBxa,Y I, at

Cemetery, changed depending upon treatment and time. Bicarbonate and Bray
I were the two milder (excluding water) extraction solutions used; extraction

with 1 M H2SO4 did not produce these differences. The two sites affected,

Lava Butte and Cemetery, tended toward having the highest initial P

concentrations; Annabelle, however, had a very similar initial P concentration
and did not show this treatment x time interaction.

Significant differences from year to year were detected, irrespective of
treatment, only when soil was extracted with NH4F-HCI. These year-to-year

changes indicate fluctuations in the pool of extractable P. Three out of four

extraction solutions did not detect these year-to-year fluctuations.

In the southern coastal plains of the United States, prescribed

underburning is used to increase extractable P. McKee (1982), states,

"Prescribed burning consistently increased the amount of available P." Using

0.03 M NH4F in 0.1 M HCI (Bray II), McKee found a statistically significant

(a=0.05) increase in extractable P in two of four locations-near Olustee, FL

and Santee, SC.

The Florida site was on a sandy, siliceous, thermic soil containing six

percent clay and 89 percent sand. Parts of the naturally-seeded longleaf (P.

palustris) and slash pine (P. elliottii) stand had been burned each winter for a

total of 14 burns and other parts had been burned every four years for a total
of five burns.
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McKee found increases in PBRAY II concentrations in the top 8 cm of
mineral soil in response to both burn treatments as follows:

Burn treatment E mBRAY II= pp

Control 7.05 b3
Periodic winter, every 4 years, 5 bums 9.55 a
Annual winter, total of 14 burns 10.48 a

The second site, near Santee, SC was on a clayey, mixed, thermic soil
containing 14 percent clay and 52 percent sand. The loblolly pine (P. taeda)
stand had been subjected to prescribed underburns conducted over a period of
30 years. PBRAY II concentrations in the top 8 cm of mineral soil were:

Burn treatment

Control
Periodic winter, every 7 years for 30 years
Periodic summer, every 7 years for 30 years
Annual winter
Annual summer

PBRAY II ppm

3.62 b
4.50 ab
5.02 ab
5.45 a
4.13 ab

At this site, only the annual winter burn produced a significant increase in

PBRAY II over the control.

At two additional sites, McKee found no significant (a=0.05) change in
extractable P even though one site-on the Escambia Experimental
Forest-had been burned five times, and the other site-on the middle coastal
plain in Louisiana (the Roberts plots)-had been burned frequently for a
period of up to 65 years.

The concentration of extractable P was very low in the soils from the
southeastern coastal plains that McKee evaluated. In my research, even the
site with the lowest initial extractable P concentration, Bear Springs-with 16

3Different letters indicate significance at
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ppm PBRAy I-had a higher extractable P concentration that any of McKee's

sites. Further, in my research only initial entry prescribed underburns were

conducted. My findings are not in disagreement with those of McKee, who

found increases in PBRAy II only after frequent burning and in soils that had very

low initial extractable P concentrations.

DeBano and Klopatek (1988) evaluated the NaHCO3 extractable P

response to a simulated one-time only burn in soil from pinyon pine (P. edulis)

and Utah juniper (Juniperus osteospenna) sites. For the simulated burn, they

constructed soil microcosms representing either the pinyon or juniper sites or

the interspaces between trees. Soil from these sites had about 50 percent sand

and 25 percent clay, a preburn pH of 7.8, and PBEP concentrations of about 20

to 35 ppm. They detected an increase in extractable PBEP in soil from beneath

both pinyon and juniper, but not in the soil taken from the interspaces between

trees. The increase in extractable PBEP was detectable immediately and at 45

and 90 days after burning, but not one year after burning.

The concentrations of preburn PBEP found by DeBano and Klopatek

were closer to those of the soils evaluated in this study. Following one burn
applied to the microcosm, they found a significant short-term increase (p _<

0.05) in extractable PBEP using these very uniform microcosms.

In my research, there was no consistent immediate response of soil

extractable P concentration to prescribed underburning-at one location, soil

extractable P decreased; at another location, it increased. As with measures of
soil nitrogen concentration, no long-term change was detected in the

concentration of extractable P due to prescribed underburning. Further, as
with measures of soil nitrogen concentration, there were significant year-to-year

changes in the concentration of extractable P, indicating a P pool that is in
flux.
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It is important to note that different extractant solutions used to

measure extractable P produced greatly differing results. Based on the results
I obtained, I would recommend Bray I as the preferred extraction solution of

those tested, for measuring mineral soil extractable P in central Oregon pumice

soils. However, an evaluation of Bray II would also be warranted.

Soil PH. The increase in soil pH observed at Lava Butte, Cemetery,

and Annabelle after burning took a year to appear. This lag could reflect the

time necessary for ash particles to be leached into the mineral soil.

In two of the four locations, the pH was at least 0.2 pH unit higher in

the burned units than in the control units for the duration of the experiment.

At Lava Butte, in the HFC prescribed burn units, the pH increased from 5.5 to

6.1 within one year after burning and decreased to a low of 5.8 nine years after

the burn; the pH in the control units remained relatively constant, at about 5.5.

In the MFC burn units, the pH increased from 5.5 to about 5.6 and remained

consistently around 0.1 pH unit above the control units for the 12-year

duration of the experiment. At Annabelle, the increase in pH after burning

was from 5.6 to 5.8 for the 4-year sampling period.

At Cemetery, the pH in the burned units increased from 5.87 before

burning to 6.13 one year later while the pH in the control units decreased from

5.88 before burning to 5.73 one year later. Two years after burning, the pH

decreased in both treatments, to 5.78 in the burn units and to 5.60 in the

control units. At the end of the sampling period, five years after burning, the
pH in the burned units was 0.2 pH units higher in the burn units, at 5.78, than

in the control, at 5.57.

At Bear Springs the soil pH changes did not follow the pattern found in

the other locations. At Bear Springs the pH in both the burn and control
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treatments units increased slightly the year following the bum, and decreased

significantly the second year after burning. However, the pH in the burn

treatment units was higher than the pH in the control units.

The fluctuations in pH from year to year, regardless of treatment, were

particularly apparent at Lava Butte and Annabelle, which are on pumice soils

and therefore have the lowest CEC, and the lowest buffering capacity, of the

four sites.

McKee found only minor changes in soil pH after repeated

underburning in the southeastern coastal plains. Soil pH increased from 4.1 to
4.5 with annual summer burning at the South Carolina site and from 4.0 to 4.2

with annual winter burning-as opposed to periodic winter burning-at the
Florida site. These two sites also had increases in exchangeable Ca and

Mg-at the Florida site-or Mg only, at the South Carolina site.

In Australia, Hunt and Simpson (1985) found no long-term change in

pH following three successive prescribed underburns done at 3-year intervals.

Immediately after underburning, however, the pH increased by 0.2 to 0.5 pH
units in the sample from 0 to 2.5 cm depth.

The decrease in acidity of the surface soil layers due to ash deposition

may stimulate mineralization of nitrogen in residual organic matter (Pritchett
and Fisher, 1987)

Soil OM. Both immediate and long-term reductions in SOM were
found after prescribed underburning. Prescribed underburning can decrease

the SOM content of the upper soil horizons directly through combustion of
organic material. At Lava Butte, underburning produced an immediate

decrease from 5.4 to 3.5 percent SOM in the HFC units. Over the long-term,
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the HFC units had a SOM concentration of 3.25 percent and the control units
had 3.60. Wells (1971) has indicated that most changes in organic matter

resulting from fire occur within the first 10 years. The results at Lava Butte
indicate that the fire-induced reductions in SOM last for at least 12 years. At
Annabelle, long-term decreases were found in the underburned units, which

had 4.25 percent SOM compared to the control units at 4.84. Soil OM
concentration fluctuated from year to year without regard to treatment at Lava

Butte, Cemetery, and Annabelle-the three sites with the lower initial SOM
content. This may indicate that the organic C pool at these sites is marginal.

Where P. elliottii had been underburned every three years during nine

years (three bums), Hunt and Simpson (1985) found soil organic carbon was

significantly reduced in the burned areas, at 1.38 percent, compared to the
unburned areas, at 1.73 percent at the last sampling after three burns.

Immediately after burning, soil organic carbon was found to be significantly

higher, at 1.35 percent, than at the preburn sampling, at 1.14 percent.

In the southeastern coastal plains, McKee found no significant effects of

burning on SOM at the Alabama sites. On the Florida sites, there was an

increase in SOM in the periodic-burned plots, but the annual-burned plots did

not differ from the other treatments. On the Louisiana plots, SOM was higher

on the control plots at the depth of 0 to 5 cm. At the depth of 5 to 10 cm,
SOM was 1.10 percentage points higher on the burn plots. At the South
Carolina site, at a depth of 30 to 50 cm, there were significant differences with

the annual-summer-burn plots which contained significantly more SOM than
did the other treatments. He attributed the differences in SOM following
prescribed underburning to differences in depth of sampling, soil texture, initial
SOM concentration, drainage, and soil development, as well as differences in
fire intensity.
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Cation exchange capacity. Prescribed underburning produced no
immediate effect on the CEC at any site. A long-term decrease in CEC was

observed at Lava Butte. Year-to-year changes in CEC were significant at three
sites: Lava Butte, Cemetery, and Annabelle. This year-to-year changes in
CEC parallel the year-to-year changes in SOM, also found at the same three
sites. These three sites had the lower initial SOM concentrations, and it is very
likely that the year-to-year changes in CEC that were observed were related to
the demand upon the organic C pool for energy at these sites.

Exchangeable bases. The exchangeable bases had a limited response to
prescribed underburning. Exchangeable Mg increased immediately at Lava
Butte but only in the MFC units, and exchangeable K increased over the long-
term at Bear Springs. Potassium has a vaporization point of 765.5°C, which

can be reached in burning. At Bear Springs, the bulk of the fuel component
was live snowbrush-ceanothus; the large amount of foliage consumed may have
contributed to the observed increase in exchangeable K. Apparently, foliar K
was not volatilized.

There were significant changes in exchangeable bases from year to year,
irrespective of treatment: in exchangeable Ca at Lava Butte, Annabelle, and
Bear Springs; exchangeable Mg at Annabelle; and exchangeable K at Lava
Butte, Cemetery, and Annabelle. This fluctuation in demand for cations
indicated the system was dynamic and that the rates of reactions were not
static but changed from year to year.

In the southeast coastal plain, McKee found increases in exchangeable
Ca at two sites and in exchangeable Mg at one site and a decrease in
exchangeable Mg at another site. The increases were attributed to the effects
of repeated burning. In Australia, Hunt and Simpson (1985) reported a
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significant decrease in exchangeable K at the final sampling date after the third
of three bums.

Soil bulk density. Soil bulk density decreased immediately after

underburning at Lava Butte-the only area where it was measured before and

immediately after underburning. The decrease in soil bulk density was no

longer apparent when it was remeasured, 13 years after burning. The decrease

in soil bulk density immediately after prescribed underburning can be

attributed to the combustion of SOM and, in turn, can contribute to changes in

CEC, TN, structure, texture, and water holding capacity.

Ratio of concentrations, C/N. Of the four sites, the two sites on pumice

soils had the higher initial C/N ratios-Lava Butte, at 30.0, and Annabelle, at

26.9. These sites are on young soils and contain lower amounts of N-Lava

Butte, at 0.095 percent TN, and Annabelle, at 0.090 percent TN-compared to

the older soils at Cemetery, which had 0.116 percent TN, and Bear Springs,

which had 0.132 percent. As expected, the C/N ratio is lower in the older

soils-at Cemetery, 22, and at Bear Springs, 24. The Bear Springs units also

had the highest initial SOM content-5.5 percent. At Bear Springs, both the

C/N ratio and the concentrations of TN and SOM indicate that this site has a

higher productive capability than the other sites, assuming all other factors

equal. This is substantiated by the site index of the Bear Springs units, which

is 37 m on a 100-year basis, compared to 31 at Lava Butte, 22 at Cemetery,

and 27 at Annabelle.

In response to prescribed underburning, there was a long-term decrease

in the C/N ratio at Cemetery and Annabelle.

Irrespective of treatment, there were year-to-year fluctuations in the

C/N ratio at all four sites. Again, this demonstrates the dynamic nature of the
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system and points towards year-to-year variation in reaction rates as well as
total reaction product.

Fresh litter from Scots pine was found by Staff [sic] and Berg (1982,
cited in Waring and Schlesinger, 1985) to have a C/N ratio of 134, and the
fungal biomass in the same litter had a C/N ratio of 12.

Ratio of concentrations, C/P. The wide range of C/P ratios found using
the different extraction procedures for P indicates that before comparisons of
C/P ratios can be made between the results of different research projects, the

extraction procedure for P must be known.

When P was determined using Bray I, 0.03 M NH4F + 0.025 M HC1, a
significant difference in the C/P ratio was determined at two sites. It appeared
that the acid extractant was a better measure of the changes in C/P ratio
following prescribed underburning than was NaHCO3 for these soils.

The initial C/PBRAY I ratios of 565, 800, 720, and 2377 at Lava Butte,

Cemetery, Annabelle, and Bear Springs, respectively, are high in comparison to
the C/P ratio of 64 in fungi in a P. sylvestris forest (Staff (sic) and Berg, 1982

cited in Waring and Schlesinger, 1985).

The C/PBRAY I and C/P1UO4 ratios decreased immediately after burning at

Lava Butte. There were long-term decreases in the C/PBIAY I ratio at Lava
Butte and Annabelle and in the C/PH2sO4 ratio at Lava Butte. The Lava Butte

and Annabelle sites both are on pumice soils and had the lowest initial

C/PBRAY I ratios. At both Lava Butte and Annabelle there were also significant

decreases in SOM, and the decreases seen in the C/P ratios reflected those

SOM decreases.
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The significant year-to-year differences seen in the C/P ratios depending
upon extractant and site indicate the lability from year to year of both the C
and P pools. There were significant differences in the C/PBF ratio from year

to year at Lava Butte, Cemetery, and Annabelle, and significant year-to-year

differences in the C/PBRAY I ratio at Lava Butte, Annabelle, and Bear Springs.

Ratio of concentrations, N/P. Changes in the N/P ratios were less

consistent than the changes in the C/P ratios.

The only long-term decrease was in the N/PBRAY I ratio at Annabelle.

There were significant treatment x time interactions at Lava Butte and
Cemetery in the N/PBR,Y I ratio and at Lava Butte in the N/PII2so4 ratio,

indicating that the N/P ratios were changing differently depending upon which

treatment a unit had received.

There were significant year-to-year differences in the N/PBEP ratio at

Lava Butte, Cemetery, and Annabelle-repeating the pattern seen in the
C/PBBI, ratio at those locations. The N/1 BRAY I ratio also showed significant

year-to-year changes at Annabelle and Bear Springs, but not at Lava Butte or
Cemetery.

Effect of Prescribed Underburning and Time on Mineral Soil Mole Charges,

Nutrient Masses, and Ratios of the Masses at Lava Butte

Mineral SOM mass. Mineral SOM mass decreased significantly in the

control, by 20 percent, and the HFC treatments, by 45 percent, between the

preburn and postburn sampling dates. Interestingly, the SOM mass at the final

sampling date, 1990, was lower in all treatments than at the previous sampling

date, which was immediately after burning. Because soil bulk density increased

between the immediate postburn sampling date and the final sampling date
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(Figure 11-12), it did not confound the calculations of SOM mass. The
decrease in SOM mass was, therefore, due to a decrease in SOM concentration

alone. This decrease in SOM concentration was apparent only at Lava Butte;

the other areas did not appear to be decreasing in SOM concentration (Figure
A-7).

Mineral soil TN mass. The decreases in the amount of total N
immediately after burning mirrored the changes seen in the amount of SOM.
Total N mass decreased in the control, from 437 to 376 kg ha'1-a 14 percent
decrease-and in the HFC units, from 432 to 287 kg ha 1-a 34 percent
decrease.

From the immediate postburn sampling date, in 1979, to the final
sampling date, in 1990, the TN mass increased in the HFC units, gaining 74 kg
ha-'. This increase brought the TN mass in the HFC units back to a level
within the standard error of the TN mass in the control units.

Mineral soil P4a, mass. The decreases in PBEp mass immediately after

burning also mirrored the decreases observed in the SOM mass. The PBEP

mass decreased 21 percent in the control units and 48 percent in the HFC
units.

From the immediate postburn sampling date to the final sampling date,
the PBEp decreased in the MFC units, by 1.5 kg ha 1, or 19 percent, so that all
treatment units had very similar amounts of PsEr in 1990, with 6.1, 6.2, and 6.2
kg ha -1 in the control, MFC, and HFC units, respectively.

Mineral soil exchangeable Mg. The amount of exchangeable Mg,

expressed in mole charge, increased in the MFC units between the preburn and
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immediate postburn sampling dates. As a metallic cation, Mg usually is

retained in the system.

Mineral soil ratio of masses, C/PmSO4. The ratio of masses, C/PH2S, ,

followed the pattern initially established with SOM mass-which decreased in

both the control and HFC treatments between the preburn and immediate

postburn sampling dates. The C/PHnO4 ratio decreased from 42 to 33 in the

control units and from 42 to 26 in the HFC units.

Mineral soil ratio of masses, N/PH21o4 The ratio of masses, N/PH2so4,

also followed the above pattern, with the ratio in the control units decreasing

from 1.40 to 1.21, and the ratio in the HFC units decreasing from 1.29 to 0.96,

between the preburn and immediate postburn sampling dates.

Mineral soil PBB,,y I mass. The change in the PBRAY I mass immediately

after burning and due to treatment was not significant; although, the difference

between the preburn and immediate postburn PBRAY I mass in the control and
HFC units was significant. The increase in. PBRAY I mass between the

immediate postburn sampling date and the final sampling date in 1990 was

significant for all treatments. The HFC units showed the greatest increase,

from 18.2 to 27.9 kg ha 1, a 53 percent increase, and ended with the highest

PBRAY I mass.

Mineral soil ratio of masses, N/PBmY I. The ratio of masses,

N/PBRAY I, decreased significantly in all treatment units between the immediate
postburn and the final sampling date, with decreases of 10, 20, and 18 percent
in the control, MFC, and HFC units, respectively.
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Effect of Prescribed Underburning and Time on Forest Floor Nutrient Masses and

Ratios at Lava Butte

Forest floor OM mass. The forest floor OM mass appeared to be near

equilibrium in the control and MFC units, at about 16 to 18 Mg ha'.

Although the units had been carefully chosen to be homogeneous in all

respects, the HFC units had a much greater forest floor mass, at 29 Mg ha-'.

The reason for this larger amount of forest floor OM in the two HFC units is
not known.

The MFC prescribed underburn treatment did not produce a significant

change in the forest floor OM mass. The HFC prescribed underburn

significantly reduced the forest floor OM mass to 10 percent of its original
amount

During the three years after the prescribed underburn, the forest floor

OM mass in the HFC units nearly doubled from its immediate postburn

amount; however, that brought it up to only 17 percent of its original amount.

Forest floor TN mass: Forest floor TN mass appeared to be near

equilibrium in the control and MFC units, at approximately 200 kg ha-'. The

HFC units had a higher initial TN content that was derived from the higher

organic matter mass present in the those units.

The changes in TN mass were similar to the changes seen above in

forest floor OM mass. Forest floor TN mass in the HFC units decreased

immediately after burning-to 19 percent of its initial amount. Three years

after burning, the TN mass had further decreased-to 12 percent of the initial
mass.
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In an area 6 km south of the Lava Butte site, where four thinning
regimes are combined with prescribed burning, (R. W. Shea, 1992, personal

communication) found the duff TN concentration increased from the preburn
value, at 0.970 percent, to 1.134 percent in no-fell and treatment areas, and
from 1.000 percent before burning to 1.160 percent after burning in fell-no
removal treatment areas.

In the southeastern coastal plains, McKee (1982) found a 95 percent
reduction in forest floor TN mass following annual burns and a 72 percent
reduction following biennial burns.

Forest floor ratio of masses, C/N. The ratio of masses, C/N, appeared

near equilibrium in the control units, where it ranged between 51 and 56.

The ratio of masses, C/N, decreased in the HFC units, from 48 to 27,
immediately after burning. The decrease in C/N ratio indicates that the loss of
C was greater than the loss of TN during burning.

Three years after burning, the C/N ratio had increased in the HFC
units, from the immediate postburn value of 27, to 71. This increase was

probably due to the accelerated rate of needlecast that was observed after
burning.

Forest floor total P mass. Initial forest floor total P mass ranged from
18 to 41 kg ha -1 with the highest value in the HFC units. In the control units,
there appeared to be greater fluctuations in total P than in TN or forest floor
OM.

Immediately after prescribed underburning, the forest floor total P mass
increased in the MFC units, to 194 percent of its initial value. During the
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same period, the total P mass decreased in the HFC units to 46 percent of its
original value.

During the three years after burning, the total P mass decreased in both
the MFC and HFC units. In the MFC units, the total P decreased to 106
percent of its original value; and, in the HFC units, total P decreased to 10
percent of its original value.

McKee (1982) found similar decreases in forest floor total P. Biennial

or annual burning reduced forest floor P by 42 to 88 percent, while less
frequent burning reduced the forest floor P by 39 to 73 percent.

Forest floor total Ca mass. Initial, preburn values for forest floor Ca
mass ranged from 112 to 185 kg ha-1.

Both the MFC and HFC treatments increased the amount of Ca in the
forest floor material. Immediately after burning, Ca increased in the MFC
units to 145 percent of its original value. In the HFC units, Ca increased to
111 percent of its original value.

During the three years after burning, Ca decreased significantly in the
HFC units, to 18 percent of its initial value-a decrease of 172 kg ha-'. It
appears that prescribed burning accelerates the rate at which Ca is returned to
the soil mineral system (McKee, 1982).

In the southeastern United States, McKee found annual or biennial
prescribed underburning to reduce forest floor Ca by 50 to 92 percent and
periodic underburning to reduce it by 28 to 39 percent at one site. No change
was found in forest floor Ca mass at a second site.
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Forest floor total Mg mass. The amount of Mg, which ranged from 25
to 41 kg ha-1 before burning, was about 20 to 30 percent of the amount of Ca
present initially in the same material.

There were no significant changes in total Mg mass that can be

attributed to treatment either between the preburn and immediate postburn
sampling dates or between the latter sampling date and the sampling date
three years later. Nonetheless, the decrease in total Mg in the HFC units from
the immediate postburn sampling date, at 20 kg ha'1, to the 1982 sampling date,
at 4 kg ha-', was significant.

In the southeastern coastal plains, McKee (1982) found reductions of 43

to 71 percent of the forest floor Mg due to annual or biennial burning.

Periodic burning of the Florida site produced reductions of 48 percent in the
forest floor Mg, but no changes were found due to burning at the South
Carolina site.

Forest floor total K mass. In the forest floor, the initial amounts of K,
which ranged from 27 to 56 kg hal, were very similar to the initial amounts of
Mg.

Forest floor total K changed significantly in both the MFC and HFC
units between the preburn and immediate post burn sampling dates. In the
MFC units, total K increased to 167 percent of its initial value; in the HFC
units, total K decreased to 54 percent of its original value.

During the subsequent three years, the amount of K again changed
significantly in both the MFC and HFC units-this time decreasing in both. In
the MFC units, total K decreased to its original value, and in the HFC units, it
decreased to nine percent of its initial value.
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McKee (1982) found reductions of 6 to 69 percent with biennial or

annual burning on the four sites in the southeastern United States.

The increase in total K in the MFC units immediately after burning
could be due to partial combustion of organic material in the MFC treatment.

Potassium volatilizes at 765.5°C. It is possible that the higher rate of

spread-of 0.8 m min-' in the MFC units--compared to 0.5 m min' in the
HFC units, was sufficient to avoid reaching this volatilization temperature in
much of the MFC units.

The decrease in K in the three years after the underburns speaks to the
solubility and mobility of the remaining K.

Forest floor ratio of masses. C/TP. The ratio of masses, C/TP, before
burning, ranged from 407 to 493.

There were no changes in the C/TP ratio between the preburn and the
immediate postburn sampling dates that can be explained by treatment.

Nonetheless, upon exploring the preburn and immediate postburn contrasts by

treatment, decreases between the preburn and immediate postburn values of
C/TP in the MFC units, from 493 to 261, and in the HFC units, from 407 to
93, were significant.

Between the immediate postburn sampling date and the sampling date
three years after burning, the C/TP ratio increased significantly in all three

treatments. The C/TP ratio increased in the control units to 120 percent of its
initial value, in the MFC units to 111 percent of its initial value, and in the
HFC units to 191 percent of its original value. The changes in the control and
MFC units reflect changes in the amount of forest floor P, while the changes in
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the HFC units reflect changes in the amount of both organic carbon and of
total P.

Forest floor ratio of masses. N/TP. The ratio of masses, N/'IP, before

burning, ranged from 8 to 11.

The changes in the ratio of masses, N/TP, that can be attributed to

treatment between the preburn and immediate postburn sampling dates were

not significant because the control units changed in a similar manner.

However, the changes in the MFC and HFC units between the

immediate postburn sampling date and the sampling date three years later

were significant. In the MFC units, the N/TP ratio increased from 7 to 11, and
in the HFC units, the ratio increased from 3 to 11. The changes in the control
during this period were not significant.

Immediate Effect of Prescribed Underburning on the Summed Masses of Nutrients

in the Mineral Soil and Forest Floor or the Ratios of those Sums at Lava Butte

The Lava Butte site was broadcast burned after harvest in the 1920s or
'30s. There had been no fires in the site until parts of it were prescribed

burned for this research.

EOM mass. Prior to the prescribed bums, the LOM mass ranged from

39 to 54 Mg ha 1, with the larger amount present in the HFC units. This IOM

mass had accrued since the fire in the 1920s. The range in preburn YOM mass

may indicate that the XOM mass had not yet reached equilibrium.
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The HFC prescribed underburn treatment reduced the YOM mass to 33
percent of its original level. The site needs to be remeasured to determine the

rate of IOM mass accretion after burning.

N mass. Prior to underburning, the ZTN mass ranged from 654 to

789 kg ha 1, with the largest amounts found in the HFC units. Follow-up

measurements are needed to determine if the XTN mass has reached

equilibrium.

The ZTN mass increased to 104 percent of its original amount in the
MFC units and decreased to 48 percent of its original amount in the HFC
units.

In the southeastern United States, McKee (1982) found "a slight

increase in nitrogen in the system with burning despite a marked loss from the

forest floor after 8 to 20 years" in his sandy Alabama and Florida sites. In
Louisiana, his plots had 160 kg more N on the unburned control than on the
burned plots. In the South Carolina plots, different seasons of burning

produced greatly differing results. Nitrogen increased by 34 to 42 kg over 20

years in the unburned control and periodic winter burned treatments, and by
137 kg in the annual winter burned plots. The periodic summer burned plots

sustained a 128-kg N loss, and the annual summer burned plots had a 362-kg N
loss. He postulated that the difference may be due to the number of legumes
that invades these treatment sites following burning (Lewis and Harshbarger,
1976).

I total P mass. The preburn mass of I total P ranged between 339 and
378 kg ha-'; this range represents approximately half the range of the ITN

mass. The largest amounts were found in the HFC units, which had the most
IOM mass.
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The HFC prescribed underburns reduced the I total P mass to 86

percent of its original amount.

There was a proportionately greater decrease in ITN, 52 percent, than

in I total P, of 14 percent. This may be due to the difference in volatilization

temperatures of N- and P-containing organic compounds, which are -200 and

-300°C, respectively (Dean, 1985).

Ratios of summed masses IC/ZN. ZC/Y total P. and EN/X total P. The
preburn IC/ZN ratio ranged from 34 to 40 with the highest value found in the
HFC units. The narrow range of the ratio indicated that it may be in

equilibrium. The HFC burns significantly decreased the IC/ZN ratio from 40
to 28. The fact that the lower value was found after burning indicated that

potentially less N would be immobilized and that more would be available for
utilization.

The preburn IC/I total P ratio ranged from 60 to 84 with the highest
value found in the HFC units. The HFC prescribed underburns significantly

decreased the ratio from 84 to 33.

The preburn IN/I total P ratio ranged from 1.77 to 2.10 with the

highest value found in the HFC units. The HFC burns significantly lowered

the IN/I total P ratio from 2.10 to 1.17.

Regressions of Mineral Soil Nutrient Concentrations or Properties (Y) on Other

Mineral Soil Nutrient Concentrations or Properties (X) before and after Prescribed

Underburning

Regressions of TN (Y) on SOM M. Total N concentration was

significantly related to SOM concentration at all four sites for some years on a
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year-by-year basis, but not at all sites for any single year. The relationship was

strong, having r2 > 0.70, at Cemetery and Bear Springs. Lava Butte and
Annabelle-the two sites where the range of SOM concentrations was

smaller-had moderate relationships, with r2 > 0.25 and < 0.70, between SOM

concentration and TN concentration.

Regressions of pH (Y) on SOM M. Soil pH was related to SOM

concentration at Lava Butte and Annabelle; the relationship was strong for one

year at Lava Butte. The Lava Butte and Annabelle sites have pumice soils.

Regressions of mineralizable N (Y) on TN M. Total N concentration
was significantly related to mineralizable N concentration at all sites for some

years and strongly related at Lava Butte and Annabelle for three, or one,
sampling date(s), respectively. Lava Butte and Annabelle had lower initial TN

concentrations, at 0.095 and 0.090 percent, respectively. Interestingly, the

strong relationships between TN concentration and mineralizable N

concentration did not occur immediately after the underburns but several years
later.

Regressions of pH (Y) on CEC M. Soil pH was significantly related to

CEC at Lava Butte, Cemetery, and Annabelle, but it was not strongly related

at any of the four sites. At Lava Butte and Annabelle, the relationship was
inverse as was expected-as CEC decreased, pH increased. At Cemetery, the
site with the highest CEC, the relationship was direct but not as strong; as the
CEC increased, pH increased.

Regressions of CEC (Y) on SOM M. Cation exchange capacity was

significantly related to SOM concentration at all four site and was highly

related at Lava Butte and Bear Springs-the two sites with the highest initial

SOM concentrations, at 4.9 and 5.5 percent, respectively.
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Regressions of pH (Y) on exchangeable Ca M. Soil pH was
significantly related to exchangeable Ca concentration for some years at all
four sites, for all years at one site-Cemetery. A strong relationship was found

at one site-Lava Butte. At Cemetery, the exchangeable Ca concentration was

two to four times higher than at the other sites. Lava Butte, where the

relationship was strongest, had the highest postburn pH values.

The relationship between Ca and pH was not as ubiquitous or as strong

as would be expected if the liberation of Ca were the driving force behind the
increase in pH. There is, possibly, a threshold level of exchangeable Ca or of
base saturation which must be present before a relationship between Ca

concentration and pH develops.

Regressions of Forest Floor Nutrient TN or Total P Masses (19 on Forest Floor OM

Mass (X) before and after Prescribed Underburning at Lava Butte

Variation in the forest floor OM mass accounted for 74 percent of the

variation in forest floor TN mass prior to burning. Immediately after

prescribed underburning, the variation in OM mass accounted for 89 percent

of the variation in forest floor TN mass; three years after underburning, it

accounted for 97 percent of the variation in TN mass.

Variation in forest floor OM mass accounted for 82 percent of the

variation in forest floor total P prior to burning, 41 percent immediately after

burning, and 90 percent three years later. The low value immediately after

underburning indicates that proportionately more forest floor OM mass was

lost than forest floor total P mass.
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Regressions of Summed TN Mass in the Forest Floor and the Mineral Soil (1') on

Summed OM Mass in the Forest Floor and the Mineral Soil (X) before and after

Prescribed Underburning at Lava Butte

Immediately after the prescribed underburns, the regression function

with XOM as the independent variable accounted for 90 percent of the

variation in ZTN. Before underburning, the variation in the XOM accounted

for 79 percent of the variation in XTN.

Regressions of Mineral Soil Nutrient Properties, Concentrations, or Ratio of

Concentrations (F) on Measures of Combustion (X)

Fire-line intensity was measured during the prescribed underburns, and

percent DDR was calculated from measurements taken immediately after the

underburns were completed. Nonetheless, both measures of combustion were

related to measures of nutrient mass in the forest floor immediately after

underburning and one year later.

Regressions on duff depth reduction M. Duff depth reduction is

usually the result of smoldering rather than flaming combustion and has the

advantage of being measured objectively after the smoke is gone. Percent

DDR accounted for up to 99 percent of the variation in pH, 95 percent in TN,

91 percent in PBS, and 92 percent in exchangeable Ca, all at Lava Butte.

Generally, when a significant regression function described the

relationship between changes in DDR and a soil property, nutrient

concentration, or ratio, the quadratic regression function with DDR as the
independent variable described a relationship that was stronger.



229

Regressions on fire-line intensity (X). Fire-line intensity is a measure of

flaming combustion and is calculated from flame length measured subjectively

during the burns. Fire-line intensity accounted for up to 93 percent of the

variation in pH, 84 percent in mineralizable N, and 85 percent in exchangeable

Ca, all at Lava Butte. Again, as with DDR, when a significant linear

regression function described the relationship between fire-line intensity and a

soil property, nutrient concentration, or ratio, the quadratic regression function

with fire-line intensity as the independent variables described a relationship

that was stronger.

In general, percent DDR accounted for a larger percentage of variation

in the dependent variable than did fire-line intensity.

Regressions on duff depth reduction and fire-line intensity (X X21.
Multiple linear determinations that combined fire-line intensity-as a measure
of flaming combustion-and percent DDR-as a measure of smoldering

combustion-accounted for 91 percent of the variation in pH at Lava Butte
and 72 percent at Cemetery; and 84 percent of the variation in mineralizable N

and 86 percent in exchangeable Ca, both at Lava Butte.

Regressions of Mineral Soil Mole Charges or Nutrient Masses (Y) on Measures of

Combustion (X) at Lava Butte

Regression functions with percent DDR as the independent variable

accounted for more variation in mineral soil nutrient mass than did regression

functions with fire-line intensity. Duff consumption is a measure of the

reduction of the fuels on and in the soil; it is reasonable that DDR would be

more closely related to soil nutrients than would fire-line intensity, which is

more closely related to combustion of above ground fuels.
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Regressions of Forest Floor Nutrient Masses or Ratio of Masses (19 on Measures of

Combustion (X) at Lava Butte

Immediately after prescribed underburning, the ratio of the masses,

C/N, in the forest floor, was strongly related to percent DDR, which accounted

for 92 percent of the variation in C/N. Immediately after underburning, a

linear regression function with percent DDR as the independent variable

accounted for 76 percent of the variation in forest floor OM mass, and a

quadratic regression function accounted for 90 percent of the variation in OM.

Fire-line intensity generally is considered to be related to the

consumption of aerial fuels. However, I found the variation in fire-line

intensity to be related to the variation in the mass of nutrients found in the

forest floor. Immediately after underburning, a linear regression function with

fire-line intensity as the independent variable accounted for 83 percent of the

variation in total Ca. A linear regression function accounted for 76 percent of

the variation in total K three years after burning. Martin (1981) reported,

"Flame lengths of eight and six feet (2.4 and 1.8 m) represent fire-line

intensities of 500 and 300 Btu ft" sec 1 (1725 and 925 kW nl 1), respectively.

Fire-line intensity of prescribed burns should have little to do with soil

properties except where an overstory is killed or there is some difference in

nutrients evacuated from the site in the smoke."

The multiple linear determinations incorporating both fire-line intensity

and percent DDR did not strengthen the relationship seen above because fire-

line intensity measurements were related to changes in aerial fuels and DDR

was related to changes in forest floor material.
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Regressions of the Summed Nutrient Masses in the Forest Floor and the Mineral

Soil or Ratio of those Masses (F) on Measures of Combustion (X) at Lava Butte

The linear regression function that described the relationship between

the ratio of the summed masses, IC/ZN, and percent DDR had the highest r2

value of all the linear regression functions. Variations in DDR accounted for

95 percent of the variation in the IC/N ratio.

Fire-line intensity, which is a measure of flaming combustion, did not

produce as strong a relationship as did percent DDR, which is a measure of

smoldering combustion.

Combining the two independent variables-fire-line intensity and

DDR-in a multiple linear determination that had terms for both flaming and

smoldering combustion did not strengthen the relationship. The simple linear

determination with percent DDR as the independent variable accounted for 95

percent of the variation in the ratio of the summed masses, XC//N.
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CONCLUSIONS

Effect of Prescribed Underburning on Mineral Soil Properties, Nutrient

Concentrations, or Ratios of Concentrations

The prescribed underburn treatments had limited immediate effects on
soil properties, nutrient concentrations, or ratios. At the first postburn

sampling date, two weeks after the fires, the following changes were observed:

At Lava Butte, TN, PBEp, and SOM concentrations decreased; exchangeable Mg
increased; and soil bulk density and the Cdr BRAY I, C/PH 041 N/PBRAY I, and
N/PH2so4 ratios decreased in at least one of the burn treatments. During this
same period, the control units also decreased in TN, PBEp, and SOM

concentration, and in C/PH2s04 and N/PHm04 ratios. This concomitant and

significant decrease in nutrient concentrations or ratios in the control units
immediately after prescribed underburning prevents attributing all of the
observed decrease in the burn units to the fires. At Cemetery, mineralizable N
and PBRAY I concentrations increased in the bum units. At Annabelle and Bear
Springs, there were no significant changes immediately after prescribed
underburning.

However, the prescribed underburning treatments produced changes in

several properties that were not apparent at the immediate postbum sampling
date but appeared later. These changes remained significant for the duration
of the experiment-12 years at Lava Butte, 6 at Cemetery, 5 at Annabelle, and
3 at Bear Springs. At Lava Butte, SOM and CEC concentrations, and C/PBR,,,Y

I and C/PH,s04 ratios decreased; at Cemetery, the C/N ratio decreased; at
Annabelle, pH increased, and SOM concentration, and C/N and C/PBRAY I

ratios decreased; and at Bear Springs, the exchangeable K concentration

increased. The effects of prescribed underburning on soil nutrients appear to
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be quite specific to the soil. Soils that have low initial concentrations of,

especially, TN, SOM, or CEC appear to be more likely to show changes in

these nutrients or properties due to prescribed underburning.

Some soil properties or nutrients changed differently over time

according to whether the plots had been underburned or were controls
(treatment x time interaction significant). The following soil properties,
nutrient concentrations, or ratios showed significant treatment x time

interactions: at Lava Butte, PBEp concentrations, pH, and N/ BRAY I and
N/PII2SO4 ratios; at Cemetery, PBEp, PBRAY I, and exchangeable Ca concentrations,

pH, and N/PBK,,,Y I ratio. In general, soil pH increased during the first year

after burning and then decreased very slowly.

A surprising number of soil properties, nutrient concentrations, or ratios
of concentrations changed significantly from year to year, irrespective of

treatment. The C/N ratio changed from year to year, irrespective of treatment,
at all sites. At Annabelle, all soil properties, nutrient concentrations, and

ratios showed significant year-to-year changes. At the sites where the soil had
lower initial SOM concentrations-Lava Butte, Cemetery, and

Annabelle-SOM, TN, CEC, K, C/N, C/PBEp, and N/PBEp all showed significant

yearly changes. A site with a comparatively lower initial concentration of a soil
nutrient was more likely to show a significant year-to-year change in that

nutrient, irrespective of treatment. For example, Lava Butte, Annabelle, and
Bear Springs had lower initial concentrations of Ca and PBRAY I, and those sites
had significant year-to-year changes in those nutrients. Apparently, the initial
concentration of a soil nutrient is an important determinant of the year-to-year
change in that nutrient.
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Effect of Prescribed Underburning on Mineral Soil Nutrient Masses and Ratios of

Masses

Nutrient masses and ratios of the masses were determined at Lava

Butte. Immediately after prescribed underburning, there were significant

reductions in the mass of all nutrients and in the ratios of the nutrient masses

except for Mg, K, PH2s04, C/PBEp, and N/PBEP. Several nutrients and ratios

showed the pattern of significant reductions in both the HFC and control units:
SOM, TN, PBEPmasses, and ratios of masses, C/Px2so4and N/PII2so4.

Between the immediate postburn sampling date and the final sampling

date 12 years later, the TN and PBRAY I masses increased, and the PBEP mass

and the N/PBIUY I ratio decreased in at least one of the burn treatments.

Effect of Prescribed Underburning on Forest Floor Nutrient Masses and Ratios of
Masses

Forest floor mass and nutrient content were determined at Lava Butte

before burning, immediately after burning, and three years later.

Immediately after underburning, the masses of OM, TN, total P, and
total K all decreased in the HFC treatment. The masses of total P, total Ca,
and total K increased in the MFC treatments.

Between the immediate postburn sampling date and the sampling date
three years later, the masses of total P and total Ca decreased in at least one

burn treatment. The ratios of the masses, C/N, C/P, and N/P all increased

in the burn treatments. These increases probably can be attributed to the

increased needlecast in the underburn-treated units.
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Effect of Prescribed Underburning on the Summed Masses of Nutrients in the Forest

Floor and the Mineral Soil or Ratios of Masses

Immediately after underburning, the summed masses, TOM, XTN,

I -total P, and all three ratios of masses, IC/ZN, IC/53P, and IN11,TP, all
decreased in the HFC units.

Regressions of Mineral Soil Nutrient Concentrations or Properties (I') on other
Mineral Soil Nutrient Concentrations or Properties (X) before and after Prescribed
Underburning

Relationships between SOM and TN, TN and mineralizable N, SOM

and CEC, and exchangeable Ca and pH were found to be strong.

Regressions of Forest Floor TN or Total P Masses (19 on Forest Floor OM Mass

(X) before and after Prescribed Underburning at Lava Butte

Relationships were strong between OM and TN for all three sampling
dates, and between OM and total P for two sampling dates.

Regressions of Summed TN Mass in the Forest Floor and the Mineral Soil (Y) on

the Summed OM Mass in the Forest Floor and the Mineral Soil (X) before and
after Prescribed Underburning at Lava Butte

Strong relationships existed between IOM and ETN before and after
prescribed underburning.
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Regressions of Mineral Soil Nutrient Properties, Concentrations, or Ratios of

Concentrations (Y) on Measures of Combustion (X)

Linear regression functions described strong relationships between

percent DDR and soil nutrient properties at Lava Butte. The quadratic

regression functions described even stronger relationships, accounting for up to
99 percent of the variability in pH, 95 percent in TN, 91 percent in PBEP, 92

percent in exchangeable Ca.

Neither linear nor quadratic regression functions incorporating Byram's

fire-line intensity as the independent variable accounted for as much of the

variation in postburn mineral soil nutrient concentrations or properties as did

percent DDR.

Generally, incorporating DDR and fire-line intensity into a multiple
linear determination did not account for more variability in mineral soil

nutrient properties or concentrations than did percent DDR alone.

Regressions of Forest Floor Nutrient Masses or Ratios of Masses (Y) on Measures of

Combustion (X)- at Lava Butte

Regressions with percent DDR as the independent variable, in general,

accounted for a greater portion of the variability in the forest floor nutrient

mass or ratio than did regressions with fire-line intensity.

Regressions of Summed Nutrient Masses in the Forest Floor and the Mineral Soil or
Ratios of those Masses (Y) on Measures of Combustion (X) at Lava Butte

Quadratic regression functions with DDR as the independent variable

produced strong relationships accounting for at least 90 percent of the
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variability in ZOM, XTN, IC/EN, IC/TP,and XN/ TP. Quadratic regression

functions with fire-line intensity as the independent variable accounted for 79

percent of the variability in XOM, 91 percent in ZC/ZN, and 88 percent in
IC/ITP.
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Table A-1-Fire behavior

Site Treatment
Flame
length

Flame
height

Rate of
spread

Fire-line
intensity'

cm cm m min-' kW m`
Lava Butte MFCZ 40 ± 7 30 ± 6 0.8 ± 0.3 53 ± 20

HFC 67 ± 2 45 ± 1 0.5 ± 0.2 217±60
p-value ND ND ND 0.0492

Ce tme ery Operational
underbum 77 ± 10 44 ± 5 1.5 ± 0.6 331 ± 157

Annabelle Operational
underbum 71.5 61±6 0.3 ± 0.1 216±39

Bear Springs Operational
underbum 132 ± 35 102 ± 29 1.0 ± 0.4 885 ± 418

1Byram's fire line intensity, I = 259.833 L"14, where L = flame length in meters.
2MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption

prescribed underburn.



Table A-2a-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Lava Butte

Sample date p-value for

Variable
Treat-
ment

'79 '79 post- '79pre vs. TRT xpreburn burn '80 '82 '84 '86 '87 '88 '90 '92 '79post TRT Time Time
Bulk density, Control 0.77 0.77 ND' ND ND ND ND ND ND 0.75g cm-' MFC' 0.76 0.72 ND ND ND ND ND ND ND 0.73HFC 0.74 0.64 ND ND ND ND ND ND ND 0.76 0.07633 ND ND ND
pH Control 5.44 5.51 5.54 5.51 5.68 5.54 5.47 5.52 5.49 ND

MFC 5.45 5.46 5.63 5.56 5.74 5.63 5.55 5.61 5.58 ND
HFC 5.50 5.70 6.11 5.89 6.04 5.89 5.85 5.80 5.96 ND 0.2057 0.00094 0.0005' 0.0338

SOM, Control 4.9 3.9 3.9 4.5 3.4 3.5 3.1 3.6 2.9 NDpercent MFC 4.4 4.4 3.9 4.4 3.5 3.2 3.1 3.4 3.1 NDHFC 5.4 3.5 3.9 3.6 3.2 3.1 2.8 3.1 2.7 ND 0.0168 0.0288 0.0010 0.2728
TN, Control 0.095 0.082 0.080 0.094 0.068 0.063 0.080 0.107 0.085 NDpercent MFC 0.094 0.099 0.082 0.088 0.073 0.059 0.075 0.113 0.092 NDHFC 0.098 0.074 0.085 0.079 0.071 0.057 0.071 0.102 0.079 ND 0.0162 0.1010 0.0003 0.1449

'MFC = moderate fuel consumption prescribed underburn; HFC = high fuel consumption prescribed underburn.
2ND = not determined.

'Immediate effect of treatment.

'Long-term effect of treatment.

5p-values for Time and TRT x Time adjusted using Greenhouse - Geisser E.



Table A-2a-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Lava Butte

Sample date p-value for
Variable

Treat-
ment

'79 '79 post- '79pre vs. TRT xpreburn bum '80 '82 '84 '86 '87 '88 '90 '92 '79post TRT Time Time
Min N, Control 33 21 22 23 15 17 26 20 15a2 NDppm MFC 28 23 24 24 18 14 20 21 16a NDHFC 28 28 26 19 14 14 20 16 12b ND 0.1829 ND ND NDp-value' 0.4940 0.2136 0.1518 0.1304 0.1105 0.6615 0.1311 0.0573 0.0038

PBEP3 Control 18.5 14.5 15.3 16.0 15.9 15.5 12.3 13.9 13.7 NDppm MFC 19.0 18.0 14.2 14.8 17.4 14.4 13.2 15.8 14.0 NDHFC 24.2 14.5 14.0 15.5 19.0 13.3 12.0 14.1 13.5 ND 0.0233 0.6536 0.0013 0.0498
PBRAY 1, Control 50 42 58 64 57 45 55 43 49 NDppm MFC 48 46 57 60 58 45 53 43 53 NDHFC 56 47 63 ' 61 66 52 61 49 61 ND 0.1334 0.3697 0.0003 0.3787

PH2SO4, Control 687 688 ND ' 709 ND 713 ND 720 ND NDppm MFC 772 738 ND 740 ND 704 ND 743 ND NDHFC 761 777 ND 806 ND 837 ND 850 ND ND 0.7626 0.2732 0.3113 0.5598
CEC, Control 19 16 15 14 13 15 16 13 13 NDcmol(+)kg-' MFC 16 17 14 15 14 17 ' 17 14 13 ND

HFC 19 15 14 13 12 16 15 13 12 ND 0.1198 0.0295 0.0106 0.6451

'Mineralizable N values are not comparable between years except for pre and postburn; therefore, p-values for contrasts within years are given.
2Different letters indicate significant differences at a = 0.10 by Tukey's test.
'PREP = P extracted by 0.5 M NaHCO3; PBRAY I = P extracted by 0.03 M NH4F + 0.025 M Hcl; PH2SO4 = P extracted by 1 M H2SO4.



Table A-2a-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Lava Butte

Sample date
Treat- y-value for

Variable ment
'79

rebum
'79 post-

bu '80 ' ' '
'79pre vs. TRT xp m 82 84 86 '87 '88 '90 '92 '79post TRT Time Time

Exchangeable
C

Control 4.36 3.96 3.48 3.49 3.32 3.93 3.97 3.57 3.05 NDa,
cmol + k '1

MFC
H

3.81 3.77 3.87 3.91 3.95 4.09 4.06 3.69 3.52 ND( ) g FC 4.57 3.51 4.20 4.01 4.09 4.54 4.54 4.03 3.65 ND 0.2545 0.1788 0.0224 0.3012
Exchangeable
M

Control 0.497 0.454 0.603 0.399 0.525 0.540 0.574 0.541 0.505 NDg,
"c l + k

MFC 0.480 0.614 0.613 0.596 0.557 0.614 0.603 0.552 0.557 NDmo ( ) g HFC 0.558 0.559 0.575 0.491 0.386 0.546 0.554 0.470 0.471 ND 0.0532 0.4089 0.1906 0.4171
Exchangeable
K

Control 0.64 0.69 0.66 0.63 0.67 0.70 0.70 0.77 0.70 ND
,

l + k ''
MFC 0.56 0.69 0.71 0.68 0.76 0.76 0.75 0.77 0.76 NDcmo ( ) g HFC 0.65 0.68 0.63 0.63 0.70 0.74 0.71 0.77 0.72 ND 0.7503 0.6499 0.0028 0.3505

C/N Control
M

30 27 28 28 29 33 23 20 20 NDFC
HF

27 26 28 29 28 32 24 17 20 NDC 33 27 27 27 26 31 23 18 19 ND 0.3578 0.2752 0.0002 0.7242
BEP Control 1530 1566 1506 1648 1257 1310 1532 1516 1234 NDMFC

HFC
1364 1445 1651 1772 1187 1307 1368 1252 1294 ND
1323 1389 1655 1374 980 1360 1373 1303 1163 ND 0.9750 0.3292 0.0208 0.3882

C/PBRAV I Control
M

581 539 390 414 349 457 338 489 345 NDFC
HF

539 566 407 431 351 423 337 462 340 NDC 575 427 362 354 280 345 272 370 258 ND 0.0760 0.0227 0.0001 0.4274
C/PHM4 Control

MF
42 33 ND 37 ND 29 ND 29 ND NDC

HFC
33 35 ND 35 ND 27 ND 26 ND ND42 26 ND 27 ND 21 ND 22 ND ND 0.0653 0.0573 0.0002 0.3402

N/PBEP Control 52 57 54 60 44 41 69 78 63 NDMFC
HFC

50 56 59 61 43 41 57 72 67 ND
41 52 61 51 38 44 60 73 59 ND 0.6388 0.6718 0.0002 0.1396



Table A-2a-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Lava Butte

Sample date - l fT t- p va ue or
Variable

rea
ment

'79 '79 post-
' '

'79pre vs. TRT xpreburn bum 80 82 '84 '86 '87 '88 '90 '92 '79post TRT Time Time
N/Panav I Control 19.5 19.7, 14.1 14.8 12.1 14.2 15.1 25.1 17.7 NDMFC 19.8 21.9 14.5 14.8 12.6 13.3 14.1 26.7 17.4 NDHFC 17.7 15.9 13.4 13.1 11.0 11.1 11.8 20.8 13.0 ND 0.0460 0.0703 0.0001 0.0203
N/PH2so4 Control 1.40 1.21 ND 1.34 ND 0.91 ND 1.50 ND ND

MFC 1.22 1.35 ND 1.21 ND 0.84 ND 1.52 ND ND
HFC 1.29 0.96 ND 0.99 ND 0.69 ND 1.21 ND ND 0.0090 0.2050 0.0001 0.0193



Table A-2b-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before and afterprescribed underburning at Cemetery

Sample date p-values
Variable Treatment '84 '84 '84 prebum TRT xprebum postburn '85 '86 '88 '89 '92 vs. '84 TRT Time Time

Bulk density, Control ND' ND ND ND ND ND 0.99 ± 0.04g cm-' Operational underbum ND ND ND ND ND ND 1.00 ± 0.01 ND ND ND NDt-test p-value ND ND ND ND ND ND 0.6351
pH Control 5.88 5.88 5.73 5.60 5.60 5.57 ND

Operational underburn 5.87 5.97 6.13 5.78 5.87 5.78 ND 0.27002 0.03373 0.0001' 0.0587
SOM, Control . 4.3 4.6 4.9 3.8 4.1 5.1 NDpercent Operational underburn 4.7 4.9 4.7 4.3 4.3 5.2 ND 0.8445 0.5880 0.0024 0.5658
TN, Control 0.112 0.112 0.125 0.116 0.137 0.183 NDpercent Operational underburn 0.121 0.120 0.138 0.124 0.158 0.198 ND 1.0000 0.1565 0.0001 0.5856
Min N, Control 31 22 36 38 31 40 NDppm Operational underbum 31 31 51 38 .26 35 ND

p-values 0.9621 0.0045 0.0218 0.9683 0.2016 0.1069 ND 0.0323 ND ND ND
PBEp6, Control 22 22 27 27 22 25 NDppm Operational underbum 21 24 33 28 28 31 ND 0.4448 0.2035 0.0001 0.0423

'ND = not determined.

2Immediate effect of treatment.

3Long-term effect of treatment.

4p-values for Time and TRT x Time adjusted using Greenhouse - Geisser e
SMineralizable N values not comparable between years except betweenpre and immediate post burn; therefore, p-values for contrasts within years aregiven.

6PBEP = P extracted by 0.5 M NaHCO3; PBRAY = P extracted by 0.03 M NH4F + 0.025 M HCI.

postbum



Table A-2b-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before and after
prescribed underbuming at Cemetery

Sample date p-values

Variable Treatment '84 '84 '84 preburn TRT x
prebum postburn '85 '86 '88 '89 '92 vs. '84 TRT Time Time

postbum

PBBAY 1' Control 34 33 35 33 28 30 ND
ppm Operational underburn 34 38 41 34 37 43 ND 0.0875 0.1060 0.0366 0.0385
CEC, Control 27 26 24 25 24 27 ND
cmol(+)kg-' Operational underburn 28 26 25 24 24 27 ND 0.7259 0.9929 0.0104 0.6936
Exchangeable Ca, Control 15 15 16 17 14 14 ND
cmol(+)kg' Operational underbum 16 16 18 18 16 16 ND 0.6351 0.4361 0.0001 0.0677
Exchangeable Mg, Control 6.2 6.2 7.2 6.6 6.4 6.5 ND
cmol(+)kg-' Operational underbum 6.9 6.6 6.3 7.4 7.2 6.1 ND 0.7409 0.8726 0.3519 0.2188
Exchangeable K, Control 1.28 1.34 1.39 1.46 1.36 1.42 ND
cmol(+)kg-' Operational underbum 1.22 1.36 1.39 1.41 1.38 1.50 ND 0.2168 0.8561 0.0209 0.4488
C/N Control 22 24 23 19 17 16 ND

Operational underburn 22 23 20 20 16 15 ND 0.4283 0.0886 0.0001 0.2955

C/PBEP Control 1201 1240 1100 838 1127 1194 ND
Operational underbur 1335 1230 898 915 941 1009 ND 0.4717 0.4303 0.0028 0.2062

C/PBRAV I Control 740 820 833 679 884 988 ND
Operational underbum 860 784 725 740 743 724 ND 0.1915 0.3300 0.2421 0.1578

N/PBEP Control 54 52 48 45 64 73 ND
Operational underbum 60 53 45 46 59 67 ND 0.6281 0.7098 0.0001 0.3433

N/PBRAY I Control 33 34 37 36 51 61 ND
Operational underbum 38 34 37 37 47 48 ND 0.2980 0.5622 0.0001 0.0324



Table A-2c-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before and afterprescribed underburning at Annabelle

Sample date p-values

Variable Treatment '85 '86 '85 preburn vs. TRT xprebum postbum '87 '88 To '92 '86 postbum TRT Time Time
Bulk density, Control ND' ND ND ND ND 0.86 ± 0.01g cm-' Operational underburn ND ND ND ND ND 0.89 ± 0.02 ND ND ND NDt-test p-value ND ND ND ND ND 0.2370
pH Control 5.60 5.48 5.50 5.68 5.57 ND

Operational underburn 5.62 5.60 5.67 5.85 5.78 ND 0.22172 0.0581' 0.00044 0.7483
SOM, Control 4.2 4.7 4.6 4.9 5.1 ND
percent Operational underburn 4.1 4.4 3.8 4.3 4.4 ND 0.8147 0.0171 0.0869 0.5678
TN, Control 0.091 0.092 0.098 0.126 0.142 ND
percent Operational underburn 0.089 0.090 0.091 0.121 0.135 ND 1.0000 0.4027 0.0001 0.9304
Min N, Control 19 24 24 15 18 NOppm Operational underburn 18 29 25 15 17 ND ND ND ND NDp-values 0.4784 0.3156 0.5326 0.9101 0.4040 ND
PBEP Control 18 15 13 15 17 NDppm Operational underburn 17 13 13 15 16 ND 0.4808 0.7140 0.0004 0.3982

`ND = not determined.

'Immediate effect of treatment.

3Long-term effect of treatment.

4p-values for Time and TRT x Time adjusted using Greenhouse - Geisser e
'Mineralizable N values not comparable between years; therefore, p-values for contrasts within years are given.
6Preburn vs. postburn could not be compared because time between sampling and analysis differed.
'PBEP = P extracted by 0.5 M NaHCO3; PB,1Y, = P extracted by 0.03 M NH4F + 0.025 M HCI; PH2SO4 = P extracted by 1 M H2S04.



Table A-2c-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before and afterprescribed underburning at Annabelle

Sample date p--values

Variable Treatment '85 '86 '85 preburn vs. TRT xpreburn postburn '87 '88 '90 '92 '86 postburn TRT Time Time
PBRAY Is Control 34 41 40 33 35 NDppm Operational underburn 36 42 48 37 38 ND 0.8636 0.1620 0.0255 0.7574
PH2SO4, Control 653 683 ND 762 ND NDppm Operational underburn 628 650 ND 711 ND ND 0.7336 0.4796 ND ND
CEC, Control 15.5 15.9 18.5 14.8 15.8 NDcmol(+)kg-' Operational underburn 15.5 15.9 16.6 14.3 14.7 ND 0.9791 0.1157 0.0001 0.2105
Exchangeable Ca, Control 4.7 4.4 4.2 3.7 4.6 NDcmol(+)kg-' Operational underburn 5.1 5.1 4.3 4.3 4.7 ND 0.5293 0.2805 0.0139 0.3781
Exchangeable Mg, Control 0.78 0.65 0.72 0.84 0.89 NDcmol(+)kg'' Operational underburn 0.85 0.70 0.68 0.89 0.99 ND 0.7090 0.6749 0.0001 0.3409
Exchangeable K, Control 0.69 0.68 0.75 0.75 0.76 NDcmol(+)kg'' Operational underburn 0.79 0.79 0.76 0.84 0.83 ND 0.7845 0.4012 0.0636 0.1903
C/N Control 27 29 27 23 21 ND

Operational underburn 26 28 25 21 19 ND 0.8546 0.0201 0.0001 0.8142
C/PBEP Control 1374 1861 2048 1891 1794 ND

Operational underburn 1424 2050 1715 1760 1617 ND 0.4448 0.2021 0.0920 0.1969
C/PBRAY I Control 745 695 711 892 890 ND

Operational underburn 695 670 465 712 717 ND 0.8107 0.0384 0.0045 0.3875
C/PH2SO4 Control 38 40 ND 39 ND ND

Operational underburn 38 40 ND 36 ND ND 0.9737 0.7113 ND ND
N/PBEP Control 51 63 75 83 84 ND

Operational underburn 54 72 72 86 86 ND 0.3054 0.5529 0.0245 0.5311



Table A-2c-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before and afterprescribed underburning at Annabelle

Sample date p-values

Variable Treatment '85 '86
'

'85 bpre um vs. TRT xpreburn postbum 87 '88 '90 '92 '86 postburn TRT Time Time
N/Pswav I Control 27 24 26 39 42 ND

Operational underburn 26 24 20 35 38 ND 0.7886 0.0449 0.0001 0.1919
N/PH2So4 Control 1.4 1.4 ND 1.7 ND ND

Operational underburn 1.4 1.4 ND 1.7 ND ND 0.8131 0.9097 ND ND



Table A-2d-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Bear Springs

Sample date p-values

Variable Treatment '86 '88 '86 preburn vs. TRT xpreburn postburn '89 '90 '92 '88 postbum TRT Time Time
Bulk density, Control ND' ND ND ND 0.84 ± 0.02
g cm-, Operational underburn ND ND ND ND 0.90 ± 0.02 ND ND ND NDt-test p-value ND ND ND ND 0.0868
pH Control 5.49 5.70 5.68 5.44 ND

Operational underburn 5.62 5.69 5.67 5.51 ND 0.3827' 0.6494' 0.00404 0.5348

SOM, Control 5.3 6.2 6.1 6.3 NDpercent Operational underburn 5.6 6.4 6.1 6.2 ND 0.8122 0.9891 0.7504 0.8990
TN, Control 0.127 0.179 0.191 0.178 NDpercent Operational underburn 0.137 0.180 0.182 0.179 ND 0.3761 0.9037 0.5063 0.7375
Min N, Control 39 51 43 35 NDppm Operational underburn 36 57 37 35 ND

t-test p-values' 0.5995 0.2287 0.1378 0.9219 ND ND6 ND ND ND
PBS Control 8 11 10 12 ND
ppm Operational underburn 9 10 10 10 ND 0.2913 0.6399 0.5836 0.7172

'ND = not determined.

'Immediate effect of treatment.

'Long-term effect of treatment.

4p-values for Time and TRT x Time adjusted using Greenhouse - Geisser e.
'Mineralizable N values are not comparable between years; therefore, p-values for contrasts withinyears are given.
6Preburn vs. postburn could not be compared because time between sampling and analysis differed.
'PBEp = P extracted by 0.5 M NaHCO3; PBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI; P, 04 = P extracted by 1 M HZSO,.



Table A-2d-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Bear Springs

Sample date P-values

Variable Treatment '86 '88 '86 preburn vs. TRT x
preburn postbum '89 '90 '92 '88 postburn TRT Time Time

PBRAY l' Control 15 19 18 14 ND
ppm Operational underburn 18 21 18 16 ND 0.3898 0.7797 0.0335 0.6216

'H2SO4, Control 403 367 ND ND ND
ppm Operational underburn 396 352 ND ND ND 0.8177 ND ND ND
CEC, Control 21 20 21 20 ND
cmol(+)kg-' Operational underbum 21 21 21 20 ND 0.3626 0.8151 0.3785 0.6990
Exchangeable Ca, Control 7.6 7.2 7.2 6.0 ND
cmol(+)kg'' Operational underbum 8.6 7.3 6.8 6.6 ND 0.3461 0.8133 0.0330 0.3203
Exchangeable Mg, Control 0.74 0.82 0.86 0.74 ND
cmol(+)kg" Operational underbum 0.71 0.83 0.87 0.79 ND 0.3441 0.6959 0.0087 0.7856
Exchangeable K, Control 1.08 1.13 1.12 1.02 ND
cmol(+)kg'' Operational underbum 1.15 1.21 1.19 1.15 ND 1.0000 0.0228 0.1095 0.6403
C/N Control 24 20 19 20 ND

Operational underbum 24 20 19 20 ND 0.4877 0.5086 0.0759 0.6533

C/PBEP Control 4007 3404 3939 3241 ND
Operational underbum 3853 3666 4292 4078 ND 0.5893 0.5033 0.3703 0.7513

C/PBRAV I Control 2192 1971 2157 2703 ND
Operational underburn 2561 2275 2495 2848 ND 0.8188 0.7143 0.0086 0.7079

C/PH2so4 Control 82 101 ND ND ND
Operational underbum 88 110 ND ND ND 0.8649 ND ND ND

N/ BEP Control 163 172 213 159 ND
Operational underbum 160 179 221 206 ND 0.6889 0.5967 0.1460 0.5450



Table A-2d-Treatment x year means for soil properties, nutrient concentrations, or ratios of the concentrations in the top 6 cm of mineral soil before andafter prescribed underburning at Bear Springs

Sample date p-values

Variable Treatment '86 '88 '86 prebum vs. TRT xpreburn postbum '89 '90 '92 '88 postburn TRT Time Time
N/Pannv I Control 89 98 116 134 ND

Operational underburn 104 113 128 145 ND 0.9886 0.7368 0.0031 0.8845
N/Pxzso4 Control 3.3 5.1 ND ND ND

Operational underburn 3.7 5.4 ND ND ND 0.9256 ND ND ND



Table A-3a-Estimated mole charge, nutrient masses, or ratios of the masses in top 6 cm of mineral soil at Cemetery using bulk density determined in 1992for all sample dates, mean ± standard error

Treat-
ment Sample date SOM TN Min N' PBEP2 PBRAY I H2SO4 CEC

Exchangeable bases

Ca Mg K

Mgha' kg ha'' mol(+) x 103 ha"
'84 preburn 27 ± 2 697 ± 48 18 ± 1 13 ± 1 20 ± 1 ND3 163 ± 13 94 ± 8 39 ± 4 7.5 ± 0.3

Control '84 preburn 26 ± 3 667 ± 76 18 ± 2 13 ± 1 20 ± 2 ND 160 ± 18 91 ± 13 37 ± 4 7.6 ± 0.5'84 postburn 27 ± 1 661 ± 16 13 ± 1 134 20 ± 1 154 ± 12 89 ± 9 37 ± 4 7.9 ± 0.4'85 29 ± 1 735 ± 22 21 ± 2 16 20 ± 1 143 ± 6 98 ± 9 42±5 8.2 ± 0.3'86 22 ± 3 687 ± 43 22 ± 2 16 19 ± 1 148 ± 8 103 ± 10 39±3 8.6 ± 0.4'88 24 ± 1 809 ± 19 18 ± 1 13 16 ± 1 144 ± 10 82 ± 7 38 ± 3 8.0 ± 0.3'89 30 ± 1 1074 ± 23 23 ± 1 15 18 ± 1 158 ± 7 86 ± 9 38±4 8.4 ± 0.5
Operational '84 preburn 28 ± 3 727 ± 62 19 ± 1 13 ± 2 20 ± 2 ND 166 ± 19 98 ± 11 41 ± 8 7.3 ± 0.3underbum '84 postburn 29 ± 2 725 ± 52 19 ± 1 14 23 ± 3 156 ± 12 93 ± 8 40 ± 5 8.2 ± 0.5'85 28 ± 2 827 ± 45 31 ± 3 20 25 ± 3 152 ± 8 110 ± 8 38 ± 3 8.4 ± 0.6'86 26 ± 1 748 ± 47 23 ± 1 17 21 ± 2 145 ± 8 108 ± 7 44±5 8.5 ± 0.5'88 26 ± 2 951±78 16 ± 2 17 23 ± 4 146 ± 7 94 ± 9 43 ± 4 8.3 ± 0.4'89 31 ± 2 1192 ± 47 21 ± 2 19 26 ± 2 161 ± 9 96 ± 9 37 ± 3 9.0 ± 0.5

'Mineralizable N values comparable within a given year, not comparable between years due to time between sample collection and analysis.
2PBEP = P extracted by 0.5 M NaHCO3; PBRAY I = P extracted by 0.03 M NH4F + 0.025 M HCI; PH2S04 = P extracted by 1 M H2SO4.
3ND = not determined.

'Standard error is the same for all dates within a variable and treatment unless shown otherwise.



Table A-3a-continued

Treat-
ment Sample date C/N C/PREP C/PBRAY I N/Peer N/PaRAY 1

'84 prebum 22.4 ± 0.4 1268 ± 108 800 ± 72 57 ± 5 36 ± 3
Control '84 prebum

'
22.4 ± 0.7 1201 ± 142 740 ± 71 54 ± 7 33 ± 3

84 postburn
'

23.9 ± 0.7 1240 ± 87 820 ± 54 52 ± 3 34 ± 2
85

'
22.5 ± 0.5 1100±121 833 ± 76 48 ± 4 37 ± 3

86
'

19.9 ± 2.1 838 ± 127 679 ± 103 45 ± 5 36 ± 4
88

'
17.4 ± 0.2 1127 ± 86 884 ± 60 64 ± 4 51 ± 3

89 16.2 ± 0.6 1194 86 988 ± 67 73 ± 4 61 ± 3
Operational '84 prebum

'
22.4 ± 0.6 1335 ± 172 860 ± 128 60 ± 8 38 ± 6underburn 84 postburn

'
23.4 ± 0.7 1230 ± 106 784 ± 116 53 ± 5 34 ± 5

85
'

19.7 ± 0.7 898 ± 150 725 ± 124 45 ± 7 37 ± 6
86
'

20.1 ± 0.8 915±, 70 740 ± 53 46 ± 4 37 ± 4
88
'

16.1 ± 0.4 941±105 743 ± 108 59 ± 7 47 ± 7
89 15.1 ± 0.3 1009±106 724 ± 77 67 ± 7 48±5



Table A-3b--Estimated mole charge, nutrient masses, or ratios of the masses in top 6 cm of mineral soil at Annabelle using bulk density determined in 1992for all sample dates, mean ± standard error

Treat- Sample date
ment SOM TN Min N' PBEP2 PBFLAY I PH2SO4 CEC

Exchangeable bases

Ca Mg K

Me ha'1 ke ha-' mol(+) x 103 ha -1
'85 preburn 22 ± 1 470 ± 17 1011 9.4 ± 0.7 19 ± 2 336±-15 81 ± 3 26 ± 1 4.3 ± 0.2 3.9 ± 0.2

Control '85 preburn 22±13 466 ± 24 10 ± 1 9.5 ± 0.9 18 ± 2 337 ± 21 80 ± 5 24 ± 2 4.0 ± 0.3 3.6 ± 0.3'86postburn 24 472 ± 20 13 ± 2 7.8 ± 0.7 21 352 ± 22 82 ± 2 23 ± 1 3.3 ± 0.4 3.5 ± 0.3'87 24 506116 12 ± 1 6.910.6 21 ND4 96 ± 5 22 ± 1 3.7 ± 0.5 3.8 ± 0.3'88 25 647 ± 41 7.9 ± 0.4 7.9 ± 0.5 17 393 ± 31 76 ± 3 1911 4.310.5 3.9 ± 0.2'90 26 731 ± 42 9 ± 1 8.7 ± 0.7 18 ND 81 ± 3 23 ± 1 4.6 ± 0.5 3.9 ± 0.3
Operational '85 preburn 22 ± 2 473 ± 26 9 ± 1 9.2 ± 1.1 19 ± 3 335 ± 24 83 ± 4 27 ± 2 4.5 ± 0.3 4.2 ± 0.3underburn '86 postburn 23 ± 1 479 ± 14 15 6.7 ± 0.4 22 ± 3 346 ± 24 84 ± 2 27 ± 2 3.7 ± 0.3 4.2 ± 0.3'87 20 ± 1 485 ± 41 13 6.8 ± 0.5 25 ± 2 ND 88 ± 4 23 ± 1 3.6 ± 0.3 4.0 ± 0.4'88 23 ± 1 642 ± 36 8 7.9 ± 0.7 20 ± 2 379 ± 20 76 ± 4 23 ± 2 4.7 ± 0.3 4.4 ± 0.3'90 24 ± 2 719 ± 57 9 8.6 ± 0.7 20 ± 3 ND 78 ± 3 25 ± 2 5.310.2 4.4 ± 0.2

'Mineralizable N values comparable within a given year, not comparable between years due to time between sample collection and analysis.
ZPBEP = P extracted by 0.5 M NaHCO3; PBRAY I = P extracted by 0.03M NH4F + 0.025 M HCI; PH2sO4 = P extracted by 1 M H2SO4.
'Standard error is the same for all dates within a variable and treatment unless shown otherwise.
4ND = not determined.



Table A-3b-continued

Treat- Sample date
ment C/N C/PBEP C/1 BRAY 1 C/PH2S04 N/PBEP N/PBRAY I N/PH2SO4

'85 preburn 27 ± 1 1399 ± 91 720 ± 56 38 ± 2 52 ± 3 27 ± 2 1.4 ± 0.1
Control '85 preburn 27 ± 1 1374 ± 100 745 ± 65 38 ± 3 51 ± 4 27 ± 2 1.4 ± 0.1

'86 postbum 29 1861 ± 211 695 ± 101 40 ± 3 63 ± 6 24 ± 3 1.4 ± 0.1
'87 27 2048 ± 153 711 ± 100 ND 75 ± 5 26 ± 3 ND
'88 23 1891 ± 59 892 ± 65 39 ± 4 83 ± 4 39 ± 2 1.7 ± 0.2'90 21 1794 ± 128 890 ± 74 ND 84 ± 3 42 ± 2 ND

Operational '85 preburn 26 ± 1 1424 ± 162 695 ± 97 38 ± 3 54 ± 5 26 ± 4 1.4 ± 0.1underburn '86 postburn 28 2050 ± 146 670 ± 108 40 ± 3 72 ± 4 24 ± 3 1.4 ± 0.1
'87 25 1715 ± 81 465 ± 28 ND 72 ± 4 20 ± 2 ND
'88 21 1760-±156 712 ± 81 36 ± 2 86 ± 11 35 ± 5 1.7 ± 0.2'90 19 1617-±121 717 ± 71 ND 86 ± 10 38 ± 5 ND



Table A-3c-Estimated mole charge, nutrient masses, or ratios of the masses in top 6 cm of mineral soil at Bear Springs using bulk density determined in1992 for all sample dates, mean ± standard error

Treat- Sample
ment date SOM TN Min N PBEP PBRAY I PH2SO4 CEC

Exchangeable Bases

Ca Mg K
Me hat ke ha'' mol(+) x 10' ha "

'86 preburn 28±1' 681 ± 27 19 ± 1 4.3 ± 0.3 9 ± 1 207 ± 18 109 ± 4 42 ± 3 3.8 ± 0.1 5.8 ± 0.2
Control '86preburn 27 ± 2 629 ± 35 19±2 3.9 ± 0.3 7 ± 1 198 ± 25 106 ± 6 38 ± 2 3.7 ± 0.2 5.4 ± 0.3'88 postburn 31 ± 2 887 ± 51 26 ± 2 5.4 ± 0.6 10 ± 1 181 ± 21 102 ± 4 36 ± 2 4.1 ± 0.2 5.7 ± 0.2'89 30 ± 2 950 ± 39 22 ± 2 5.1 ± 0.8 9±2 ND2 103 ± 4 36±4 4.3 ± 0.3 5.7 ± 0.3'90 31 ± 3 881 ± 68 17 ± 1 5.9 ± 0.7 7 ± 1 ND 100 ± 6 30 ± 2 3.7 ± 0.2 5.2 ± 0.3
Operational '86 preburn 30 ± 2 733 ± 30 20±1' 4.8 ± 0.4 10 ± 3 215 ± 29 113 ± 4 47 ± 6 3.8 ± 0.1 6.2 ± 0.2underburn '88 postburn 34 ± 1 970 ± 29 31 5.7 ± 0.6 12 ± 3 189 ± 23 114 ± 2 40 ± 2 4.5 ± 0.2 6.5 ± 0.2'89 33 ± 1 977 ± 43 20 5.4 ± 1.0 10 ± 2 ND 112±2 37 ± 2 4.7-!-0.2 6.4±0.3'90 33 ± 2 956 ± 76 19 5.6 ± 1.0 9 ± 2 ND 109 ± 5 36-!-2 4.2 ± 0.2 6.2 ± 0.3

'Mean ± standard error.
2 ND = not determined.

'Standard error is the same for all dates within a variable and a treatment unless shown otherwise.



Table A-3c-continued

Treat- Sample
nment date C/N C BEP BRAY I C/PH2soe N/PBEP N/PBanv I N/PH2sw

'86 preburn 24 t 1 3930 t 347 2377 ± 408 85 ± 7 161 ± 11 97 ± 15 3.5 ± 0.3
Control '86 preburn 24 ± 1 4007 ± 444 2192 ± 287 82 t 10 163 ± 13 89 ± 10 3.3 ± 0.2'88 postbum 20 3404 t 331 1971 ± 302 101 t 9 172 ± 17 98 ± 14 5.1 ± 0.3

'89 19 3939 ± 597 2157 ± 325 ND 213 ± 33 116 ± 17 ND
'90 20 3241 ± 403 2703 ± 323 ND 159 ± 22 134 ± 19 ND

Operational '86 prebum 24 ± 1 3853 ± 576 2561 ± 797 88 t 12 160 ± 20 104 ± 30 3.7 ± 0.5underburn '88 postburn 20 3666 ± 327 2275 ± 598 110 t 10 179 ± 15 113 ± 32 5.4 ± 0.5
'89 19 4292 ± 948 2495 ± 678 ND 221 ± 48 128 ± 34 ND
'90 20 4078 ± 741 2848 ± 659 ND 206 ± 41 145 ± 37 ND



Table A-4-Forest floor nutrient masses or ratios of the masses by horizon before and after prescribed underburning at Lava Butte

Treatment Horizon Sample date OM TN Total P Total Ca Total Mg Total K ON C/P N/P

kg ha-'
All:
C l

New litter '79preburn 882 ± 371 4.5 ± 0.2 0.44 ± 0.04 3.8 ± 0.2 0.9 ± 0.2 0.86 ± 0.06 113 ± 1 1145 ± 63 10.2 ± 0.6( ontro ,

MFC
Old litter 2406 ± 201 18±2 1.4±0.2 11±1 2.3 ± 0.2 2.0 ± 0.3 82 ± 2 1030 ± 27 12.6 ± 0.5,

HFC
Duff 19206 ± 1424 245 ± 15 27 ± 2 142 ± 9 33 ± 6 - 39 ± 3 45 ± 3 427 ± 26 9.5 ± 0.5

) Total 22494 ± 1403 268 ± 16 29 ± 2 157 ± 10 37 ± 6 41 ± 3 50 ± 3 475 ± 29 9.7 ± 0.4

Control New litter '79preburn
'

1043 5.0 0.49 4.8 1.1 0.98 121 1238 10.379postburn

'
1422 7.3 0.62 6.6 1.5 1.29 112 1439 12.8

82
'

2085 9.0 0.95 9.4 3.1 2.14 134 1290 9.7Old litter 79preburn
'

3480 29 2.3 16 3.6 3.1 75 935 12.579postburn
'

1.933 15 1.0 9 1.5 1.7 77 1173 15.1

D
82
'

4997 39 3.0 27 3.8 4.5 76 973 12.8uff 79preburn
'

14025 185 20 110 32 29 46 412 9.379postburn

'
16600 203 .29 152 31 42 48 374 7.6

82
'

12627 161 17 108 25 22 46 450 9.9Total 79preburn
'

18548 219 23 132 37 33 52 481 9.679postburn

'
19956 226 31 168 34 45 52 421 8.0

82 19708 209 21 144 32 29 56 572 10.3

'Preburn mean ± standard error = least squares mean that includes all plots.



Table A-4-Forest floor nutrient masses or ratios of the masses by horizon before and after prescribed underburning at Lava Butte
Treatment Horizon Sample date OM TN Total P Total Ca Total Mg Total K C/N C/P N/P

ke ha-'
MFC' New litter '79prebum

'79 b
825 4.4 0.42 3.2 0.8 0.78 108 1138 10.6post urn

'82
31 0.2 0.02 0.1 0.0 0.04 97 1375 13.9

Old li '
2261 10.01.03 9.5 2.2 2.23 132 1266 9.6tter 79preburn

'79
1331 9 0.7 6 1.3 1.0 88 1090 12.5postburn

'82
2906 34 3.0 15 4.1 4.4 49 584 11.9

D ff '7
3651 29 2.1 22 2.5 2.9 74 1023 13.9u 9preburn

'79 b
1683 215 20 129 27 29 43 469 10.8post urn

'82
14468 217 35 181 33 47 38 233 6.1

T t l '79
13840 206 19 176 37 26 41 440 10.8o a preburn

'79
18539 228 21 138 29 31 47 517 10.9postburn

'82
17405 250 38 197 38 51 40 269 6.6
19752 245 22 207 32 31 52 570 11.1

'MFC = moderate fuel consumption prescribed underburn.



Table A-4-Forest floor nutrient masses or ratios of the masses by horizon before and after prescribed underburning at Lava Butte
Treatment Horizon Sample date OM TN Total P Total Ca Total Mg Total K C/N C/P N/P

ke ha-'
HFC' Ash '79postbum 373 12 7 154 7 14 18 46 2.7New litter '79prebum 777 4.1 0.43 3.4 0.8 0.81 109 1059 9.7'79postburn 14 0.1 0.01 0.1 0.0 0.01 124 1054 8.5'82 1709 8.3 0.86 7.6 1.6 1.74 121 1173 9.7Old litter '79preburn 2409 17 1.3 11 2.1 1.9 84 1065 12.7'79postbum 551 9 0.8 5 1.1 1.3 36 433 11.7'82 3032 29 2.3 18 2.0 2.4 64 809 12.6Duff '79preburn 27211 336 41 187 41 57 47 399 8.4'79postburn 4067 72 18 96 17 24 30 119 4.1'82 730 9 1 8 1 1 46 381 7.7Total '79preburn 30397 357 43 202 44 60 49 427 8.6'79postburn 5009 94 25 251 25 38 28 101 3.7

82 ............................................. 5470 46 4 34 5 6 72 792. ........................................................................................................... 11..............................................................................................................
Horizon Contrast TN Total P Total Ca Total Mg Total K C/N C/P N/P................................................... ..................................................M............................. ...................................................................................................................

.....................................................................p-value Summed TRT effect:
for In total of all '79pre vs. '79post 0.0064 0.0024 0.0190 0.0002 0.1327 0.0047 0.6891 0.1643 0.3862variable horizons '79post vs. 82 .1636 .4734 .0115 .0104 .1851 .0471 .0707 .0031 .0100

'HFC = high fuel consumption prescribed underburn.


