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Chapter I    Introduction 
 
1.0 Ponderosa Pine Fire History 

Ponderosa pine (Pinus ponderosa C. Lawson) stands cover large areas of the 

eastern Cascade Mountains and Blue Mountains of Oregon.  Fires historically 

burned through ponderosa pine with frequent, low-intensity surface fires at 2-

25 year fire-return intervals and were an integral part of the ecosystem 

dynamics.  Such frequent fires were fueled by herbaceous understory 

vegetation, downed logs and branches and pine-needle litter, which are fast 

burning fuels (Agee 1993).  Typically these wildfires occurred in the summer 

and fall when fuels had low moisture content.  However, the low-severity fires 

typically had little effect on the dominant, large, widely-spaced, fire-resistant 

ponderosa pine trees (Smith et al. 2004).  Thus, fire was a key component for 

maintaining historical conditions in ponderosa pine dominated forests (Agee 

1993, Agee 1998) and alterations to the fire regime would significantly impact 

the structure and function of these ecosystems.  Much of the scientific 

information and understanding regarding the impact of fire, comes as a result 

of the suppression of fire in many ecosystems.      

 

A fire suppression policy was developed and enforced by the United States 

Forest Service in response to a series of uncontrolled wildfires between 1889 

and 1910.  Fire was considered a detriment to the timber industry by scarring 

merchantable trees (Agee and Skinner 2005) and destroying large areas of 

forested land.  The current condition of dense stocking, multiple-aged trees 
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and high fuels in ponderosa pine forests can be attributed to several factors 

including: exclusion of natural and human caused fire during most of the 20th 

century, reduced indigenous burning (Barrett and Arno 1982), overgrazing 

(Savage and Swetnam 1990), frequent selective removal of the most fire 

resistant trees and human-caused fragmentation.  As a result of the 

development of continuous surface fuels across the landscape (Knapp et al. 

2005), fire suppression can cause an increase in susceptibility to disease 

outbreaks, insect infestations (Veblen et al. 2000), greater competition for 

resources and stand-replacing wildfires (Keane et al. 2002).  Currently 

managers are searching for ways to introduce fire back into many ecosystems.  

Two common methods for re-introduction of low-severity fire are 1) prescribed 

underburning and 2) thinning followed by prescribed fire.   

 

1.1 Ponderosa Pine Productivity 

Growth increment is used as a way to quantify the yearly growth of an 

individual tree.  Each increment can be measured and compared with 

treatments to establish a measure of productivity.  For instance, ponderosa 

pine wood production increased as a result of decreased tree density and 

reductions in basal area (Kaye et al. 2005, Kolb et al. 1998).  The results of 

thinning alone and combining thinning with prescribed burning both showed 

increases in annual radial growth relative to control.  Landsberg (1994) 
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reviewed the effects of prescribed fire on tree growth in the genus Pinus and 

found that growth decreased after burning due to crown, root or combined 

crown and root injury.  Sala et al. (2005) studied spring and fall season of 

burning following thinning of ponderosa pine in western Montana; they found 

no effect of burning season on physiological performance or wood growth in 

ponderosa pine compared with the thin-only treatment. 

 

Studies in the Blue Mountains have examined factors limiting growth on poorly 

drained soils developed from Mazama volcanic ash (Tiedemann et al. 2000).  

In some instances growth increment can be used to detect nutrient limitations 

or climatic shifts.  Riegel et al. (1991) found that water and nitrogen may be 

comparable as factors limiting understory growth, which would likely apply to 

tree growth (Tiedemann et al. 2000).  With fire suppression, the accumulated 

forest floor litter is composed of high C:N ratio material and is thought to be 

the reason for N growth limitations in many ponderosa pine forests.  The result 

of this is low or no net N mineralization or nitrification (DeLuca and Zouhar 

2000).  The use of prescribed fire will increase the net N-mineralization 

through carbon volatilization. The immediate increases in NH4-N are most 

likely released as a result of prescribed fire releasing organically-bound NH4-N 

and later increases of NO3-N occur as a result of nitrification of the high levels 
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of NH4-N (Covington and Sackett 1986, Covington and Sackett 1992, 

Gundale et al. 2005).   

 

1.2 Prescribed Fire and Ponderosa Pine Forests 

Prescribed fire is being used as a management tool to restore some forest 

ecosystems to historic conditions.  Using prescribed fire simulates historic low-

intensity fires that were present in ponderosa pine forests prior to fire 

suppression.  Pre-fire suppression pine forests had large widely-spaced, fire 

resistant trees that were adapted to fire.  Agee and Skinner (2005) define four 

main principles necessary to re-establish historic fire-return intervals to a drier 

forest type.  Agee and Skinner (2005) suggest 1) a reduction of surface fuels, 

2) thinning horizontally, 3) thinning vertically through the stand, and 4) 

retention of thick-barked, mature, fire-adapted trees.  The consumption of 

surface fuels as well as thinning creates an environment for the establishment 

and growth of pine seedlings.  Also a reduction in surface fuels allows roots to 

penetrate bare soil and allows greater access to water resources.  Increased 

root penetration is a benefit where water availability is most often the limiting 

factor in seedling establishment and development in ponderosa pine stands 

(Agee 1993).  The amount of organic matter consumed can have an impact on 

water infiltration and reduced erosion potential through an increase in bare 

mineral soil at the surface (Agee 1993).  Along with favorable conditions for 
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seedling establishment, the ideal conditions for growth and successful stand 

development also include above average precipitation and the occurrence of 

frequent fire (Agee 1993).  The use of prescribed fire also benefits the 

ecosystem by a return to a seral-species dominant, such as ponderosa pine, 

as a way to reduce damage from defoliating insects (Tiedemann et al. 2000).   

 

Nevertheless, every prescribed fire is different and the fire goals need to be 

adapted for site-specific conditions.  Differences in season and burn interval 

can affect the fire’s impact on a particular site.  In addition, interaction between 

season of fire and fire interval could result in different effects on the forest.  A 

majority of the research done to date has dealt with season of burning and 

burn interval separately.   

 

1.3 Prescribed Fire Season  

Prescribed fire as a management tool has a high level of variability associated 

with it.  Differences in technique, weather, fuel quantity and distribution, fuel 

conditions, topography, fuels and burn season make each prescribed burn 

distinct.  The primary difference between spring and fall burns relates to soil 

and fuel moistures (Knapp et al. 2005, Thies et al. 2005).  With a spring burn 

the risks of uncontrolled fire are low, burn intensity is often low and smoke 

dispersal is improved due to cooler temperatures and wetter conditions (Sala 
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et al. 2005; Thies et al. 2005).  Fall burns tend to have a higher intensity due 

to lower fuel moistures, higher temperatures and lower humidity throughout 

the summer.  Fall burns can also have a greater impact on fine roots and top 

soil horizons (Thies et al. 2005).  Significant differences have been found 

between different seasons of prescribed fire in many studies (Thies et al. 

2005, Smith et al. 2004, Sala et al. 2005, Knapp et al. 2005, Covington and 

Sackett 1992). 

 

In the Blue Mountains, underburning reduced duff depth significantly in fall 

treatments relative to the spring and control treatments two-years post 

treatment (Smith et al. 2004).  Thies et al. (2005) studied mortality and 

occurrence of black stain root disease in the Blue Mountains and found 

mortality was higher after fall burns than spring burns.  Also, early season 

burns have been found to consume significantly less organic matter and 

coarse woody-debris (CWD) than late season burns in a Sierra Nevada mixed 

conifer forest (Knapp et al. 2005).  Prescribed burning in the spring has been 

found to reduce growth rates, increase mortality and reduce ponderosa pine 

fine root biomass (Grier 1989).  Utilizing prescribed fire as a management tool 

whether in spring or fall, must be an ongoing prescription.  In order to return to 

a historic fire return interval it is necessary to re-introduce fire at a regular 

interval in ponderosa pine forests.  As suggested earlier and noted in these 
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citations, the response of forests to the season of burn is not uniform 

although some generalities emerge. 

 

1.4 Prescribed Fire-Return Interval in the Blue Mountains 

The historical fire-return interval of ponderosa pine forests in the Blue 

Mountains of eastern Oregon was approximately 10 years (Smith et al. 2004).  

The use of a single prescribed burn as a fuel reduction method does not 

recreate the historical low-severity fire regime if the prescribed fire is not 

repeated. A single prescribed fire also increases the potential for long-term 

fuel build up by killing small understory trees.  The addition of repeated 

prescribed fires may alleviate fuel accumulations.  Soil processes and 

available nutrients may be affected by sequential prescribed burns if there is 

incomplete recovery from each previous burn.  Although large ponderosa pine 

trees are resistant to low-severity prescribed fires, they can be affected by 

altered ecosystem function.  For example, understory species composition can 

change, insect attack can vary and forest productivity could potentially 

increase or decrease.   

 

1.5 Prescribed Burning of Ponderosa Pine Forests in the Blue 
Mountains 
 
The southern Blue Mountains are dominated by ponderosa pine forests that 

have been subject to fire suppression.  Managers are concerned with the 
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potential for catastrophic wildfires, alterations in ecosystem function and the 

potential for changes in forest productivity.  This study examines the use of 

prescribed fire on ponderosa pine forests in the Blue Mountains of Oregon.  

The research study examined two burn seasons (spring and fall) combined 

with two burn intervals (5- and 15-year).  The research will quantify the effects 

of prescribed burning on soil processes, nutrient availability and tree 

productivity.  The objectives for this project are to determine the effects of 

season of burn and interval of burn on soil properties as they compare to 

growth increment in Ponderosa pine.  The main study questions include: 

1) Does prescribed fire have an effect on soil nutrient availability, 

ponderosa pine growth increment and forest productivity? 

 
2) Are there differences in productivity between season and 

interval burn treatments? 

 
3) What is the overall productivity of the study site regardless of 

differences in treatment? 

 
Each study question will be addressed through analysis of site and soil 

properties, soil sample analysis and tree growth.  Radial-wood growth 

increment will be correlated with available nutrients and soil properties to 

determine the effects on productivity of the study site and differences between 

treatments. 
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Chapter II    Methods 

 

2.0 Study Site and Experimental Design 
The experimental study site is located within the Emigrant Creek Ranger 

District of the Malheur National Forest in the southern Blue Mountains 

approximately 30 km north of Burns, Oregon.  There are six blocks at three 

locations (Figure 1).  The elevation of the research site ranges from 1600 to 

1700 m with slopes ranging from 7% to 23%.  The dominant vegetation is 

Ponderosa pine with occasional western juniper (Juniperus occidentalis Hook.) 

and mountain-mahogany (Cerocarpus ledifolius Nutt.) mostly in rocky 

outcrops.  The pre-treatment vegetation is shown in Table 1, along with stand 

characteristics and climate data (Thies et. al. 2005).  Climate data were 

obtained from the Natural Resource Conservation Service (NRCS) for the 

Rock Springs weather station, which is approximately 15 km NW of the 

research site.  Average annual temperature, precipitation and snow water 

equivalent (SWE) are also given for the 7-year periods prior to and after 

treatment (Table 1) (Lea 1981).  Snow water equivalent was measured from 

January to June for each year.   
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Figure 1.  Map showing location of three experimental study site blocks in the Blue Mountains 
north of Burns, Oregon (Thies et al. 2005). 
 
 
Table 1.  Site characteristics including elevation and slope ranges, climate data  and canopy 
species. 

 
Site characteristics 

Elevation 1600-1700 m 
Slope 7-23 % 
Dominant Tree Species Pinus ponderosa C. Lawson 
Secondary Tree Species Juniperus occidentalis Hook. 
 Cerocarpus ledifolius Nutt. 
Climate Data  
Average Annual Air Temperature (°C)  
          Pre-treatment (1991-1997) 5.6 
          Post-treatment(1998-2004) 5.5 
Average Annual Precipitation (cm)  
          Pre-treatment (1991-1997) 27.3 
          Post-treatment(1998-2004) 25.7 
Average Annual Snow Water Equivalent (SWE) 
(cm)  
          Pre-treatment (1991-1997) 4.3 
          Post-treatment(1998-2004) 6.2 
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Each stand including controls, were thinned between 1994 and 1995 prior to 

establishment of study plots.  The fuels on the site included thinning slash, 

pine needle litter and coarse woody debris.  The research study area and 

project were initiated by Dr. Walt Thies of the Pacific Northwest Research 

Station in cooperation with the Malheur National Forest.  The research has 

been supported largely by funding through the Joint Fire Sciences Program 

and the Malheur National Forest.  The initial study blocks included control, 

spring and fall treatments.  The study site has been expanded to include 

interval of burn treatments for 5-year and 15-year prescribed burn intervals.  

This is the first split-block research study that examines both season and 

interval of burn in this region of Oregon.  Other research topics examined at 

this site, included forest growth, insect and disease mortality, understory 

vegetation and fuel consumption (Thies et al. 2005, Thies et al. 2006). 

 

The research locations were divided into six experimental blocks using a 

randomized complete block design.  Experimental block names are: 

   1) Driveway 14 

2) Driveway 17 

3) Driveway 26 

4) Driveway 28 

5) Kidd Flat  

6) Trout   
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Five treatment types were used in this study and replicated six times (each 

study block is one replicate).  The treatment plots consist of: 

1) Control  

2) Fall burn at 5-year intervals 

3) Fall burn at 15-year intervals 

4) Spring burn at 5-year intervals 

5) Spring burn at 15-year intervals 

The prescribed burns were done using a multi-strip ignition pattern with a goal 

of flame lengths of ~60 cm.  The fall burns were done in mid-October of 1997 

and the spring burns were done in mid-June 1998.  There were also burns 

done on the 5-year Fall and 5-year Spring plots in 2002.    

 

2.1 Field Methods 

2.1.1 Sampling Design 

A grid system with 8 grid points spaced at 50 or 100 m (depending on size of 

the particular block) was established within each of the experimental treatment 

blocks.  Starting points for each grid were randomly determined using plot 

maps prior to the start of data collection.  Twenty-five meter buffers were 

maintained to minimize plot edge effects.  Ten-meter buffers were used 

between treatment boundaries.  Each grid point was marked with either a 

painted wood stake or metal stake with pink flagging for identification 

purposes.  The closest tree to each grid point was marked with pink or orange 



 

 

13

 

flagging.  Soil sampling, understory vegetation and surface characteristics 

were measured at 3-m NE of each grid point, to minimize human disturbance 

while the area was sampled.  Soil sampling, surface cover and tree growth 

were measured at each grid point for a total of 8 sample points per block, with 

48 samples per treatment.  All sampling was completed between June and 

August 2004. 

 

Data were collected for each grid point and recorded into a field worksheet.  

The UTM coordinates of each grid point were recorded with the use of a 

handheld GPS unit.  A photograph was taken from each grid point towards the 

sample location.  Site features including aspect, slope and slope position were 

recorded.  A clinometer was used to estimate the percent slope, which ranged 

from 0 to 51 percent over the entire study site.  Slope type and position were 

visually estimated and categorized between: valley (V), toe slope (TS), side 

slope (SS), shoulder slope (ShS), plateau (P) and ridgetop (R).  Canopy cover 

percentage was estimated with the assistance of a rounded mirror pointed 

upwards from the center of each sampling point.   

 

Ground cover was estimated using a 1m2 metal plot frame around the sample 

point (for a total of 4 m2 of coverage).  Within this plot frame visual coverage 

estimates for coarse woody debris (CWD), bare ground, grass, forbs, shrubs, 
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and erosion (including erosion type) were made.  Burn severity was 

estimated by examining char height on trees, tree mortality, organic matter 

consumption, and presence of burned material within the O horizon.  A low 

severity fire was identified by char heights less than 2-m on a tree and only 

small amounts of O horizon consumed.  Moderate severity fire was identified 

by char heights higher than 2-m, and only a thin layer of char on the surface.  

If tree mortality was high and there was little O horizon left and very little char 

then the site was determined to have burned at a high severity (Agee 1998).  

 

2.1.2 Tree Sampling 

A 5-m radius around each grid point was used to characterize the overstory 

vegetation.  Diameter at breast height (DBH at 1.37 m height) of each tree was 

measured using a DBH tape.  Tree species were noted at each grid point.  

The dominant species throughout the study site is ponderosa pine, and this 

species was used for tree core analysis.  An increment borer was used to 

extract cores from a maximum of three trees per grid point.  Trees were 

selected from three relative size classes: small, medium and large DBH, if 

possible on grid points with >3 trees.  Tree cores of each ponderosa pine and 

juniper were removed and stored in straws prior to analysis for recent growth 

increment. 
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2.1.3 Soil Sampling 

A ~30 cm soil pit was dug at each grid point and major genetic horizons were 

identified.  Horizon thickness was measured and a representative sample 

taken for each horizon.  Horizon samples were collected to be proportionately 

representative of the fine and coarse fraction.  Bulk density samples were 

collected for each horizon using either a hammer corer or using water 

displacement when soils were rocky.  All surface horizons were sampled for 

bulk density; 4 or more grid points were sampled for their bulk density in 

subsurface horizons such as Bw or Bt horizons.  O horizon bulk densities were 

sampled by removing the O horizon of a ~150 cm2 area, recording average 

depth, then drying samples at 75 °C and recording weights.  Relative 

hydrophobicity of the top most surface of each mineral horizon was measured 

by dropping 0.5 ml water and timing adsorption into the soil (Wessel 1988). 

 

2.2 Laboratory Methods 

2.2.1 Soil Analysis  

All soil samples collected for chemical analysis were stored at 3° C after field 

collection and prior to air drying and chemical analysis.  The pH of mineral soil 

samples was determined using the saturated paste method.  The soil was 

placed in 100 mL beakers and wetted using deionized water to form a 

saturated paste (Van Miegroet et al. 1994).  Samples were measured using a 
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Radiometer pH meter with a calomel electrode which was calibrated using 

4.0 and 7.0 pH buffer solutions.  O horizon pH was measured on a 

representative O horizon sample using a 2:1 ratio of deionized water to 

organic material.  Bulk density (Db) was determined by oven drying cores or 

displaced soil volume samples and weighing.   

 

To determine the total percent carbon and nitrogen, mineral soil was ground 

using mortar and pestle and organic material was ground using a coffee 

grinder.  Approximately 20-30 mg of mineral soil and 15 mg of organic material 

was weighed and analyzed using a Perkin-Elmer 2400 CHNS/O Analyzer (D. 

Xue, personal communication).   

 

Available nitrogen was measured on the surface mineral horizon of the Kidd 

Flat and Driveway 26 experimental blocks.  Two grams of soil were combined 

with 20mL of 2M KCl and put on a reciprocal shaker for 1 hour.  Samples 

settled for 30 minutes and were filtered using VWR quantitative filter paper no. 

494 and analyzed for available NH4-N and NO3-N  using an auto analyzer 

(Keeney and Nelson 1982).   

 

Cation exchange capacity (CEC) and base saturation were determined using 

1M unbuffered NH4Cl with a mechanical extractor and analysis for base 
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cations using an ICP (Skinner et al. 2001).  One composite sample of all 

grid points within each plot was completed for each plot for surface and 

subsurface horizons.  From the grid points where tree cores were collected, 

three grid points were randomly selected for each plot for individual CEC and 

base cation analysis.   

 

2.2.2 Growth Increment Analysis 

Tree cores were stored at 3°C prior to analysis.  Cores were mounted on 1” x 

2” boards using wood glue and sanded using 100 grit followed by 250 grit 

sand paper.  Growth increment was measured using WinDendro software and 

a high-resolution scanner.  The cores were scanned as an image and 

WinDendro software identified all growth rings between selected starting and 

ending points for each core.  Each core was checked to ensure all rings were 

identified and no ring was marked twice.  Growth increment was measured to 

the nearest thousandth of a mm.  Growth increment data was measured on a 

total of 312 tree cores from all treatments.  The recorded increment was 

combined for the seven years pre-treatment (1991-1997) and seven years 

post-treatment (1998-2004) to create a radial wood increment (RWI) ratio.  
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2.3 Data Analysis 

Means and standard error were calculated to observe treatment effects.  

SPSS was used to test for interaction among treatments, observe possible 

factors influencing growth increment (pH, Db, CEC, CHN, horizon depth, RWI, 

base saturation, basal area, canopy cover, DBH and surface cover) and test 

for soil properties influenced by treatment.  Growth increment data were tested 

using individual trees, with 3 diameter ranges and by treatment.  Two-way 

ANOVA and linear regression were used for statistical analysis with a p=0.05 

significance level.   
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Chapter III    Results 
 

3.0 Vegetation and Soil Surface Cover 
 
The treatment averages for cover estimates of CWD, grass, forbs and shrubs, 

show low surface cover for all understory vegetation types and CWD (Table 

2).  The Control plots averaged the lowest percentage of bare ground and the 

most CWD.  A comparison of the Spring 15-year and Control treatments show 

similar values for all categories with trends in percentage of grass and bare 

ground.  The grass component of the understory was lowest in the 5-year 

burns and highest in the Fall 15-year treatment.   

 

Despite the low cover by surface vegetation, the overall bare ground and the 

evidence of surface erosion were low with the highest percent (8.2%) 

occurring in the Spring 5-year treatment (Figure 2).  The Fall 5-year treatment 

had the most observed bare ground (28%) but did not have a statistically 

different value for erosion (6%).   

 

Bare ground varied from 11 to 28% between treatments, whereas erosion 

varied from 3 to 5% (Figure 2).  Erosion was very low for the entire study site 

with the highest value in the Spring 5-year treatment.  Each bar represents the 

average for each treatment.  Bare ground and erosion were tested using a 
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two-way ANOVA and both were determined not to have a statistically 

significant relationship.  For example, the amount of observed bare ground is 

highest in the Fall-5 year treatment but the erosion was not highest relative to 

the other treatments.  The lack of correlation between bare ground and 

erosion may indicate that the soil is very stable.  There may be a mineral soil 

surface crust that is preventing an increase in erosion with increases in bare 

ground.  It does not appear that slope is a factor affecting soil stability 

throughout the study site. 

 
Table 2.  Average percent of visually estimated surface characteristics by treatment 
with standard errors (in parenthesis). 
 

Treatment CWD Grass Forb Shrub 

Control 13 (2.4) 11 (3.1) 3 (0.8) 3 (2.0) 

Fall 5-year 5 (1.1) 8 (1.0) 5 (0.9) 2 (0.9) 

Fall 15-year 7 (1.0) 14 (3.3) 4 (1.1) 1 (0.3) 

Spring 5-year 7 (0.80) 5 (1.1) 2 (0.8) 2 (0.6) 

Spring 15-year 10 (1.0) 11 (2.9) 4 (1.0) 2 (0.9) 
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Figure 2.  Average percent soil surface cover for bare ground and erosion by 
treatment from each grid point with standard error. 
 

The thickness of the O horizon ranged from 1.3 cm in the Fall 5-year treatment 

to 3.9 cm in the Spring 15-year treatment.  The O horizon depth was 

significantly different between Control and Fall 5-year treatments.  The values 

follow the expected trend with deeper O horizons in the Control and Spring 

burns due to lower-severity fire as compared with typically higher severity Fall 
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burns.  The two Fall burns had the thinnest average O horizon depth of 1.3 

cm (Fall 5-year) and 2.1 cm (Fall 15-year).  

 

Treatment
Control Fall 5 Fall 15 Spring 5 Spring 15

O
 H

or
iz

on
 T

hi
ck

ne
ss

 (c
m

)

0

1

2

3

4

5

a a

b

b

c

 
Figure 3.  Average O horizon depth (cm) for each treatment with standard error bars.  
Different letters (a-b-c) indicate a significant difference (P<0.05) between O horizon 
depths using Scheffe’s test. 
 

 

3.1 Soil Chemical and Physical Properties 
3.1.1 Soil pH 

Soil pH is shown for each treatment by horizon (O, A, B) in Figure 4.  As 

expected, pH increases with depth with the O horizon pH ranging from 4.9 to 
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5.3.  For the mineral soil horizons, A horizons ranged from 5.9 to 6.3 and B 

horizons ranged from 6.2 to 6.4.  There are no significant differences in pH 

among treatments.  There is a notable increase in pH in the O and A horizons 

of the Fall 5-year treatment, of 0.2 – 0.3, but high variability makes this non-

significant.  The Spring 5-year treatment is conversely slightly lower (~.2 pH 

units) in all three horizons from the other treatments.   

 

Horizon

pH

4.5

5.0

5.5

6.0

6.5 Control
Fall-5 yr
Fall-15 yr
Spring-5 yr
Spring- 15 yr

O A B

 
Figure 4.  The average and standard error of soil pH for each treatment by horizons 
(O, A and B horizon to a depth of 30cm). 
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3.1.2 Soil Nitrogen 

The total nitrogen concentrations in all horizons suggest that nitrogen is not a 

limiting factor for growth throughout the study area (Figure 5).  The Control 

and Spring treatments are higher than Fall burned treatments in all horizons.  

Table 3 shows the breakdown between concentrations of NH4-N, NO3-N and 

differences between the total available-N and total soil N.  Ammonium 

comprises the largest part of the available soil nitrogen relative to nitrate.  The 

percentage of available nitrogen is very small (<1%) when compared with the 

total soil nitrogen.   

 

Total soil-N was compared with available-N for the surface mineral horizons of 

the Driveway 26 and Kidd Flat blocks for any differences in nitrogen 

availability.  No significant differences were found for total-N and available-N 

between treatments.  The 15-year interval treatments in Table 3, show higher 

total and available-N relative to the 5-year treatments and the Control.  The 

Fall 15-year treatment has the largest difference in total-N as compared with 

available-N relative to other treatments.   

 

The level of total soil nitrogen was compared with the RWI ratio for each 

treatment to observe trends (Figure 6).  The highest RWI ratio occurred in the 

Fall 15-year treatment and shows the same trend as the total soil N 



 

 

25

 

concentration.  Although it was not statistically significant through linear 

regression analysis, RWI follows the same trend as the total soil N for all 

treatments. 
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Figure 5.  Total N concentration (%) for each soil horizon by treatment averages with 
standard error bars. 
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Table 3.  Mean concentrations of NH4-N, NO3-N, total available-N and total soil N 
for Driveway 26 and Kidd Flat surface mineral soil horizons with standard deviation (in 
parenthesis). 
 

Form of 
Nitrogen 
(mg·g-1) 

Control Fall 5-year Fall 15-year Spring 5-
year 

Spring 15-
year 

NH4
+-N 0.012 (0.002) 0.013 (0.002) 0.013 (0.002) 0.014 (0.003) 0.012 (0.003) 

NO3
--N 0.001 (0.001) 0.002 (0.001) 0.003 (0.001) 0.001 (0.003) 0.005 (0.002) 

Available-N 0.014 (0.002) 0.014 (0.001) 0.016 (0.002) 0.014 (0.003) 0.017 (0.004) 

Total-N 3.39 (0.62) 2.79 (0.58) 4.47 (1.02) 3.11 (0.68) 3.86 (0.81) 
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Figure 6.  Average total soil N (mg·g-1) plotted with radial wood increment (RWI) ratio 
for Driveway 26 and Kidd Flat surface horizons with standard error bars.  Scaling for 
Total-N at mg·g-1 and RWI expressed in terms of ratio. 
 
 



 

 

27

 

3.1.3 Cation Exchange Capacity and Base Saturation 

A composite sample from each plot was analyzed for CEC of surface and 

subsurface mineral soil horizons.  Each composite sample represents 8 grid 

points per plot.  CEC and percent base saturation are presented for the 

composited mineral soil samples in Table 4.  Note the existence of surface B 

horizons in both spring treatments. Surface B horizons were generally found 

on ridge tops, rocky outcrops, disturbed or highly eroded areas.  The values 

for each composite sample are not statistically different by treatment but do 

suggest some trends.  The surface A horizon CEC and base saturation show 

similar values with the exception of the Spring 15-year treatment which is 

slightly higher than other treatments.  In contrast, A horizons of the Spring 15-

year treatment are slightly lower in percent base saturation than all other 

treatments.  Subsurface A and B horizons are lower overall for CEC than the 

surface horizons.  Base saturation is very high for all horizons and all 

treatments. 

 

3.1.4 Soil and Site Productivity 

A linear regression was done using the radial wood increment ratio as the 

dependent variable with base saturation as the predictor variable.  There was 

a significant relationship between RWI and base saturation with a significance 

value of .001, however the R2-value was low (0.069), so very little variation is 



 

 

28

 

explained.  Regression also showed a non-significant relationship of RWI 

with CEC as the predictor variable.  

 
Table 4.  Composite samples from each plot averaged by treatment to show average 
CEC and % base saturation for surface and subsurface horizons with standard 
deviations (in parenthesis).  Surface B horizons at grid points with erosion or exposed 
mineral soil. 
 
Treatment Composite 

Horizon 
CEC (meq/100g) Base Saturation 

(%) 
Control Surface A 22.5 (3.9) 93.4 (7.0) 
 Subsurface A 19.0 (6.2) 100.0 (16.7) 
 Subsurface B 19.1 (5.8) 91.6 (9.0) 
Fall 5-year Surface A 23.5 (3.8) 94.1 (5.0) 
 Subsurface A 22.5 (2.7) 87.5 (11.3) 
 Subsurface B 19.5 (3.8) 87.4 (8.6) 
Fall 15-year Surface A 23.1 (4.6) 95.0 (6.0) 
 Subsurface A 16.8 (3.0) 93.3 (10.8) 
 Subsurface B 18.7 (2.0) 85.1 (10.8) 
Spring 5-year Surface A 22.7 (5.1) 94.6 (4.3) 
 Subsurface A 18.8 (6.9) 83.8 (14.1) 
 Surface B 20.2 (1.8) 89.2 (11.4) 
 Subsurface B 17.4 (3.6) 92.2 (9.1) 
Spring 15-year Surface A 27.1 (3.8) 90.4 (6.0) 
 Subsurface A 17.4 (7.2) 76.7 (1.6) 
 Surface B 23.0 (3.7) 89.7 (7.2) 
 Subsurface B 20.5 (3.7) 86.2 (8.0) 
 

3.2 Canopy Characteristics 

3.2.1 Canopy Cover and DBH 

The percent canopy cover observed for each treatment and the average 

measured DBH is shown with the associated standard error in Table 5.  The 

results show the lowest canopy cover is found in fall burn treatments; whereas 

spring treatments have similar percent cover to the controls.  Thies et al. 
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(2005) completed previous research on burn season prior to the separation 

of season of burn and burn interval plots within the treatment area.  They 

found that there was higher ponderosa pine mortality with fall burning than 

spring burning.  The mortality study by Thies et al. (2005) support the findings 

of higher severity burns in fall treatments and lower canopy cover with fall 

prescribed burns for both 5- and 15-year interval burns.  A possible 

explanation for the lowest value (23%) in the Fall 5-year treatment may be due 

to the application of a second prescribed burn in 2002.   

 

Table 5.  Percent canopy cover and average DBH by treatment with standard 
errors (in parenthesis). 

 
 
 
 
 
 
 

 

Controls have a significantly higher average ponderosa pine DBH compared 

with treated plots.  Thies et al. (2005) found no significant difference in 

treatment means for DBH, tree height or trees per hectare.  Although DBH 

was higher in the controls, there were no statistically significant differences 

between the control and treatments (Table 5).  The thinning done on the sites 

Treatment Canopy Cover DBH 

Control 37 (3.6) 35 (2.6) 

Fall 5-year 23 (3.3) 30 (1.7) 

Fall 15-year 25 (3.8) 30 (2.6) 

Spring 5-year 33 (2.4) 31 (1.8) 

Spring 15-year 41 (3.1) 28 (1.7) 
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did not appear uniform throughout the study site.  Variations in thinning 

were visually observed during field research from areas of high or frequent 

removals (i.e. stumps) to areas of virtually no removals.  However the study 

site as a whole had a similar size distribution of standing trees throughout 

each treatment plot which probably was the desired thinning result by 

managers.   

 

3.2.2 Ponderosa Pine Growth Increment 

Growth increment data were collected from a total of 312 trees using 

increment cores, with all treatments sampled.  A radial wood increment ratio of 

>1 indicates substantial increases in growth, as values slightly <1 would 

indicate a similar volume of wood growth due to the radial nature of tree 

growth.  The results show that there was an increase in growth for all stands 

including the control (Figure 7); however the growth was lowest on both 5-year 

Spring and Fall treatments with a ratio of 1.17 and 1.15 respectively.  The 

Control and Spring 15-year treatments had similar positive increases in 

growth, while the Fall 15-year treatment showed the largest RWI at 1.37.  

Table 6 separates the RWI ratio into three DBH ranges (10-20, 21-40 and 

40+cm).  A majority of the trees fell within the 21-40cm DBH range.  The RWI 

for the control at the mid-range DBH (21-40cm) is much higher (1.37) than the 

RWI for all treatments.  Although the values are not significantly different, the 
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greatest increase in growth over the entire study site was among trees 

within the 21-40cm DBH range (RWI = 1.27).  Univariate ANOVA results 

showed that range is non-significant (0.678) for describing RWI.  Frequency of 

burning had a significant (p = 0.044) effect on RWI, with 5-year burn intervals 

resulting in significantly lower growth increment. 
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Figure 7.  Average radial wood increment (RWI) ratio for each treatment with error 
bars representing standard error. 
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Table 6.  Average radial wood increment (RWI) ratio for 7 year pre-and post 
treatment periods divided among three DBH ranges and study site averages for each 
DBH range.   
 

Treatment 
DBH 

(10-20cm) 
DBH 

(21-40cm) 
DBH 

(41+cm) 

Control 1.22 1.37 1.15 
Fall 5-year 1.11 1.20 1.06 
Fall 15-year 1.22 1.30 1.72 
Spring 5-year 1.27 1.18 1.14 
Spring 15-year 1.25 1.28 1.19 
Average 1.21 1.27 1.25 

n 82 148 82 
 

3.2.3 Ponderosa Pine Basal Area and Basal Area Increment 

Using basal area as a measure of tree growth and productivity takes into 

account the area of wood put on each year.  Basal area was calculated for 

years 2004, 1998, 1997 and 1991 using tree core growth increments and an 

estimate of bark thickness (Table 7).  Basal area increased in all treatments 

including the control with the largest increases found in the 15-year Spring and 

Control (Figure 8).  The lowest basal area change can be seen in the Fall 15-

year treatment which had the highest RWI ratio.  The lower basal area may 

allow for greater resource availability and less competition which can explain 

the RWI ratio which is higher than all other treatments showing an increase of 

ponderosa pine growth on Fall 15-year treatments. 
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Basal area increment (BAI) is the measure of one year’s growth and was 

averaged for pre-treatment periods 1991-1997 and post-treatment 1998-2004 

to give the increment average for each treatment (m2 ha-1 y-1).  Using basal 

area increment allows for standardization of growth rates for comparison 

between treatments.  The basal area increments show that there has been an 

increase in tree growth for all treatments including the control (Figure 9).  This 

is consistent with the overall increase in RWI (Figure 7) and basal area (Figure 

8).  The differences in basal area increment with RWI ratio are due to stocking 

per treatment.  The Fall 15-year treatment has the least number of trees (54 

trees per treatment) versus the Spring 15-year (98 trees per treatment) and 

Control (75 trees per treatment).  The RWI ratio is growth per tree whereas 

basal area is per unit area (ha) and even with less individual growth more 

trees can result in higher total growth for an area.  

 

Table 7. Bark thickness estimates related to tree DBH classes (J. Agee, personal 
communication). 
 

DBH range 
(cm) 

 

Bark 
Thickness 

Estimate (cm) 
<30 2 

30-50 3 
50-70 4 
70-90 5 
90+ 6 
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Figure 8.  Average basal area of ponderosa pine per hectare for each treatment in 
1997 and 2004 with standard error. 
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Figure 9.  Basal area increment (BAI) for each treatment, averaged for pre- and post 
treatment periods per year (1991-1997 and 1998-2004) in m2 ha-1 y-1 with bars 
representing standard error. 
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Chapter IV    Discussion 

4.0 Soil Responses to Prescribed Burning 

The overall study site showed few significant differences between treatments 

for the variables that were tested.  The treatment effect on the soils is 

negligible and study site soils appear to be resilient to the application of 

prescribed fire.  However, certain aspects of the study show different patterns 

of growth and differences in nutrient availability.  The soil pH was high overall 

for the mineral soil horizons of both control and treated stands, which can 

indicate a greater nutrient availability for ponderosa pine growth.  The lack of 

response in soil pH to prescribed fire is attributed to a well-buffered soil with a 

soil pH that is already high.     

 

The O horizon thickness was found to be thicker in control and spring burns 

for each treatment (Figure 3) and follows the expected trend with spring and 

fall burns.  The accumulation of organic matter at the surface remained higher 

following prescribed burning in the control and spring 15-year treatments.  

Both fall burns, which are typically of higher-severity than spring burns, had 

thin O horizons with the thinnest O horizon in the Fall 5-year burn.  A potential 

explanation for the lowest O horizon depths in Fall 5-year burns is the 

application of a second prescribed fire (2002) for the 5-year interval plots.  
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Smith et al. (2004) found that duff depth was significantly reduced in fall 

burns compared with spring burns and control treatments.   

 

The loss of organic surface cover can impact soil nutrients and vegetation 

growth due to the higher severity of fall fires, leading to greater loss of surface 

cover and increased erosion because of greater consumption of duff, 

understory grass and herbaceous vegetation.  Reduction of vegetation on 

steeper slopes can cause a loss of soil nutrients due to erosion.  While these 

effects were not observed in this study, a longer-term study may find impacts 

from loss of surface cover including increases in erosion.  The consumption of 

fuels could also lead to N-volatilization and a decrease in N availability to 

ponderosa pine.  The consumption of O horizon can also lead to increased soil 

temperatures from greater exposure to sunlight and can potentially increase 

evaporation and therefore, decrease soil moisture.  Increased soil 

temperatures impact the soil microorganisms such as fungi.  Smith et al. 

(2004) found that seasonal prescribed burning on Ponderosa pine in the Blue 

Mountains in the fall significantly reduced ectomycorrhizal species richness 

when compared with spring burning and the control.   

 

Seasonal and repeat burning did not have an effect on surface vegetation 

characteristics.  The differences between treatments were not statistically 
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different but there were some observed differences in grass cover.  The 

percent of visually estimated grass cover followed the same trend as O 

horizon depth between the treatments.  The control plot had the highest 

observed grass cover (%) relative to the treatments and the lowest in the 

higher-severity fall burns.   

 

4.1 Ponderosa Pine Responses to Prescribed Burning 

All experimental blocks and treatment types at the study site experienced an 

increase in growth for the seven years post treatment.  Thinning prior to 

burning, climatic factors and site variability are most likely the main reasons for 

the control plot to have also experienced a RWI ratio greater than 1.  A 

previous study using RWI ratio in Western Montana on thinning and 

prescribed fire, found an RWI of 1 in the control and an increase in treatment 

plots.  The sample size used was very small for each treatment n=3 (Sala et. 

al. 2005).  The large sample size (312) of tree cores for this study may have 

more accurately shown the high level of variability within the study site and 

reduced bias imposed with a small sample size.  The application of a second 

prescribed burn in 2002, appears to have had an effect on tree growth as 

shown in the RWI ratio for both 5-year interval burns.  The lowest RWI ratio 

found within the study was in the Fall 5-year treatment due to the higher 

severity of a fall fire.  The Fall 15-year treatment showed the highest RWI 
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increase in growth post treatment (1.37).  While climate, thinning and 

nutrient rich soils are most likely the reason for an overall increase in RWI 

several studies have found that prescribed burning increases mortality and 

can decrease growth increment (Thies et al. 2005, Landsberg et al. 1984). 

 

Ponderosa pine stands in central Oregon showed reductions in annual growth 

increments for four growing seasons following prescribed burning (Landsberg 

et al. 1984).  The same study also found reductions in height growth, basal 

area and volume growth of Ponderosa pine stands that were affected by the 

level of fuel consumption.  Ponderosa pine crown needle mass and foliar N 

content also showed significant reductions from burning (Landsberg et al. 

1984).   

 

Previous research at the Blue Mountains study site found that mortality was 

higher following fall burns compared with spring burns (Thies et al. 2005, 

Thies et al. 2006).  A possible explanation for the largest RWI ratio is the 

topographic location of the Fall 15-year plots.  With the exception of the Trout 

experimental block which had north facing slopes, the remaining Fall 15-year 

plots were south facing.  The southern aspect of the Fall 15-year treatments 

may result in earlier snowmelt for earlier growing season water availability, a 

longer growing season and better overall growth.  However, the possibility also 
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exists that south facing slopes are also subject to more sun exposure and to 

hotter and drier middle and late growing season conditions.  Further study 

would be needed to determine the influence of aspect on Ponderosa pine 

growth.  Another possible explanation for the Fall 15-year RWI ratio is the low 

basal area compared with other treatments.   

 

Basal area increased for all treatments with the largest increases in basal area 

found within treatments having a larger number of trees (Spring 15-year and 

Control treatments).  Basal area increment is dependent on the stocking as 

well as growth rates.  A potential bias in the measurement is including trees in 

the 2004 sampling period that may have been too small for inclusion in basal 

area measurements in the pre-treatment period (1991-1997).  Also the size 

distribution of trees and mortality can influence the basal area increment 

results.  Previous studies have found that ponderosa pine growth increases 

with reductions in basal area, which appears to be the case in this study when 

looking at RWI ratio of the Fall 15-year treatment (Landsberg 1994, Kolb et al. 

1998, Kaye et al. 2005).  However this is most likely an effect of thinning done 

prior to prescribed burn treatments. 
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4.2 Site Productivity and Effects of Treatment 

Studies have shown that fire and thinning can cause substantial increases in 

inorganic N pools up to 1 year post-treatment (Covington and Sackett 1992, 

DeLuca and Zouhar 2000).  However, mineralizeable N can be lower in 

ponderosa pine forests after burning due to N volatilization during fire, N loss 

from plant uptake and N leaching (DeLuca and Zouhar 2000).  Although pre-

treatment data were not collected for this study, levels of soil total and 

available N indicate that potential N losses have not significantly affected soil 

N pools.  High soil N concentrations lead to the conclusion that water may be 

the factor limiting growth on the study site.   

 

Radial wood increment ratio was also tested for correlation with available-N for 

two treatment plots: Driveway 26 and Kidd Flat.  The relationship between 

available N and radial wood increment ratio was determined to be non-

significant.  However, it has been found that the combination of thinning and 

burning has the potential for a decrease in N mineralization for over 10 years 

following fire (DeLuca and Zouhar 2000).  The potential effect on ponderosa 

pine growth due to increases of inorganic N following burning is a possible 

reason for an increase of growth (Covington and Sackett 1992).   
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The relationship of base saturation to RWI ratio suggests that nevertheless, 

nutrient availability is influencing ponderosa pine growth on the study site.  

High average pH for all horizons generally correlates with a high cation 

exchange capacity.  It is possible that cations may be more limiting to growth 

due to the high N availability.  However, as both CEC and base saturation are 

high, available cations (Ca, Mg, K) appear to be plentiful. 

 

High pH, high soil total N and high CEC are all indicators of high soil fertility 

and productivity.  The study site as a whole has fertile soils, which are 

conducive to ponderosa pine growth and resilient to prescribed burning.  The 

five different treatments (Fall 5-year, Fall 15-year, Spring 5-year, Spring 15-

year and Control) did not show significant differences between treatments 

which suggests that increases in growth and high soil productivity can be 

attributed to thinning.  Calculation of average climate data for precipitation, 

temperature and SWE did not show significant differences in climate for pre- 

and post treatment periods.  Long-term ponderosa pine growth may be 

impacted from repeat burning at 5- and 15-year intervals and should continue 

to be studied.  A second burn at the 15-year interval will be necessary to 

identify any differences between intervals.  There were slight differences in 

Spring and Fall burning for RWI ratio which were not significant as well as 

slight differences in 5 and 15-year intervals.  The 5-year treatment appeared to 
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have the most impact to growth as evidenced by the lowest RWI in the 

Spring 5-year and Fall 5-year treatments.   
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Chapter V    Conclusions 

Ponderosa pine productivity and soil nutrient properties in the Blue Mountains 

of Oregon showed that there was no change in site productivity from 

treatments of burning season or burning interval.  Ponderosa pine growth did 

not significantly differ when spring and fall season of burn was examined with 

5 and 15-year burn intervals.  Fire-severity differs from lower-severity burns in 

the spring when soil and fuel moisture conditions are high to higher-severity 

burns in the fall when temperatures are higher and moisture conditions are 

low.  All treatments were burned in 1997 and 1998 and 5-year interval 

treatments were re-burned in 2002.   

 

The treatments of season and interval were not found to significantly increase 

or decrease ponderosa pine productivity in the Blue Mountains of Oregon 

based on the RWI ratio, basal area and nutrient availability.  However, fall 

burns were found to have larger reductions in surface cover due to the higher-

severity burns, which could have long-term impacts on erosion, soil 

temperatures and nitrogen availability.  While nitrogen is often a factor limiting 

growth in ponderosa pine forests, nitrogen does not appear to be a factor 

limiting growth for this study site.  However, there do appear to be patterns of 

growth relative to nitrogen availability, percent base saturation and high pH 

levels as shown by the correlation with the RWI ratio.  Also, repeat burning 
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may have an effect on tree growth as evidenced in the RWI ratio for the 5-

year interval treatments. 

 

Growth overall improved for the study site which is most likely the result of 

climatic factors, highly productive soils and thinning prior to burn treatment.  

Long-term studies may find divergence between treatments and effects on 

growth increment in ponderosa pine.  While treatments did not show 

significant improvement to ponderosa pine growth and site productivity, they 

showed no negative effects.  Prescribed fire in conjunction with thinning 

appears to be an effective tool to aid in the return of forests to pre-fire 

suppression conditions at this site.   
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Appendix A: Maps of Experimental Study Blocks 
 
Maps provided by W. Thies, USDS-FS, PNW Research Station 
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Figure 1.  Map of Trout Experimental Block 
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Figure 2.  Map of Driveway 26 and Driveway 28 Experimental Blocks 

Driveway 26 
Control 

Driveway 26 
5 Year Fall 

Driveway 26 
15 Year Fall 

Driveway 26 
5 Year Spring 

Driveway 26 
15 Year Spring 

Driveway 28 
Control 

Driveway 28 
5 Year Fall Driveway 28 

15 Year Fall 

Driveway 28 
5 Year Spring 

Driveway 28 
15 Year Spring 



 

 

53

 

 
Figure 3.  Map of Driveway 14 and Driveway 17 Experimental Blocks 
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Figure 4.  Map of Kidd Flat Experimental Block 
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Appendix B: Study Site Photographs for Each Treatment 
 
 
 

 
 
Figure 1:  Photograph of Kidd Flat Control showing ponderosa pine regeneration and seedling 
establishment. 
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Figure 2: Photograph of Driveway 17 Fall 5-year treatment showing little regeneration and 
very little understory vegetation. 
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Figure 3: Photograph of Driveway 17 Fall 15-year burn with some ponderosa pine pole 
mortality and few regenerating ponderosa pine. 
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Figure 4: Photograph of Trout Spring 5-year treatment showing open stand with some grass 
and herbaceous cover and few regenerating pine seedlings.
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Figure 5: Photograph of Kidd Flat Spring 15-year treatment with secondary canopy 
ponderosa pine and high amount of grass and herbaceous cover. 
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Appendix C: Average soil chemical properties by horizon for each 
treatment plot. 

 
Plot Treatment Horizon pH %C %N CEC %BS

Driveway 
14 

Control O 5.1 30.9 0.86   
 A 6.1 5.74 0.30 18.9 92 
 B 6.2 3.29 0.11 13.4 100 
Fall 5-year O 5.2 41.1 1.04   
 A 6.2 6.40 0.31 16.4 100 
 B 6.4 2.02 0.14 14.5 97 
Fall 15-year O 4.9 32.9 0.96   
 A 4.7 3.32 0.22 17.9 100 
 B 5.9 1.04 0.09 16.3 76 
Spring 5-year O 4.8 42.2 1.10   
 A 5.9 9.60 0.30 17.5 100 
 B 6.1 2.18 0.17 16.3 100 
Spring 15-year O 4.9 41.7 1.13   
 A 6.1 8.20 0.35 24.4 93 
 B 6.6 3.17 0.13 17.3 92 

Driveway 
17 

Control O 4.7 39.5 0.89   
 A 5.9 7.29 0.47 26.2 100 
 B 6.1 2.11 0.18 16.6 92 
Fall 5-year O 5.2 42.8 0.94   
 A 6.2 6.17 0.31 23.0 94 
 B 6.3 2.06 0.11 16.2 87 
Fall 15-year O 5.0 36.2 0.99   
 A 6.2 4.35 0.24 18.9 100 
 B 6.7 2.11 0.16 18.7 95 
Spring 5-year O 5.0 42.9 0.92   
 A 5.9 8.13 0.41 23.1 92 
 B 6.1 2.12 0.12 11.9 100 
Spring 15-year O 5.1 41.3 0.81   
 A 6.2 7.10 0.42 25.6 99 
 B 6.4 2.34 0.13 16.3 97 

Driveway 
26 

Control O 4.7 33.5 0.86   
 A 5.7 4.38 0.31 20.7 94 
 B 5.9 2.06 0.10 15.6 100 
Fall 5-year O 5.5 33.2 0.92   
 A 6.2 4.50 0.26 25.0 100 
 B 6.0 1.93 0.10 19.3 95 
Fall 15-year O 5.4 35.0 0.85   
 A 6.2 7.03 0.39 24.6 100 
 B 6.5 2.59 0.17 16.4 100 

 Spring 5-year O 4.8 43.1 1.12   
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Plot Treatment Horizon PH %C %N CEC BS 
Driveway 
26 

 A 5.7 3.50 0.22 23.9 99 
 B 6.0 1.99 0.14 21.9 100 
Spring 15-year O 5.2 40.3 1.18   
 A 6.0 6.22 0.31 28.9 91 
 B 6.4 2.47 0.07 24.9 93 

Driveway 
28 

Control O 5.7 37.5 1.23   
 A 6.1 4.68 0.31 23.6 91 
 B 6.6 2.67 0.13 25.2 96 
Fall 5-year O 5.8 34.6 0.84   
 A 6.4 3.44 0.27 23.3 89 
 B 6.2 2.14 0.14 24.4 73 
Fall 15-year O 5.4 34.2 0.92   
 A 6.9 3.03 0.30 20.7 89 
 B 6.1 1.72 0.15 18.7 77 
Spring 5-year O 5.3 36.3 1.08   
 A 6.4 6.59 0.48 21.5 89 
 B 6.6 1.76 0.11 15.9 83 
Spring 15-year O 5.3 36.8 1.18   
 A 6.3 3.19 0.19 23.1 91 
 B 6.5 3.43 0.25 20.9 80 

Kidd Flat 
 

Control O 5.2 46.6 1.10   
 A 6.2 7.38 0.35 27.5 99 
 B 6.4 4.54 0.23 27.6 82 
Fall 5-year O 5.4 39.1 0.82   
 A 6.2 7.73 0.37 26.9 93 
 B 6.4 2.49 0.12 19.6 85 
Fall 15-year O 5.4 44.0 1.08   
 A 6.4 7.68 0.34 29.3 94 
 B 6.4 2.35 0.10 19.4 77 
Spring 5-year O 5.2 46.3 1.12   
 A 6.2 8.07 0.34 31.7 95 
 B 6.4 2.92 0.12 20.4 88 
Spring 15-year O 5.3 46.8 1.16   
 A 6.4 6.83 0.35 33.6 89 
 B --- --- --- --- --- 

Trout 
 

Control O 4.7 46.3 0.96   
 A 6.3 2.60 0.10 19.6 82 
 B 6.2 2.00 0.07 16.5 79 
Fall 5-year O 4.8 44.2 0.90   
 A 6.6 4.76 0.22 26.3 90 

  B 6.5 2.40 0.09 22.8 87 
 Fall 15-year O 5.3 41.9 0.98   
  A 6.3 4.22 0.16 27.1 87 
  B 6.3 2.18 0.09 20.8 88 
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Plot Treatment Horizon PH %C %N CEC BS 
Trout Spring 5-year O 4.5 46.8 0.95   
  A 5.5 6.74 0.20 18.4 93 
  B 5.8 2.10 0.06 23.1 76 
 Spring 15-year O 4.7 50.4 1.02   
  A 6.0 5.39 0.20 26.9 80 
  B 6.1 2.32 0.09 23.1 80 
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