


 

forest fuel reduction.  Findings from an integrated commercial operation suggest that 

comprehensive and intensive silvicultural prescriptions may be necessary to favorably 

alter future fire behavior and to accomplish fuel reduction objectives economically.  

Additional stand travel necessary to harvest non-merchantable trees did not 

significantly affect soil physical properties.  Non-commercial fuel reduction, 

employing masticating/mulching treatments proved costly with average costs per acre 

ranging from $246.62 to $414.07 when residual trees were spaced widely in an 

uneven-aged ponderosa pine stand.  When individual tree selection was used, in dense 

initial stand conditions, costs per acre ranged from $479.31 to $1,559.79 highlighting 

the effect of treatment requirements on machine productivity and subsequent costs.  

The added surface fuel generated during treatment increased surface fire intensity 

immediately following treatment, based on simulations.  This result suggests that 

follow-up treatments may be necessary for non-commercial approaches to reduce 

future fire intensity and severity.  Discoveries made in this dissertation provide 

baseline information on approaches to mechanically altering forest fuel and will 

facilitate decision making by forest managers, landowners, and scientists.                   
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AN INTEGRATED STUDY OF MECHANICAL FOREST 
FUEL REDUCTION: QUANTIFYING MULTIPLE FACTORS 

AT THE STAND LEVEL 
 

1.0 INTRODUCTION 

Recent catastrophic wildfires, specifically in the Western U.S., have forced the 

forest management community to take a closer look at active management practices on 

both public and private lands.  Forest management practices such as fire exclusion, 

suppression, and reduced timber harvesting have allowed many forested stands to 

become densely overstocked with small diameter trees (Fitzgerald 2002a).  These 

stands are typically characterized by small trees tightly spaced in the understory of 

mature forests (Mutch et al. 1993).  Overabundant small trees increase surface and 

ladder fuels which both contribute to the spread and intensity of wildfire (Agee et al. 

2000).  This overstocking can lead to intensive, catastrophic, stand-replacement fires.  

Not only does overstocking and stand homogeneity increase fire hazard, but also 

contributes to decreased vigor and reduced overall forest health and productivity 

(O’Laughlin and Cook 2003).   

To alleviate or reduce fire hazards, several alternatives exist for forest 

managers.  The most common, and typically productive approach, is that of harvesting 

small trees with mechanical systems (Bolding et al. 2003).  Traditional mechanical 

harvesting systems are designed to fell and extract merchantable sized trees into 

products for sale, i.e. pulpwood, sawlogs, etc.  Little research has been published on 

the harvesting of small non-merchantable stems that commonly contribute to wildfire 

hazards.  The knowledge deficiency concerned with harvesting small trees is most 

pronounced in the areas of system productivity, costs, and soil disturbance effects 

(McIver et al. 2003).  The deficiency is present for both commercial and non-

commercial harvesting systems.  Both approaches are applicable for meeting diverse 

forest management objectives, whether to produce a product for sale (commercial 

systems) or to only change the structure of forest fuel with no actual removal (non-

commercial systems). 
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Forest managers currently have a small information pool for making sound 

decisions on selection of harvesting equipment and effectiveness of silvicultural 

treatments for fuel reduction activities (USFS 2005a).  There are numerous limitations 

and knowledge gaps for managers to select, plan, and implement appropriate 

technologies to meet sustainable forest management goals.  Included in these is the 

lack of consistent stand characteristic targets necessary for preventing catastrophic 

fires (Keyes and O’Hara 2002).  In addition, fire altering effectiveness for a wide 

range of treatment options is largely unknown.  Once treatment prescriptions are 

established, important factors including mechanical system cost, effectiveness, soil 

disturbance, and the projected fire behavior benefits must be assessed.  The continuing 

improvement of computer modeling and simulation approaches is promising and 

crucial for evaluating comprehensive alternatives at both the stand and landscape 

scales (eg. Stratton 2004).     

Harvesting small stems through mechanical means has been shown to be a 

viable alternative for reducing forest fuel loads (Fiedler et al. 1999, Bolding 2002) and 

subsequent wildfire hazard (Fulé et al. 2001).  However, many problems face forest 

managers in implementing such treatments.  To date, few comprehensive research 

studies have addressed small wood harvesting.  Most that have been reported 

investigated traditional logging operations or limited field trials of purpose-built 

equipment (Brown and Kellogg 1996, Coulter et al. 2002, Matzka 2003).  Given the 

advancement in new machine technology, research is needed to compare commercial 

harvesting systems to non-commercial ones.  Results from such investigations will add 

to the small information base that currently exists for decision making. 

In response to these knowledge deficiencies, the objectives of this study were 

to compare and contrast the capabilities of various mechanical equipment 

configurations employed in fuel reduction treatments prescribed in differing forest and 

density characteristics throughout Oregon.  A conventional ground-based thinning 

system and two purpose-built non-commercial harvesting machines were investigated.  
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Three overarching topic areas were addressed in this dissertation, for both commercial 

and non-commercial systems, through an integrated stand level approach to quantify: 

1. Harvesting system productivity and economics, 

2. Soil disturbance generated from mechanical systems, and 

3. System and treatment effectiveness for altering future fire behavior. 

 This research supplements the small information pool for commercial forest 

fuel reduction and establishes baseline information for non-commercial systems.  This 

study is the first of its kind to integrate soils, harvesting, and future fire behavior into 

mechanical fuel reduction research. 

 

1.1 Literature Review 

1.1.1 Forest Fuel Loading and Management 

Forested landscapes, specifically in the Western U.S., have changed greatly 

since European settlement.  Many pre-settlement forests were characterized by a large 

mature overstory with a sparse and mostly open understory (Weaver 1959).  It has 

been reported that these conditions occurred largely due to frequent burning by 

indigenous people, which aided their survival (Kimmerer and Lake 2001).  In years 

since European settlement, human impact on forest structure and composition is 

evident (Harvey et al. 1995, Brose et al. 2001).  Two of the many impacts from 

anthropogenic influence are fire exclusion, and more recently, reduced active 

management involving timber harvesting.  Each of these factors has caused public 

lands in the U.S. to become severely overstocked with small stagnant trees.  The USFS 

(2005a) reported that at least 28 of a total 236 million acres of forest land in the 15 

western states could benefit from fuel reduction treatments.  O’Laughlin and Cook 

(2003) indicated that National Forests in the U.S. are on average 50 percent denser 

than forests in any other ownership.  Overall, forests in the Pacific Northwest region 

contain more live-tree biomass than any other U.S. region (Woodall et al. 2006).  In 

addition, as with any disturbance, stress caused by stagnation can decrease vigor and 
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make forests more susceptible to pest or insect infestation (Karsky 1992) with the 

resulting mortality often heightening fire susceptibility.     

Small trees, tightly spaced in the understory of mature forests, inherently 

increase wildfire hazards.  The small trees promote fire spread and provide a ladder for 

surface fires to reach the overstory crown and often result in catastrophic, stand-

replacement wildfires.  Laverty and Williams (2000) report that fire suppression 

activities have caused public lands to over-accumulate shrubs and small trees which 

“reduce ecosystem diversity, health, resiliency, and fuel conditions for unnaturally 

intense fires”.  These effects are particularly important for stands with histories of 

frequent low intensity fire.  The over accumulation of small trees and understory 

vegetation has changed these fire regimes from low intensity to high severity allowing 

crown fires to occur in forest types not historically prone to such occurrences (Mutch 

et al. 1993, Brown et al. 2004).  Crown fires burn elevated canopy fuels which 

generally have higher moisture content and lower bulk density than surface fuels 

(Scott and Reinhardt 2001).  These fires are often stand-replacing in nature and can be 

characterized as passive, active, or independent (Van Wagner 1977).   

Active crowning is the most severe form of crown fire and can have a 

significant and detrimental impact on the forest resource, not to mention risks to the 

environment, housing, and human life (Butry et al. 2001, Prestemon et al. 2002).  The 

2003 southern California wildfires consumed over 3,300 homes and surrounding 

structures (Graham et al. 2004).  This catastrophic event has drawn much public 

attention to the issue of fuel management (Keeley et al. 2004).  Fitzgerald (2002b) 

reported that the following resources are especially at risk of catastrophic fires: 

“watersheds and drinking water, habitat for fish and wildlife, soils and soil stability, 

old-growth and wilderness areas, homes and communities, and commercial timber”.  

The size and extent of wildfires may also have an effect on recreation demand 

(Hesseln et al. 2004), forest industry employment (Keegan III et al. 2004b), and the 

overall human community (Kumagai et al. 2004a). 



 5

 Given the current forest health and wildfire hazard situation on many forests in 

the Western U.S., the research community must address sustainable methods of 

modifying vegetation structure to produce more fire resilient landscapes.  There is 

ample opportunity and much interest in employing pre-commercial thinning that could 

alleviate the overstocking problem along with wildfire hazard.  Such a proactive 

approach to fuel management may produce less monetary and environmental cost than 

fire suppression and stand replacement (Lynch 2004).  With these observations, it is 

imperative that small and large scale fuel reduction activities be investigated in 

attempts to protect the forest resource along with its associated assets, both market and 

non-market (Mason et al. 2006).  To effectively accomplish fire altering objectives, 

treatments must be designed that adhere to the basic principles of fire behavior and 

resilience.  For example, Brown et al. (2004) reported four factors that are necessary to 

establish fire resilience: 

1. Reduce surface fuels, 

2. Increase height to live crown, 

3. Decrease crown density, and 

4. Keep big trees of resistant species. 

Hollenstein et al. (2001) define fire resilience as “a stand’s ability to survive fires 

without permanent loss of functional or structural elements.”  Forests treated to these 

specifications will have characteristics that limit fire intensity and promote the 

resistance to mortality (Brown et al. 2004). 

 

1.1.2 Forest Fuel Reduction Methods and Trials 

Prescribed fire has been used in the past as an attempt to reduce understory 

vegetation and the amount of small trees and litter present on the forest floor that 

could fuel wildfires.  This valuable management tool has received much criticism due 

to smoke management liability issues and the possibility for fire escape into severely 

overstocked stands which can become uncontrollable and cross property boundaries 

(USFS 2005a, Hesseln 2000).  In addition, the expanding wildland urban interface 
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(WUI) (Berry and Hesseln 2004), public trust (Winter et al. 2002, Winter et al. 2004, 

Kumagai et al. 2004b), and timing issues (Yoder and Blatner 2004) bring new and 

significant challenges to the use of prescribed fire for fuel management.  However, 

given these difficulties, Miller and Landres (2004) report an expected moderate 

increase in prescribed fire for fuel management applications.  

Manual removal of understory vegetation (hand felling and piling) is another 

method of fuel reduction.  On a large scale, the method has been ineffective due to the 

intensive labor requirements and the small area that can be treated in a given time.  In 

addition, worker availability is limited in many areas where treatments are necessary 

(USFS 2005a).  Without the protection of a machine cab, workers are directly exposed 

to the hazards associated with timber harvesting; therefore, safety is a major concern 

in manual reduction treatments.  In most cases, these operations are capable of only 

treating very small diameter material, that can be handled manually, and leaves slash 

piles for later treatment.  Although, manual operations have significant challenges, 

they benefit from low capital cost which allows greater flexibility that could be 

beneficial for small landowners or treatment of sensitive and/or urban areas.  The 

approach may also provide employment opportunities and a sense of involvement for 

surrounding communities.  Presently, few studies exist to quantify the applicability of 

manual reduction systems.  In addition to purely manual reduction methods, other low 

impact, small-scale extraction approaches exist such as animal, farm tractor, and all 

terrain vehicle skidding (Wang 1999, Jensen and Visser 2004).  A recent investigation 

by Rummer and Klepac (2002) studied the performance and cost of a manual 

reduction operation using a forwarder for primary transport compared to a small-scale 

harvester/forwarder combination.  They report costs of $26.93 per green ton for the 

manual operation and $40.94 per green ton for the small-scale mechanized system.  

These results indicate that manual reduction can be substantially less expensive than 

mechanized operations.  However, their cost estimate for the manual treatment 

includes a used, fully depreciated forwarder.  They found that by employing a new 
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forwarder, costs would increase by 37 percent to $37 per green ton, which is 

comparable to that of the mechanized system.           

 

1.1.2.1 Commercial Mechanical Forest Fuel Reduction 

Commercial fuel reduction activities can be defined as operations with an end 

goal of changing forest fuel structure while extracting fiber in hopes of producing 

utilizable wood products that can be sold for a profit.  These systems have been 

reported to have merit for reducing forest fuels (Fulé et al. 2001).  Hollenstein et al. 

(2001) explained that mechanical harvesting differs from other methods of fuel 

reduction, especially prescribed fire, in that “removal is immediately effective, does 

not result in air pollution or escaping fires, and may be economically self-sustaining”.  

They also report that reducing fuel loads through thinning could slow or even prevent 

catastrophic fire occurrences.    

Mechanized commercial timber harvesting systems have been studied 

extensively in the past (Kellogg et al. 1992).  The majority of these studies have 

focused on harvesting and extracting merchantable timber with commercial value.  

The existing research has been successful in supplementing field experience of forest 

managers and logging contractors and provided an overall better understanding of the 

capabilities and limitations of timber harvesting systems.   

As the need and justification for vegetation manipulation through thinning of 

overstocked stands has grown, commercial systems have been used to harvest small 

diameter, non-merchantable trees.  This approach to forest fuel reduction poses many 

challenges to the forest manager.  The majority of mechanized logging equipment is 

designed to fell and extract trees large enough to produce revenue.  These machines 

are typically not configured to productively fell, process, and extract small trees.  

Also, for fuel reduction operations, it is more applicable, and often productive, to 

harvest multiple stems at a time, something that traditional equipment is not designed 

for.  In economic terms, mechanical thinning incurs problems due to the fact that 

harvesting small stems is expensive and the resulting wood product has low value, 
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producing high harvesting costs per unit or area (Watson et al. 1986, Bolding and 

Lanford 2005).  Also, few cost and productivity estimates have been assigned to 

mechanical fuel reduction systems (Bolding and Lanford 2001, Coulter et al. 2002).  

This fact spurs researchers to find suitable systems that can be adapted to various 

terrain, vegetation, and species types.  ST Harvest (Hartsough et al. 2001, Fight et al. 

2003) is a cost model that has recently been used to predict relative costs for 

harvesting small trees.  However, the model is driven by production equations from 

older machine studies of conventional equipment.  In addition, the program is not 

specifically geared toward fuel reduction treatments that often require harvesting small 

trees to diameters of 1-inch.  Extrapolation beyond the range of reliable data can often 

lead to variable or “suspect” cost estimates.  This observation highlights the need for 

additional research on systems that specifically target small, non-merchantable trees 

commonly extracted in fuel reduction applications.  Productivity and harvest cost 

comparison of five mechanized fuel reduction treatments are summarized in Table 1.1. 

 
Table 1.1: Comparison of five mechanized fuel reduction treatments. 
SMH=scheduled machine hour. 

System Reference 
Treatment 
Location 

(state) 

Productivity 
(tons/SMH) 

Cut-n-haul Cost 
($/green ton) 

Harvester/ 
small yarder 

Brown and 
Kellogg (1996) OR 7.00 42.44 

Harvester/ 
small yarder 

Drews et al. 
(2001) OR 5.40 79.93 

Small-scale 
harvester/ 
forwarder 

Rummer and 
Klepac (2002) WY 2.88 40.94 

Harvester/ 
forwarder 

Drews et al. 
(2001) OR 8.10 45.73 

Harvester/ 
forwarder/ 

chipper 

Bolding and 
Lanford (2005) AL 5.82 37.06 

Average   5.84 49.22 
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Brown and Kellogg (1996) combined a harvester and a small skyline system in 

a fuel reduction treatment in eastern Oregon.  They found system productivity to be 7 

green tons per scheduled machine hour (SMH).  Total cut and haul costs were 

estimated to be $42.44 per green ton.  A similar study by Drews et al. (2001) 

compared the productivity and cost of a harvester/forwarder system and a 

harvester/yarder operation also in eastern Oregon.  Their study found cut and haul 

costs for the harvester/forwarder system to be $45.73 per green ton and $79.93 per 

green ton for the harvester/yarder system.  Bolding and Lanford (2005) also 

investigated a cut-to-length (CTL) fuel reduction system in western Alabama.  In 

contrast to other investigations, this study estimated the cost and productivity of a 

forwarder transporting non-merchantable material to a small chipper for processing 

into energy chips.  System productivity was estimated to be 5.82 green tons per SMH 

and cut and haul costs were $37.06 per green ton.  Other equipment production rates 

and costs have been reported by Windell and Bradshaw (2000). 

Commercial systems can provide significant benefits for a fuel reduction 

treatment.  For managers with objectives of producing a profit from operations, 

commercial systems may be able to do so.  In a fuel reduction thinning, merchantable 

stems can be processed into products and the resulting logging slash (limbs, tops, and 

foliage) could be removed from the site at the same time to further reduce fuel loads.  

Merchantable products could be transported for sale and previously non-merchantable 

material could be chipped or bundled as fuelwood (Murphy et al. 2003, Bolding and 

Lanford 2005).  By gaining revenue from the sale of products, often the high costs of 

harvesting small trees can be recovered and sometimes even produce a profit (Keegan 

III et al. 2004a).  Although, many fuel reduction treatments will result in a net cost, 

Brown and Kellogg (1996) reported a $611 per acre profit from a commercial 

treatment in eastern Oregon.  The economic outcome of any fuel treatment is a 

function of the amount of merchantable material that is removed, the utilization 

success of the harvested biomass component, and the productivity of the harvesting 
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system.  A comprehensive silvicultural treatment, beyond thinning from below, will in 

most cases produce the best opportunity for profit (Fiedler et al. 1999).         

Given the lack of information concerning fuel reduction thinning with 

commercial harvesting systems, there is a great opportunity for research in the area.  

For example, little information is available for skidding small trees as well as yarding 

on steep slopes.  Also, breakeven merchantable harvested volumes need to be assigned 

to more systems and site variables.  Specifically, operations need to be investigated for 

system performance along with treatment effectiveness implications.  Little is known 

about how different systems compare with respect to fuel reduction objectives, 

economics, and environmental effects (McIver et al. 2003).  Any additional 

information in this area would be a great supplement to the current deficiency that 

exists to aid decision making.     

 

1.1.2.2 Non-commercial Mechanical Forest Fuel Reduction 

Non-commercial fuel reduction activities can be defined as operations with an 

end goal of changing forest fuel structure without extracting fiber.  These systems 

represent the newest and most under-studied technologies for mechanical fuel 

reduction.  To date, there has been practically no comprehensive research to study 

such machinery in a fuel reduction treatment.  Studies, which have been completed, 

have failed to reach the literature or have been small-scale equipment trials to build 

baseline knowledge of the technology.   

In contrast to commercial treatments, non-commercial ones do not actually 

remove trees from the forest.  Graham et al. (2004) stated that these treatments “utilize 

machines to rearrange, compact, or otherwise change fire hazard without reducing fuel 

loads.”  There has recently been a surge of new technologies designed solely for non-

commercial treatments or modified machine attachments designed for installation on 

existing equipment.  Often known as masticating or mulching, no matter the 

equipment design, the methodology includes chopping, grinding, or chipping small 

diameter understory trees and slash with a goal of redistributing ladder and/or ground 
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fuel composition into finer fuels.  With this approach, no fuel is actually removed 

from the forest, but when small trees are converted into finer fuels, wildland fires 

should burn less intensely and the possibility of stand replacement crown fires should 

be reduced.  Hartsough (2004) reported that “mastication uses horizontal or vertical 

axis flails or cutters to chop small diameter trees and brush in the understory”.  The 

USFS (2004) indicated that “converting 20 tons per acre of understory biomass into 

small pieces should produce a uniform layer about 1-inch deep across the stand”.  A 

unique benefit of the masticating technology is its capability to treat downed dead 

material.  Effective mastication of downed logs and slash prevents surface fires from 

smoldering and prolonging effects of scorch to the base of standing trees.   

Most purpose built machines consist either of small skid steering rubber-tired 

or tracked carriers equipped with a front or rear mounted masticating/mulching head.  

Also, traditional flexible track drive-to-tree skidding machines are being tested with 

masticating/mulching heads.  Attachments also exist for traditional rubber-tired drive-

to-tree machines or excavator based swing-boom machines.  These systems are 

commonly limited to areas with gentle slopes (Graham et al. 2004).   

Current non-commercial systems do not have the ability to extract small trees 

from the forest and, in most cases, should be considered as a management investment 

into the fire resiliency of a stand.  On public lands, these systems require economic 

subsidy for justification.  System performance, along with costs, and silvicultural 

treatment effectiveness for non-commercial systems are largely unknown.  The USFS 

(2005a) reported a broad range treatment cost to be $100 to $1,000 per acre.  Recent 

inquiries of equipment manufacturers have yielded estimated treatment costs of $300 

to $600 per acre.  No known numbers have been reported on residual stand damage, 

soil disturbance impacts, or the size and composition of the resulting masticated fuel.  

This lack of information builds upon the frustration faced by forest managers charged 

with designing and implementing fuel reduction activities. 
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1.1.3 Recovering and Utilizing Woody Biomass for Energy 

Rising energy prices and declining supplies of crude oil have forced policy 

makers, in the U.S., to explore alternative sources of energy.  One of the most 

commonly explored alternatives is that of energy generation from renewable sources.  

Forest biomass generated from harvesting activities or fuel reduction treatments, in 

most cases, has little monetary value and is therefore left on-site un-utilized.  In recent 

years, in-woods chipping of biomass has proven to be an effective method of 

producing quality wood chips for pulp (Carte et al. 1991).  Although energy produced 

from biomass is usually from “dirty” chips, including bark and foliage, the increase in 

in-woods chipping operations provides potential for recovery of this previously un-

utilized product.  Stokes and Watson (1988) explained that “the development and use 

of portable in-woods chippers has significantly increased utilization and allowed 

recovery of small diameter, low-quality trees at an acceptable cost”.  In response to 

competitiveness, some forest products companies are interested in purchasing chips, 

whether dirty or clean, directly from suppliers.  This enables them to reduce, and 

possibly exclude the chipping process from their mill operations and reduce capital 

expenditures.  More industries, including forest products, are beginning to utilize the 

energy contained in woody biomass.  Biomass is being used to fuel boilers and in 

some cases generate electrical power (Kutscha 1999).   

As with all forest operations, many chipper options are available for converting 

woody biomass into chips.  Chipper selection is influenced by various factors such as: 

1) Size of trees to be processed, 2) Amount of wood chips required, 3) Rate of chip 

production needed, and 4) Importance of consistent chip size (Christopherson et al. 

1989). 

Small trees, limbs, and tops, without current merchantable value, are common 

targets for in-woods chipping operations.  Stokes (1988) reported that “the advantages 

of in-woods chipping systems include the ability to recover fiber from limbs, tops, and 

un-merchantable wood, high productivity, and advanced site preparation”.  Current in-

woods chipping operations also have the disadvantage of requiring large tracts of 
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timber for successful operations due to the high moving and setup costs of large, 

expensive chipping machines. 

Due to economic and utilization factors, the use of renewable natural resources 

for energy production has not been competitive (Stokes 1997).  Congress has 

discussed possible ways to make renewable energy more competitive.  Proposed 

responses include specifying minimum levels of electricity to be generated from 

renewable sources, such as woody biomass.  Stokes (1997) also found that some utility 

companies are interested in beginning programs to promote the use of renewable 

energy.   

The possibility of utilizing woody biomass for energy has great potential 

throughout the Nation (Zerbe 2006).  In the forest industry, a large amount of 

harvested material is left on the site; therefore, wasting its energy application 

potential.  Using woody biomass as a fuel source works well in other countries, as well 

as the U.S., especially in areas where alternative sources are scarce.  Only a small 

amount of the available wood biomass is used to produce energy.  “Because of 

technical, economic, and social reasons, the utilization of wood fuel has been slow to 

gain wider acceptance” (Guimier 1989).  In the U.S., fuel chips have been used to fire 

kilns at lumber mills and digesters at pulp mills.  With technology increasing daily, 

uses for wood fiber as an alternative energy source are expected to expand.   

To better understand the relationship between energy, the contents of chipped 
slash, and crude oil, Guimier (1989) reported that 

“a metric green tonne of chipped slash at 45 percent moisture content 

has an energy content of approximately 8,750 mJ and, assuming a 65 

percent energy conversion efficiency, it will produce 5,687 net mJ in a 

furnace.  In comparison, a barrel of bunker “C” oil contains 6,508 mJ 

and, assuming 85 percent energy conversion efficiency, will yield 

5,532 net mJ.  A metric green tonne of chipped slash is therefore 

roughly equivalent in energy content to one barrel of bunker “C” oil.”   
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Storage is another unique characteristic of using woody biomass for energy.  In 

contrast, electricity cannot be stored, it must be used; therefore, providing another 

advantage of renewable energy.  Storing merchantable logs to be processed for energy 

retains quality and fuel value better than storing biomass in chip form (Christopherson 

et al 1989).  At present market conditions, most biomass harvested for energywood is 

in the form of limbs and tops and stored as chips.  If energywood prices should exceed 

pulpwood prices, then storing biomass in roundwood form would be more viable.  In 

contrast, chips have a disadvantage of deteriorating and losing energy quality quickly.     

For alternative energy sources in the U.S. to become more viable, utilization of 

the finished product must be increased (eg. Keegan III et al. 2005).  Much research is 

needed to explore appropriate harvesting systems as well as processing and 

consumption possibilities.  Currently, most energy generated from biomass comes 

from utilizing landing slash or fuel reduction biomass and is processed with in-woods 

chippers.  This process has been proven (Bolding and Lanford 2005), but its success is 

at the mercy of available markets.  Another approach to slash recovery includes 

forwarding non-merchantable material in cylindrical bale form (Murphy et al. 2003).  

This methodology has been studied in the Scandinavian countries and can possibly 

increase forwarder payloads (Andersson et al. 2000).  Packing material in bale form 

allows forwarders to haul neat packages; this in turn could increase forwarder 

productivity, although, another machine would be needed to bale material.  The 

expansion of the woody biomass market is necessary for renewable energy sources to 

become viable.      

 

1.1.4 Equipment and Silvicultural Treatment Selection Criteria 

Forest managers must take into account many variables when selecting 

equipment or silvicultural prescriptions in a mechanical fuel reduction treatment.  

First, as for any forest management decision, landowner objectives must be 

determined.  Resource goals of whether a commercial or non-commercial operation is 

necessary must be decided upon.  Private and industrial landowners may have goals of 
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a commercial harvest which could produce a profit along with reducing hazardous 

fuels.  On the other hand, public land managers may be more interested in non-

commercial treatments used as management investments.  Next, the position of the 

fuel treatment area on the overall landscape must be investigated (Finney 2001).  

Strategic placement may reduce the treated area necessary to create fire resilient 

conditions (Loehle 2004).  In addition, areas in the wildland urban interface (WUI) 

will likely be assessed and treated differently than stands in remote wildland areas 

(DellaSala et al. 2004, Haight et al. 2004).  It is often more applicable to direct limited 

resources to areas that pose the largest threat of catastrophic fire.  The available timber 

markets and their volatility (eg. Larson and Mirth 2004) in an area may also be a 

substantial factor to weigh into a fuel treatment decision.  In general, most harvest 

units are within economic hauling distance of a sawlog processing facility, but 

pulpwood, especially in the Western U.S., or fuelwood markets may be scarce (eg. 

Fiedler et al. 1999).  The availability to market and utilize forest products for sale is a 

deciding factor in the economic implications of any harvesting activity, especially fuel 

reduction applications that target small, low value trees (Lowell and Barbour 2002, 

Han et al. 2004).  Producing and marketing products from small diameter trees is the 

subject of much research (Fight et al. 2004).   

At the individual unit level, characteristics such as terrain, density, and fuel 

composition may be the most important decision-making variables.  Slope 

characteristics will quickly identify whether ground-based (typically less than 35 - 

40%) or cable logging systems are necessary.  Also, stand characteristics such as 

merchantable and non-merchantable trees and volumes per acre must be calculated.  

The location or height of hazardous fuels within a stand is another important variable 

for consideration.  For example, small trees or ladder fuels can be treated with either 

commercial or non-commercial systems.  In contrast, commercial systems often have 

more difficulty handling surface fuels such as dead and/or downed material than non-

commercial/masticating approaches.   
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To make sound decisions regarding equipment selection, specific system 

performance criteria must be assessed.  Variables such as site and soil disturbance, 

system productivity, owning and operating costs, range of tree sizes and fuel 

categories that can be treated, and biomass extraction and utilization potential must be 

quantified.  Currently this information is sparse and only exists for a limited number of 

commercial systems operating in site specific conditions. 

 

1.1.5 Conclusions 

After this brief review of the literature, it is obvious that a large knowledge 

deficiency exists concerning forest fuel reduction.  Specifically, mechanical reduction 

systems are largely unexplored for a wide range of resource management goals.  

Forest managers, whether public or private, have several alternatives for alleviating 

forest fuel hazards.  Commercial systems are appropriate for thinning ladder fuels and 

also may have an opportunity to produce a profit.  In contrast, non-commercial 

systems have applicability for less aggressive timber removal and are appropriate for 

only restructuring forest fuel without removal.  They may also be more effective for 

treating surface fuels.   

To aid forest managers with fuel treatment implementation, appropriate 

decision making variables must be quantified.  These variables must be investigated 

for a mix of commercial and non-commercial systems operating in various stand, 

terrain, and fuel loading conditions.  This quantification should be a positive step for 

building information on mechanical fuel reduction activities.  Specifically, 

investigating site and soil impacts, productivity, costs, and treatment effectiveness are 

imperative for making sound decisions regarding equipment selection and treatment 

prescription. 

Longer term stand management practices after an initial treatment (commercial 

timber harvesting and/or fuel reduction) must be better defined to identify and justify 

initial stand prescriptions.  Silvicultural strategies should be better linked to fire 

behavior and control objectives while also accounting for site disturbance, 
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environmental factors, and harvesting system performance.  Strategies should also 

recognize the importance of long-term stand trajectory, including structural and 

species diversity (Waltz et al. 2003).  This integrated approach to forest operations 

research will create more viable and sustainable options for forest management 

decision makers.  Through multidisciplinary research, many factors controlling the 

success and applicability of management activities can be explored. 

 

1.2 Research Objectives 

1.2.1 Overall Objective 

Results from recent visits to Pacific Northwest National Forest Ranger 

Districts, combined with past experience and existing literature, indicate a significant 

lack of information concerning mechanical forest fuel reduction systems.  The 

objective of this study was to compare and contrast the capabilities of various 

mechanical equipment configurations employed in fuel reduction treatments 

prescribed in differing forest structural conditions throughout Oregon.  Equipment 

configurations were studied to assess: 1) productivity and cost, 2) soil disturbance, 3) 

fuel and vegetation change, and 4) fire hazard reduction potential.   

One commercial system, investigated in southwest Oregon, consisted of a 

tracked swing-boom feller-buncher, two rubber-tired grapple skidders, one in-woods 

chipper, and one tub-grinder.  In addition, two non-commercial systems (fuel 

composition change only) were studied on the Warm Springs Indian Reservation in 

central Oregon.  The systems were1: 1) a flexible tracked drive-to-tree hydrostatic 

machine equipped with a rotating drum mulching head (Figure 1.1), and 2) an 

excavator based swing-boom machine equipped with a rotary disc mulching head 

(Figure 1.2). 

 

                                                 
1The use of brand or model names is for reader convenience only and does not 
represent an endorsement by the authors or Oregon State University. 
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Figure 1.1: KMC 2100H drive-to-tree flexible tracked hydrostatic mulcher 
equipped with a Fecon Bull Hog 120H-2 rotating drum mulching head. 

 

 

Figure 1.2: Caterpillar 315CL swing-boom hydraulic excavator equipped with an 
Advanced Forest Equipment RDM 9044EX rotary disc mulching head. 
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1.2.2 Specific Objectives 

Specific objectives for both commercial and non-commercial systems were to: 

1. Determine the level of soil disturbance, i.e. visual disturbance classification 

and compaction that can be expected from each system, 

2. Determine the level of productivity that can be expected per scheduled 

machine hour from each system, 

3. Determine the owning and operating costs per unit volume and area that can be 

expected from each system, 

4. For the commercial system, determine the level of productivity and operating 

costs for harvesting: 1) non-merchantable material, and 2) merchantable 

material, 

5. Determine the type and category of forest fuel that each system can treat, i.e. 

range of DBH classes, down or dead material, etc., and 

6. Determine the silvicultural treatment effectiveness and applicability of each 

system for producing more fire resilient landscapes through simulating pre and 

post treatment fire behavior. 

 

1.3 Organization 

This dissertation is organized as a series of four chapters that will each be 

condensed and submitted to refereed journals for publication.  Because each chapter is 

designed to stand alone, some redundancy exists.  The following is a synopsis of each 

chapter, corresponding research questions, and significance. 

Chapter 1 serves as an introduction to the dissertation.  A literature review of 

the main topic areas is briefly discussed along with the research objectives and 

questions underlying this work.   

Chapter 2 contains information that will be condensed into the manuscript 

“Soil Disturbance, Economics, and Fire Hazard Reduction Assessment of an 

Integrated Mechanical Forest Fuel Reduction Operation in Southwest Oregon.”  The 

manuscript will be submitted to the Western Journal of Applied Forestry for 
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publication.  This chapter analyzes each of the three topic areas of the dissertation 

within a mechanical forest fuel reduction operation on a 20-acre mixed conifer stand 

in southwest Oregon.  The research questions addressed by this manuscript are:  

1. Does the use of an integrated forest harvesting/mechanical fuel reduction 

operation with conventional ground-based equipment on the 20-acre stand 

contribute to statistically and/or biologically significant changes in soil 

strength at various depths below the soil surface?, 

2. Are changes in soil strength related to visual soil disturbance?, 

3. What level of productivity and cost, per unit volume and area, can be expected 

from the system, for harvesting the non-merchantable and merchantable 

portions?, and 

4. What changes in fire behavior will occur as a result of the treatment?   

The integrated nature of this chapter provides forest managers with 

comprehensive information for prescribing, analyzing, and assessing the effectiveness 

of commercial mechanical treatments.  The research design allows the manager to 

repeat the study for different mechanical configurations and site types.  The 

framework of investigation presented here can be easily modified to meet multiple 

objectives from both the scientist and practitioner perspective. 

Chapter 3 contains material that will be condensed into the manuscript “Soil 

Compaction and Visual Soil Disturbance Following Two Mechanical Forest Fuel 

Reduction Operations in Central Oregon.”  The manuscript will be submitted to the 

Transactions of the American Society of Agricultural and Biological Engineers 

(ASABE) for publication.  The research questions addressed by this manuscript are:  

1. Does the use of non-commercial mechanical fuel reduction contribute to 

statistically and/or biologically significant changes in soil strength at various 

depths below the soil surface?, 

2. Are changes in soil strength related to visual soil disturbance?, and 

3. Are there statistically significant differences in soil strength or visual 

disturbance classification between the machines?   
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Results presented in this chapter establish baseline information on the extent to 

which non-commercial fuel reduction systems affect soil characteristics.  By 

comparing two separate machine designs employed in the same prescription, inference 

can be drawn regarding their operating nature and resulting disturbance.  This is 

accomplished through a completely randomized design of two contrasting forest types 

and silvicultural prescription requirements.   

Chapter 4 contains information that will be condensed into the manuscript 

“Financing Mechanical Forest Fuel Reduction: Productivity and Cost from Two Non-

commercial Operations in Central Oregon.”  The manuscript will be submitted to the 

Forest Products Journal for publication.  The research questions addressed by this 

manuscript are:  

1. What level of productivity and cost, per unit volume and area, can be expected 

from the machines?, 

2. What stand characteristics are important for predicting machine productivity?, 

3. Are statistically significant differences in productivity and cost present 

between the two machines?,  

4. What activities comprise the productive time of each machine?, and 

5. Are there statistically significant differences in the time spent performing 

productive activities between the machines?   

Using both gross and detailed time studies, this chapter establishes new 

operational knowledge on the economic feasibility of non-commercial fuel reduction.  

At present, such information has not reached the refereed literature which allows this 

manuscript to add valuable knowledge toward our understanding of mechanical 

approaches to reducing forest fuel.  By producing productivity and cost information 

for two contrasting machine designs, forest managers will benefit from the ability to 

design accurate and cost effective silvicultural prescriptions for treating hazardous 

fuels.        

Chapter 5 contains material that will be condensed into the manuscript 

“Creating Fire Resilient Landscapes in Oregon: Simulating Mechanical Fuel 
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Reduction Treatment Effectiveness.”  The manuscript will be submitted to Forest 

Ecology and Management for publication.  The research questions addressed by this 

manuscript are:  

1. How effective is each machine in completing the silvicultural prescriptions?, 

2. What is the distribution of residual down woody fuel piece sizes produced by 

each machine?, 

3. Are there statistically significant differences in residual piece sizes between the 

machines?,  

4. Does the use of non-commercial mechanical forest fuel reduction systems 

improve fire resiliency at the stand level?, and 

5. What are the effects of mastication versus whole tree removal for altering fire 

behavior over time? 

This chapter establishes much needed information regarding the effectiveness 

of non-commercial fuel reduction activities for favorably altering future fire behavior.  

The manuscript not only assesses silvicultural treatment effectiveness, but also 

investigates the success of each machine in performing the prescriptions.  This 

information will reveal the relative capabilities of each machine when operating in two 

contrasting stand conditions and prescriptions.  Through a simulation approach, results 

presented here will assess the short and long-term effects of treatment on fire behavior 

and suggest prescription modification approaches.    

Chapter 6 is a concluding chapter that summarizes major findings of the four 

previous chapters, links them together conceptually, highlights the contributions made 

with this work, assesses management implications, and suggests further research 

direction.  This chapter also includes a summary and contrast of previous chapters that 

integrates and outlines the new scientific contribution in each of the major topic areas 

of the dissertation: 1) soil disturbance, 2) productivity and cost, and 3) fire hazard 

reduction.  In addition, decision criteria flowcharts are provided that summarize 

findings in regards to each topic area for both commercial and non-commercial fuel 
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reduction approaches.  It is followed by a bibliography listing all references used 

throughout the dissertation. 
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2.0 SOIL DISTURBANCE, ECONOMICS, AND FIRE HAZARD REDUCTION 
ASSESSMENT OF AN INTEGRATED MECHANICAL FOREST FUEL 
REDUCTION OPERATION IN SOUTHWEST OREGON 
 

M. Chad Bolding, Loren D. Kellogg, and Chad T. Davis1

 

2.1 Abstract 

Most mechanical fuel reduction treatments with goals of extracting biomass 

and generating revenue are performed with existing or modified conventional logging 

equipment.  These treatments that harvest small, non-merchantable trees are often 

integrated into commercial thinning operations.  Only a limited amount of literature 

has quantified harvesting system feasibility or environmental effects from such 

operations.  The objective of this study was to assess soil disturbance, productivity, 

cost, and fire hazard reduction effectiveness from an integrated forest 

harvesting/mechanical forest fuel reduction operation in southwest Oregon.  The study 

was conducted in a fuel reduction thinning of a 20-acre mixed conifer stand on gentle 

terrain.  A tracked, swing-boom feller-buncher and two rubber-tired, grapple skidders 

were used for felling and timber extraction.  An in-woods chipper and tub grinder 

were used to process non-merchantable stems and limbs and tops from felled 

merchantable trees into fuel chips.  Results indicate that the operation did not 

contribute to either statistically or biologically significant soil disturbance effects, 

based on an a priori biological threshold for reference.  Harvesting and processing 

non-merchantable trees increased total costs by $1,193.43 per acre and decreased 

profit by $968.96 per acre.  As observed, the integrated operation produced a net cost 

of $96.96 per acre.  From a biomass harvesting perspective, removing only the non-

merchantable portion of the stand would have resulted in a net cost of $968.96 per 

acre.  Thinning merchantable trees subsidized costs and decreased the net loss by 
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$872.00 per acre.  Fire simulation results indicated that the operation was largely 

unsuccessful for reducing fire induced mortality both immediately and 20 years 

following treatment.  Although positive results were found for increasing crowning 

index and decreasing flame length, etc. the treatment effects were not adequate for 

preventing crown fire and subsequent mortality.  This investigation will aid forest 

managers in decision making concerning expected environmental, economic, and fire 

behavior effects when prescribing integrated harvesting systems for forest fuel 

reduction and biomass utilization.   

 

2.2 Introduction 

Recent catastrophic wildfires, specifically in the Western U.S., have forced the 

forest management community to take a closer look at active management practices on 

both public and private lands.  Forest management practices such as fire exclusion, 

suppression, and reduced timber harvesting have allowed many forested stands to 

become densely overstocked with small diameter trees (Fitzgerald 2002a).  These 

stands are typically characterized by small trees tightly spaced in the understory of 

mature forests (Mutch et al. 1993).  Overabundant small trees increase surface and 

ladder fuels which both contribute to the spread and intensity of wildfire (Agee et al. 

2000).  This overstocking can lead to intensive, catastrophic, stand-replacement fires.  

Not only do overstocking and stand homogeneity increase fire hazard, but they also 

contribute to decreased vigor and reduced overall forest health and productivity 

(O’Laughlin and Cook 2003).  

 

2.2.1 Harvesting Small Trees 

To alleviate or reduce fire hazards, several alternatives exist for forest 

managers.  The most common, and typically most productive approach, is that of 

harvesting small trees with mechanical systems (Bolding et al. 2003).  Traditional 

mechanical harvesting systems are designed to fell and extract merchantable sized 
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trees into products for sale, i.e. pulpwood, sawlogs, etc.  Little research has been 

published on the harvesting of small non-merchantable stems that commonly 

contribute to wildfire hazards.  The knowledge deficiency concerned with harvesting 

small trees is most pronounced in the areas of system productivity, costs, and soil 

disturbance effects (McIver et al. 2003).  Also, the additional travel required by forest 

machines to harvest non-merchantable trees in fuel reduction applications can 

contribute to increased soil disturbance; however, this assumption has not been 

quantified.  Studies are necessary to determine the level of soil disturbance that can be 

expected from integrated harvesting systems.  On public lands, regulatory standards to 

limit the amount of area disturbed and compacted have been established without 

benefit of this information.   

Forest managers currently have a small information pool for making sound 

decisions on harvesting equipment selection and silvicultural treatment effectiveness 

for fuel reduction activities (USFS 2005a).  There are numerous limitations and 

knowledge gaps for managers to select, plan, and implement appropriate technologies 

to meet sustainable forest management goals.  Included in these is the lack of 

consistent stand characteristic targets necessary for preventing catastrophic fires 

(Keyes and O’Hara 2002).  In addition, fire altering effectiveness for a wide range of 

treatment options is largely unknown.  Once treatment prescriptions are established, 

important combined factors including mechanical system cost, soil disturbance, and 

the projected fire behavior benefits must be assessed.  The continuing improvement of 

computer modeling and simulation approaches is promising and crucial for evaluating 

comprehensive alternatives at both the stand and landscape scales (eg. Stratton 2004). 

Harvesting small stems through mechanical means has been shown to be a 

viable alternative for reducing forest fuel loads (Fiedler et al. 1999, Bolding 2002) and 

subsequent wildfire hazard (Fulé et al. 2001).  However, many problems face forest 

managers in implementing such treatments.  To date, few comprehensive research 

studies have addressed small wood harvesting in forest fuel reduction applications.  

Most that have been reported investigated traditional logging operations or limited 
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field trials of purpose-built equipment (Brown and Kellogg 1996, Coulter et al. 2002, 

Matzka 2003). 

Mechanized commercial timber harvesting systems have been studied 

extensively in the past (Kellogg et al. 1992).  The majority of these studies have 

focused on harvesting and extracting merchantable timber with commercial value.  

The existing research has been successful in supplementing field experience of forest 

managers and logging contractors and it has provided an overall better understanding 

of the capabilities and limitations of timber harvesting systems.   

As the need and justification for vegetation manipulation through thinning of 

overstocked stands has grown, commercial systems have been used to harvest small 

diameter, non-merchantable trees.  This approach to forest fuel reduction poses many 

challenges to the forest manager.  The majority of mechanized logging equipment is 

designed to fell and extract trees large enough to produce revenue.  These machines 

are typically not configured to productively fell, process, and extract small trees.  

Also, for fuel reduction operations it is more applicable and often productive to 

harvest multiple stems at a time, something that traditional equipment such as a single-

grip harvester often has difficulty with.  In economic terms, mechanical thinning 

incurs problems due to the fact that harvesting small stems is expensive and the 

resulting wood product has low value, producing high harvesting costs per unit 

volume or area (Watson et al. 1986, Bolding and Lanford 2005).  Also, few cost and 

productivity estimates have been assigned to mechanical fuel reduction systems 

(Bolding and Lanford 2001, Coulter et al. 2002).  This fact spurs researchers to find 

suitable systems that can be adapted to various terrain, vegetation, and species types. 

Commercial logging systems can provide significant benefits for a fuel 

reduction treatment.  For managers with objectives of producing a profit from 

operations, commercial systems may be able to do so.  In a fuel reduction thinning, 

merchantable stems can be processed into products and the resulting logging slash 

(limbs, tops, and foliage) could be removed from the site at the same time to further 

reduce fuel loads.  Merchantable products could be transported for sale and previously 
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non-merchantable material could be chipped (Bolding and Lanford 2005) or bundled 

(Murphy et al. 2003) as fuelwood.  By gaining revenue from the sale of products, 

often the high costs of harvesting small trees can be recovered and sometimes even 

produce a profit (Keegan III et al. 2004a).  However, many fuel reduction treatments 

will produce a net cost.  Brown and Kellogg (1996) reported a $611 per acre profit 

from a commercial logging and fuel reduction treatment in eastern Oregon.  The 

economic outcome of any fuel treatment is a function of the amount of merchantable 

material that is removed, the utilization success of the harvested biomass component, 

and the productivity of the harvesting system.  A comprehensive silvicultural 

treatment, beyond thinning from below, will in most cases produce the best 

opportunity for profit (Fiedler et al. 1999).  In addition, economically successful 

operations may require stand management compromises that include harvesting more 

merchantable trees than previously desired.         

 

2.2.2 Producing Energy from Woody Biomass 

Rising energy prices and declining supplies of crude oil have forced policy 

makers, in the U.S., to explore alternative sources of energy.  One of the most 

commonly explored alternatives is that of energy generation from renewable sources.  

Forest biomass generated from harvesting activities or fuel reduction treatments, in 

most cases, has little monetary value and is therefore left on-site and un-utilized.  In 

recent years, in-woods chipping of biomass has proven to be an effective method of 

producing quality wood chips for pulp (Carte et al. 1991).  Although energy produced 

from biomass is usually from “dirty” chips, including bark and foliage, the increase in 

in-woods chipping operations provides potential for greater recovery.  Stokes and 

Watson (1988) explained that “the development and use of portable in-woods chippers 

has significantly increased utilization and allowed recovery of small diameter, low-

quality trees at an acceptable cost”.  In response to competitiveness, some forest 

products companies are interested in purchasing chips, whether dirty or clean, directly 

from suppliers.  This enables them to reduce, and possibly exclude the chipping 
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process from their mill operations and reduce capital expenditures.  More industries, 

including forest products, are beginning to utilize the energy contained in woody 

biomass.  Biomass is being used to fuel boilers and in some cases generate electrical 

power (Kutscha 1999).   

As with all forest operations, many chipper options are available for converting 

woody biomass into chips.  Chipper selection is influenced by various factors such as: 

1) size of trees to be processed, 2) amount of wood chips required, 3) rate of chip 

production needed, and 4) importance of consistent chip size (Christopherson et al. 

1989). 

Small trees, limbs, and tops, without current merchantable value, are common 

targets for in-woods chipping operations.  Stokes (1988) reported that “the advantages 

of in-woods chipping systems include the ability to recover fiber from limbs, tops, and 

un-merchantable wood, high productivity, and advanced site preparation”.  However, 

current in-woods chipping operations have the disadvantage of requiring large tracts of 

timber for successful operations due to the high moving and setup costs of large, 

expensive chipping machines. 

The possibility of utilizing woody biomass for energy has great potential 

throughout the Nation (Zerbe 2006).  In the forest industry, a large amount of 

harvested material is left on-site; therefore, wasting its energy application potential.  

Using woody biomass as a fuel source works well in other countries, as well as the 

U.S., especially in areas where alternative sources are scarce.  Only a small amount of 

the available wood biomass is used to produce energy.  “Because of technical, 

economic, and social reasons, the utilization of wood fuel has been slow to gain wider 

acceptance” (Guimier 1989).  In the U.S., fuel chips have been used to fire kilns at 

lumber mills and digesters at pulp mills.  With technology increasing daily, uses for 

wood fiber as an alternative energy source are expected to expand.   
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2.2.3 Soil Disturbance Regulation and Significance 

The concern over soil compaction, displacement, visual disturbance, and long-

term site productivity has intensified in recent years.  Forest stands with long histories 

of intensive management tend to be characterized by numerous entries of mechanized 

timber harvesting systems.  These entries cause the soil of many stands to become 

compacted to a level that may inhibit future tree growth.  It is unclear what level of 

compaction will consistently be detrimental to future tree growth (Landsberg et al. 

2003, Miller and Anderson 2002).  This value varies with tree species, soil type, soil 

texture, depth below the surface, and soil moisture.  On public lands, administered by 

the USDA Forest Service, restrictions have been adopted to regulate the amount of 

soil disturbance that is acceptable from forest machines (USFS 1998).  These 

restrictions consider a 20% increase in soil bulk density on more than 20% of the area 

a “detrimental” level of soil disturbance.  Other scientists and agencies use increases 

in soil strength as an indicator of detrimental disturbance.  A strength value of 3,000 

kilopascals (kPa) or 3 megapascals (mPa) has been noted as a possible biological 

threshold where tree growth is detrimentally reduced (Powers et al. 1998, Powers and 

Avers 1995).  Other approaches to establishing thresholds have been based on 

moisture content, especially in sensitive soil types (Nugent et al. 2003). 

The optimal approach for determining disturbance effects on forested stands is 

to monitor tree growth and product yield (Gomez et al. 2002, Murphy et al. 2004) as a 

means of validating predictions based on increases in soil strength or bulk density 

(Miller and Anderson 2002) as well as visual disturbance (Tepp 2002, Murphy and 

Firth 2004).  Froehlich (1979) found that the effects of soil disturbance on tree growth 

can persist for decades following harvesting.  Forest productivity response to soil 

disturbance may not only depend on soil physical properties but also understory 

competition (Powers et al. 2005).  Vegetation response (Adams 2005) and consistent 

reporting protocols (Curran et al. 2005, McFee and Kelly 2005) may be the most 

important areas in need of research to fill knowledge deficiencies.  
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2.2.4 Research Questions 

 This study investigated soil disturbance, productivity, cost, and fire hazard 

reduction resulting from an integrated forest harvesting/mechanical forest fuel 

reduction operation on a 20-acre mixed conifer stand in southwest Oregon.  The 

specific research questions addressed were as follows: 1) Does the use of an integrated 

forest harvesting/mechanical fuel reduction operation with conventional ground-based 

equipment contribute to statistically and/or biologically significant changes in soil 

strength at various depths below the soil surface?, 2) Are changes in soil strength 

related to visual soil disturbance?, 3) What level of productivity and cost, per unit 

volume and area, can be expected from the system, for harvesting the non-

merchantable and merchantable portions?, and 4) What changes in fire behavior will 

occur as a result of the treatment? 

 

2.3 Methods 

2.3.1 Study Site, Prescription, and Harvesting Equipment 

This study was conducted in a fuel reduction thinning of a 20-acre mixed 

conifer stand on gentle terrain with average slopes of 12% (min 5%, max 17%).  No 

replication of study sites or harvesting treatments was used.  The study area is located 

in southwest Oregon approximately 45 miles northeast of Medford and 45 miles 

southwest of Crater Lake National Park in Jackson County.  Tree species consisted 

predominately of incense-cedar (Calocedrus decurrens) (19%), Douglas-fir 

(Pseudotsuga menziesii) (18%), and white fir (Abies concolor) (11%).  Other species 

within the study site were Pacific madrone (Arbutus menziesii), ponderosa pine (Pinus 

ponderosa), Scouler willow (Salix scouleriana), sugar pine (Pinus lambertiana), 

Oregon white oak (Quercus garryana), Pacific yew (Taxus brevifolia), vine maple 

(Acer circinatum), and hazel (Corylus spp.).  The site was chosen by the landowner 

who was interested in gaining more information on mechanical fuel reduction 

operations that are integrated with commercial thinning.  Terrain, soil, and stand 
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characteristics were similar to other areas within the ownership.  Soils in the area are 

well drained and are characterized as Dumont – Coyata gravelly loams (NRCS 1993a).   

The stand consisted of approximately 694 trees per acre with a quadratic mean 

diameter of 6.4-in.  Detailed pre-treatment stand characteristics are shown in Table 2.1 

and Figures 2.1 - 2.3.  Post-treatment stand conditions are reported later in Table 2.12.  

The site was thinned from below with a 20-ft by 20-ft spacing between residual trees.  

Merchantable leave trees were those greater than or equal to 5-inches in diameter at 

17-ft of height (approximately 7-inches DBH).  Small trees greater than 3-inches but 

less than 7-inches DBH were considered non-merchantable within local 

merchantability standards.  In addition to merchantable stems, these trees were 

harvested and transported to landings to meet forest fuel reduction objectives.  The 

resulting landing slash and extracted small, non-merchantable trees were then 

processed by an in-woods chipper and tub grinder into fuel chips.  No trees less than 

3-inches DBH were intentionally harvested.  This constraint was imposed by the 

landowner and harvesting contractor for operational feasibility.     

 
Table 2.1: Pre-treatment stand exam statistics. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 694.00 268.16 39 69.24 545.50-842.50 10 
Basal area/acre (ft2) 144.37 42.44 29 10.96 120.87-167.87 8 
SDI 314.96 83.13 26 21.46 268.92-361.00 7 
QMD (inches) 6.43 1.65 26 0.42 5.51-7.34 6 
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Figure 2.1: Total trees per acre for all species by 2-inch DBH classes. Total = 694 
TPA. 
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Figure 2.2: Basal area per acre (ft2) by 2-inch DBH classes. Total = 144.37 ft2 per 
acre. 
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Figure 2.3: Total height and height to live crown for all trees by 2-inch DBH 
classes. 
 

A logging contractor with approximately 25 years of experience implementing 

ground based harvesting treatments was selected.  The contractor also had extensive 

experience with thinning prescriptions, similar to the one used in this study, in which 

non-merchantable material is removed for forest fuel reduction objectives.  Harvesting 

equipment details and specifications used during the study are as follows:   

Feller-buncher (Figure 2.4) – The TigerCat L830 with a 5400 series single post 

felling saw is a tracked swing-to-tree excavator with 24-inch wide single grouser 

tracks and a 280 horsepower Cummins diesel engine.  The felling head has a 

maximum 22-inch DBH felling capacity and can accumulate approximately 8 to 10, 6-

inch DBH trees.  The machine weighs 72,000-lbs, has a 27.5-ft boom reach, a self-

leveling cab, and zero tail-swing. 

Rubber-tired Skidders (Figure 2.5) – Two rubber-tired grapple skidders were 

used during the study.  The Caterpillar 518C is a single-arch grapple skidder with 154 

horsepower, weighs 27,725-lbs, and has a wheel base of 128.4-inches.  The John 
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Deere 548E has a single-arch grapple with 127 horsepower, weighs 21,740-lbs, and 

has a wheel base of 115-inches.    

Processor and Loader (Figure 2.6) – Both the processor and the loader were 

Madill 2800 swing-boom excavators.  Each machine has a Cummins 260 horsepower 

diesel engine, 36-ft boom reach, 37,800-lbs of lift at 15-ft, and weighs 80,000-lbs.  

The processing head was a Waratah HTH 624 Super with a 31-inch diameter cutting 

capacity, a maximum 25-inch delimbing diameter, and weighs 7,510-lbs.   

In-woods Chipper and Tub Grinder (Figures 2.7 and 2.8) – The in-woods 

chipper was a Morbark 27RXL with an 83-inch rotating disc and 3 chipping knives.  

The chipper has a knuckleboom loader with a 25-ft reach and a 25,000-lb lifting 

capacity at 10-ft.  The machine is powered by a 650 horsepower Cummins diesel 

engine and weighs 68,000-lbs.  The feed system consists of 2 vertical feed wheels, 1 

top feed wheel, a 10-ft infeed bed, a 30-inch wide track chain, and a dirt separator.  

The chipper predominantly processed whole trees (bole, limbs, tops, and foliage) of 

non-merchantable size (<7 inches DBH).  Large limbs and tops from felled 

merchantable stems were also processed. 

The tub grinder was a Morbark 1200 series with a 630 horsepower Cummins 

diesel engine and weighs 63,940-lbs.  The 1200 series has a knuckleboom loader with 

a 26-ft reach and can lift 8,300-lbs at 10-ft.  The tub has a 12-ft diameter top opening, 

9-ft diameter at inside base, and is 60-inches deep.  The addition of the tub grinder 

was necessary in order to process material not effectively handled by the chipper such 

as slash (small limbs and tops) produced by the processor.  The combination of the 

chipper and tub grinder resulted in clean landing areas after operations were complete.     

 



 42

 
 
Figure 2.4: TigerCat L830 tracked, swing-to-tree feller-buncher with a 5400 
series 22-inch DBH capacity felling head. 
 
 

 
 
Figure 2.5: Caterpillar 518C rubber-tired, grapple skidder. 
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Figure 2.6: Madill 2800 processor (left) and loader (right).  The processor has a 
Waratah HTH 624 Super processing head. 
 
 

 
 
Figure 2.7: Morbark 27RXL mobile in-woods chipper.  
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Figure 2.8: Morbark 1200 series industrial tub grinder. 
 
 
2.3.2 Experimental Design and Data Collection 

Within the 20-acre study site, 15 plot centers were identified on a systematic 

grid of the unit (3-chains x 3-chains).  This approach was used to establish a 

representative sample of the entire area.  At each of the 15 plot centers, a 0.1-acre 

fixed radius plot (37.25-ft) and six random transect directions were established using a 

random number generator.  Possible transect azimuths ranged from 20-360° in 20° 

intervals, yielding 18 possible directions.  At each of the 15 points the following data 

were collected, before and after harvesting using the approach outlined in Figure 2.9: 

1. Soil characteristics (2, 30-ft transects), 

a. visual disturbance,  

b. strength, 

c. moisture, 

2. Standing tree information (37.25-ft radius plot), 

3. Understory shrub percent cover (2, 50-ft transects), and 
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4. Down woody fuel composition (2, 50-ft transects). 
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Figure 2.9: Example sampling diagram used during pre- and post-treatment data 
collection.  Note: drawing not to scale. 
 
 
2.3.2.1 Soil Disturbance 

Soil surface disturbance, soil strength, and soil moisture were recorded before 

and after treatment.  Response was the difference between pre- and post-treatment 

measurements and determined the level of soil disturbance generated from the 

harvesting machines.  The study attempted to detect changes in soil strength measured 

in kilopascals (kPa) at depths from 25-400 mm below the soil surface.     

Soil strength was measured before (control) and after harvest using a Rimik 

CP20 recording soil penetrometer.  Visual soil disturbance was also estimated before 

and after harvest and recorded as one of twelve codes (Table 2.2).  Pre- (July) and 
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post-harvest (September) measurements were conducted during the 2004 field season 

to ensure that soil moisture levels were compatible.  In addition, soil cores (12-inches 

below the surface) were collected with a tube-type soil sampler at each of the 15 plot 

locations pre- and post-treatment, weighed, and oven-dried (110ºC for 24 hours) to 

determine soil moisture content.       

 
Table 2.2: Visual soil disturbance codes used during data collection. Adapted 
from McMahon (1995). 
DISTURBANCE TYPE CODE
Undisturbed  
     No evidence of machine or log passage, litter and understory intact 1 
Shallow Disturbance       
     Litter still in place, evidence of minor disruption 2 
     Litter removed, topsoil exposed 3 
     Litter and topsoil mixed 4 
     Evidence of track, or log passage (imprint < 4 inches deep) 5 
Deep Disturbance  
     Topsoil removed, mineral soil exposed 6 
     Erosion feature (rill, gully, etc.) 7 
     Rutted, evidence of track, or log passage               
          4-8 inches deep 8 
          > 8 inches deep 9 
Clarifiers  
     Skid trail 10 
     Haul road 11 
     Non-soil (stumps, rocks) 12 

 

On two of the six transects per plot, using the point transect method 

(McMahon 1995), three soil strength profiles and three visual disturbance observations 

were recorded at 10, 20, and 30-ft from plot center in a random azimuth direction 

(Figure 2.9).  The study yielded 87 soil strength profiles before treatment and 89 after 

treatment or approximately 4.5 profiles per acre.  For each profile, the soil 

penetrometer recorded soil strength (kPa) at depth intervals of 25 mm from 25-400 

mm below the soil surface.  Each profile contained a total of 16 soil strength 

measurements.  The above methods and plot locations were used both prior to any 

harvesting activity and after harvesting concluded.  Transect directions were located 
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randomly for both pre- and post-treatment measurements; therefore, sampling points 

were not in the same location, in most cases.  Sources of variation within the data 

include profile to profile variation (87 profiles pre-treatment and 89 post-treatment), 

depth to depth variation (four depth classes), and visual disturbance class variation 

(two classes pre-treatment and three post-treatment).   

 

2.3.2.2 Harvesting System Productivity 

To access the individual machine and overall system productivity of the fuel 

reduction treatment, each function of the operation was studied as harvesting occurred.  

Functions included: 1) felling and bunching, 2) skidding, 3) processing, 4) loading, 5) 

chipping, and 6) tub-grinding.  Both detailed time and motion studies and activity 

sampling (Olsen and Kellogg 1983) were used to assess system productivity per unit 

volume and area.  Detailed time studies were used to determine feller-buncher and 

skidder productivity, whereas activity sampling was used for processing and loading.  

Chipping and tub grinding were studied using shift-level information provided by 

contractors.  In all studies, the effects on system productivity of harvesting the non-

merchantable portion of the stand were assessed.  This reduction in productivity and 

projected increase in cost is attributed to the extra time required to harvest small trees 

and meet fuel reduction objectives.  Recovering productivity estimates for harvesting 

both the non-merchantable and merchantable portions provided information on the 

effect of tree size and merchantability class on overall operation profitability.  Felling, 

bunching, and skidding were conducted without treating non-merchantable material 

separately from merchantable stems.  For example, the feller-buncher felled and 

bunched small trees with large ones and the skidder transported turns containing both 

non-merchantable and merchantable trees.  The study design attempted to recover the 

time spent treating each portion separately; therefore, merchantability class was 

determined for each tree felled and skidded.        
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2.3.2.2.1 Felling and Bunching 

To determine feller-buncher productivity, 10-hrs of videotape, for later 

analysis, was collected over a two day period (during the beginning of the study) as 

the machine moved throughout the stand performing the silvicultural prescription.  

The intent was to determine the amount of time spent felling and bunching non-

merchantable and merchantable sized trees separately.  The projected loss in 

productivity due to the added time spent felling and bunching non-merchantable trees 

was a result of the fuel reduction objectives.  Tree size, whether non-merchantable 

(<7-inches DBH) or merchantable (≥7-inches DBH), was verbally recorded into the 

video camera to facilitate later analysis.  To avoid tagging or marking each tree in the 

stand, a one acre area was flagged to identify merchantable sized trees.  This 

procedure was used to train our eyes and provide the best chance for accurately calling 

non-merchantable and merchantable trees into the camera.  This was the only feasible 

option available that allowed for a large sample size of feller-buncher cycles.  A 

bunching cycle included the time required to both fell and bunch a group of trees.  

Cycle time began and ended when the machine bunched and dropped a group of trees.  

A cycle included traveling, swinging, felling, bunching, and dropping.  During 

videotape analysis, 753 bunching cycles were observed. 

 

2.3.2.2.2 Skidding 

To determine skidding productivity, one rubber-tired grapple skidder was 

studied.  After felling and bunching but before skidding, four skid trails were 

identified and distances from landings were measured.  Two landings were used 

during the study.  At 100-ft intervals from the landings, trees were marked with pieces 

of flagging denoting the distance.  For example, trees 100-ft from landings were 

marked with one piece of flagging, trees 200-ft away were marked with two pieces, 

etc.  A total of 120 skidding turns were observed during the study.  For each turn, the 

following variables were recorded (time variables were recorded to the nearest 0.01 

second and subsequently converted to minutes): 
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1. Outhaul time (min) ― the time necessary for the skidder to travel 

unloaded from a landing to the next turn location.  Time began when a 

load was dropped at a landing and ended when the skidder began 

positioning for the next load. 

2. Grapple time (min) ― the time necessary for the skidder to position 

and grapple the next load.  Time began when the machine’s tires 

stopped after outhaul and ended when the tires began turning for 

inhaul. 

3. Inhaul time (min) ― the time necessary for the skidder to travel loaded 

from a turn location to a landing.  Time began when the skidder’s tires 

began turning for inhaul and ended when the load was dropped at a 

landing.   

4. Delays (min) ― the time the skidder was idle with no movement.  

Non-mechanical, mechanical, and personal delays were recorded 

during each skidding turn.  Delays were broken into five categories: 1) 

waiting-on-processor, 2) waiting-on-skidder, 3) research discussion, 4) 

personal, and 5) mechanical. 

5. Skidding distance (ft) ― the average, one-way, distance traveled by 

the skidder for each turn.  For all turns, the distances for outhaul and 

inhaul were equal since the skidder delivered turns to the same landing 

that outhaul began from.   

6. Ground slope (%) ― the average slope of the terrain between a landing 

and turn location.  Slopes for outhaul and inhaul were equal with 

outhaul percentages being positive (adverse) and inhaul percentages 

negative (favorable). 

7. Number and category of pieces skidded ― the number and 

merchantability classification of each stem skidded to a landing, per 

turn.  As the skidder arrived from inhaul, each stem was visually 
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counted and recorded as either non-merchantable (<7-inches DBH) or 

merchantable (≥7-inches DBH).    

 

2.3.2.2.3 Landing Activity 

To identify bottlenecks and determine landing efficiency, fixed-interval 

activity sampling information was collected for each machine during the productivity 

study.  Activity sampling measures the proportion of a workday that people or 

machines spend performing a series of activities (Olsen and Kellogg 1983).  This 

procedure builds information on interactions between machines and the percentages of 

time spent on each activity.  

During the skidding, processing, and loading phase of the study, activity 

samples were recorded at 30-sec intervals for the loader, processor, and both rubber-

tired skidders.  The loader was observed for 260.5-min or 521 observations.  The 

skidders and processor were observed for 335.5-min or 671 observations.  Activities 

recorded for each machine are listed in Tables 2.3 - 2.5.   

 
Table 2.3: Activities recorded during loader observation. 

ACTIVITY 
Loading merchantable logs 
Piling limbs and tops 
Adjusting log sorts 
Separating non-merchantable and merchantable stems 
Non-mechanical delay 
Traveling between activities 
Assisting truck driver 
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Table 2.4: Activities recorded during processor observation. 
ACTIVITY 

Processing merchantable logs 
Piling limbs and tops 
Piling non-merchantable stems 
Separating non-merchantable and merchantable stems 
Cleaning landing debris 
Waiting-on-skidder 
Mechanical delay 
Non-mechanical delay 
Traveling between activities 

 
Table 2.5: Activities recorded during skidder observation. 

ACTIVITY 
Off landing 
Arriving from inhaul 
Departing for outhaul 
Decking turn 
Waiting-on-processor 
Waiting-on-skidder 
Mechanical delay 
Non-mechanical delay 

 

Following the felling and bunching, skidding, processing, and loading phases 

of the study, an in-woods chipper and tub grinder were used to process landing slash 

into fuel chips.  This operation occurred approximately two months after harvesting 

was complete.  Chips were purchased by a local forest products mill and consumed for 

the production of electricity.  The chipper processed slash piles consisting of both non-

merchantable trees and limbs and tops from felled merchantable trees.  Resulting 

material not effectively processed by the chipper was fed into the tub grinder for 

further utilization.  Time required to chip or grind each vanload was recorded along 

with gross, tare, and net weights (green tons) reported by the processing facility.  

Seven vanloads of chips were produced by the chipper and four by the tub grinder.   
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2.3.2.3 Fire Behavior 

To assess the fire altering effectiveness of the fuel reduction treatment, a 

detailed stand exam was performed before and after harvesting.  The difference 

between pre- and post-harvesting stand characteristics was calculated and harvesting 

effects on stand structure, composition, and potential future fire behavior were 

determined.  Treatment effectiveness was judged by computer simulation of fire 

behavior before and after treatment.  Stand characteristics recorded during the study 

included: 1) standing tree density, 2) understory shrub cover, and 3) down woody fuel 

composition. 

The following standing tree characteristics were recorded pre- and post-

harvesting: species, diameter at breast height (DBH), height to live crown, total height, 

mortality status, basal area, and number of trees per acre.  Mortality status was divided 

into 3 categories: 1) older dead, 2) recent mortality, and 3) live.  Older dead trees were 

defined as those containing no foliage and often showed signs of bark slippage.  Trees 

characterized as experiencing recent mortality were ones with all brown foliage.  If 

trees contained any green needles or leaves they were classified as live.  Trees were 

measured on each of the 15, 0.1-acre sampling plots (37.25-ft fixed radius).  Within 

each plot, all trees ≥ five feet in height (trees with a DBH) were measured and 

recorded.  The total area cruised was 1.5-acres or 7.5% of the stand area.  One 

thousand forty-one trees were measured pre-treatment and 602 were measured post-

treatment.  Descriptive statistics from the pre-treatment stand exam are listed in Table 

2.1 and Figures 2.1 - 2.3.  Post-treatment stand conditions are reported later in Table 

2.12.   

To quantify the amount of area covered in shrubs, a line intersect survey was 

conducted pre- and post-harvesting.  At each of the 15 plot centers, two of the six 

random transect directions were used to determine shrub cover.  Each transect was 50-

feet in length.  The length of shrubs intersecting the plane above each transect was 

recorded by species.  The total length of shrubs encountered divided by 50-feet 

determined the percent of shrub cover per transect.  Thirty transects were recorded 
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during the survey totaling 1,500 feet in length.  Shrub species consisted of ocean spray 

(Holodiscus Maxim.), saskatoon (Amelanchier alnifolia), green leaf manzanita 

(Arctostaphylos patula), Oregon grape (Berberis aquifolium), and deerbrush 

(Ceanothus integerrimus).   

Down woody fuel composition (dead surface fuel) was sampled using a line 

intersect survey (Van Wagner 1968).  At each of the 15 plot centers, two of the six 

random transect directions were used to determine fuel composition.  Each transect 

was 50-feet in length.  Pieces of down woody fuel were classified by diameter using 

time lag fuel classes (Brown 1974).  Specifically, fuel classes were: 1000-hr (>3 

inches), 100-hr (1-3 inches), 10-hr (0.25-1 inches), and 1-hr (<0.25 inches).  The 

number of pieces intersecting each transect were recorded and classified.  One 

thousand hour fuels were recorded over the entire 50-ft transect length.  One hundred 

hour, 10-hr, and 1-hr fuels were recorded only at the last 6-ft of each transect.  This 

approach, adapted from Brown (1974), was used to ensure that the sampling area had 

not been disturbed as opposed to recording near the plot center where foot traffic was 

likely.  Thirty transects were recorded during the survey totaling 1,500-ft in length for 

the 1000-hr fuels and 180-ft for the other fuel classes.   

 

2.3.3 Data Analysis 

2.3.3.1 Soil Disturbance 

Soil disturbance data analysis was conducted using a completely randomized 

design with each soil strength profile as the replicate experimental unit (repeated 

subject), and each of the depth classes (repeated factors) as repeatedly measured units 

within each profile.  A repeated measures analysis of variance (ANOVA) procedure 

was performed with SAS v9.1 statistical software (SAS Institute 2002).  The CLASS, 

MODEL, RANDOM, and REPEATED statements were used within the PROC 

MIXED procedure.  A macro was used to determine an appropriate covariance 

structure since soil strength measurements within a profile were correlated with depth 

below the surface.  Akaike’s Information Criterion (AIC) values for each of 10 
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proposed structures were ranked and the lowest value determined the appropriate 

structure for the data in this investigation.  The chosen structure was then used in the 

final model (below) to estimate means, differences among means, and their 95% 

confidence limits.  All statistical tests were conducted at the α=0.05 significance level.  

 To minimize the number of repeated measures per replicate, the 16 depth 

intervals were grouped into 4 new depth classes: 1) 25-100 mm, 2) 125-200 mm, 3) 

225-300 mm, and 4) 325-400 mm.  The following depth covariance structures were 

analyzed: 
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To facilitate analysis, visual soil disturbance codes were also grouped into 

broader categories of 1) undisturbed ― code 1, 2) shallow disturbance ― codes 2-5, 

3) deep disturbance ― codes 6-9, and 4) skid trail ― code 10.  Grouped data 

categories consist of mean soil strength values of each of the initial broader categories.  

During pre-treatment measurements, only undisturbed (Pre1) and skid trail (Pre10) 

classifications were observed.  Post-harvest, observed classifications were undisturbed 

(Post1), shallow disturbance (Post2), and skid trail (Post10).  Therefore, five visual 

soil disturbance codes were used during data analysis: 1) Pre1, 2) Pre10, 3) Post1, 4) 
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Post2, and 5) Post10.  ESTIMATE statements were used to generate estimates of pre- 

and post-treatment soil strength values at each depth class as well as the difference 

between these values.  In this procedure, the two pre-treatment visual disturbance 

codes were averaged to generate mean soil strength values for all pre-treatment 

measurements.  The same method was used to establish soil strength means for all 

post-treatment measurements.  The DIFF option was used to obtain estimates of 

differences between least square means for all pairwise comparisons.  The following 

ANOVA model was used to describe the relationship between soil strength, depth 

below the soil surface, and visual disturbance observations both pre- and post-

harvesting.   

Yijk = μ + Vi + λij + Dk + VDjk + εijk

where: 

Yijk  soil strength at the kth depth in the ith visual disturbance class 

μ  is the overall mean value of Yijk (soil strength (kPa)) 

Vi is the fixed effect of the ith level of visual soil disturbance (i=Pre1, Pre10, 

Post1, Post2, or Post10) 

λij  is the random effect of profile j within visual soil disturbance classification i 

λij ~ N(0, σ2
t) j=1, 2,….,ni, (nPre1=70, nPre10=17, nPost1=28, nPost2=25, nPost10=36) 

Dk  is the fixed effect of the kth depth class (k=1, 2, 3, or 4) 

VDjk is the interaction effect of the ith level of visual soil disturbance and the kth 

depth class 

εijk is the random error term that represents variability among depth classes within 

profiles, and εij~Multivariate Normal(0,Σ) and Σ=  

represents a Toeplitz (2) covariance structure among depth classes within a 

profile. 
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The mathematical model above assumes that measurements recorded on 

different profiles are independent, observations within a profile are dependent and 
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correlated, and that all errors are normally distributed.  This analysis attempted to 

detect significant differences in soil strength that could be attributed to the harvesting 

operation.  The visual soil disturbance effect attempted to detect differences in soil 

strength between disturbance classes and the depth effect detected differences between 

depth classes.  The visual disturbance class*depth interaction effect detected 

differences in soil strength between the five disturbance classes at each of the four 

depth levels. 

 

2.3.3.2 Productivity and Costs 

To determine feller-buncher productivity, the amount of time spent treating 

non-merchantable and merchantable stems separately was estimated by analyzing 

various factors predicted to affect efficiency.  Predictor variables were examined for 

statistical importance using a stepwise regression procedure in Number Cruncher 

Statistical Systems (NCSS) (Hintze 2001).  A total of 753 feller-buncher cycles were 

observed during videotaping with dependent and independent variables used during 

analysis shown in Table 2.6.   

 
Table 2.6: Variables determined during feller-buncher analysis1. 
Dependent Variables (min) Independent Variables (per F&B cycle) 
Total F&B cycle time NM pieces 
F&B time per NM piece Merch pieces 
F&B time per Merch piece  

1F&B=Felling and Bunching, NM=Non-merchantable, Merch=Merchantable. 
 

Since all trees were felled and bunched together, felling and bunching time per 

non-merchantable and/or merchantable tree (minutes) was calculated using the 

following formula: 

Felling and bunching time per tree (min) = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

TotalPieces
BF &  

where: 

F&B = Delay-free felling and bunching time per cycle (min) 
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PiecesTotal = Total number of pieces per cycle (non-merchantable and merchantable) 

The formula distributes total felling and bunching time per cycle evenly between each 

tree recorded during a cycle observation.  Since no detailed productivity information 

was collected per tree such as diameter or move and swing times, etc. this assumption 

was necessary to establish machine capability per merchantability class.  The 

procedure was used to build information (variables) necessary to establish productivity 

equations for felling and bunching the non-merchantable and merchantable portions of 

the stand separately.              

A manual stepwise variable selection procedure was conducted to build a 

linear regression model that describes each of the dependent variables and conforms to 

the following mathematical model: 

Yi =β0 + β1X1i +β2X2i + β3X3i + β4X4i+…..+ βpXpi + εi 

The model was fit to the data using NCSS.  The criteria used for letting a variable 

enter and stay in the model was α=0.05.  Simple regression of the response variables 

on each of the independent variables was initially performed separately.  This 

procedure generated a best predictor (BP) variable which contained the largest t-

statistic and the smallest p-value.  The BP variable was then left in the model and all 

other independent variables were combined with it separately in order to specify a 

two-variable model with both variables being statistically significant yielding a second 

best predictor (SBP).  Next, the BP and SBP were left in the model and combined with 

their cross product to test for an interaction effect.  No four-variable models were 

examined during feller-buncher analysis.   
Similar to feller-buncher analysis, productivity of the skidding function was 

determined by estimating the amount of time spent extracting non-merchantable and 

merchantable trees separately.  From the 120 skidding cycles observed during time 

studies, least squares stepwise regression was used to analyze and model variables 

affecting productivity.  Dependent and independent variables used during analysis are 

shown in Table 2.7.  The stepwise variable selection procedure was used to identify 

the BP, SBP, third best predictor (TBP), and fourth best predictor (FBP) variables if 
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statistical significance was present.  No five-variable models were examined during 

skidding analysis.  

 
Table 2.7: Variables determined during skidding analysis1. 
Dependent Variables (min) Independent Variables (per SK cycle) 
Total SK cycle time NM pieces 
SK time per NM piece Merch pieces 
SK time per Merch piece Average SK distance (ft) 
 Average slope (%) 

1SK=Skidding, NM=Non-merchantable, Merch=Merchantable. 
 

As for felling and bunching, all trees were skidded together irrespective of 

merchantability class.  Therefore, the skidding time per non-merchantable and/or 

merchantable tree (minutes) was calculated using the following formula: 

Skidding time per tree (min) = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

TotalPieces
SK  

where: 

SK = Delay-free skidding time per cycle (min) 

PiecesTotal = Total number of pieces per cycle (non-merchantable and merchantable) 

The formula distributes total skidding time per cycle evenly between each tree 

recorded during a cycle.  Again, the procedure was used to build information 

necessary to establish productivity equations for skidding the non-merchantable and 

merchantable portions of the stand separately. 

Landing efficiency was assessed through simultaneously activity sampling the 

loader, processor, and two rubber-tired skidders.  Percent of observations out of total 

observations determined landing bottlenecks, delays, and the time spent processing 

and separating non-merchantable and merchantable trees.  Machine productivity and 

interaction effects, estimated from activity sampling, were based on the assumption 

that the percentage of total observations for any given activity approximates the 

percentage of time spent on that activity.  This assumption was used to estimate 

landing machine productivity based on interactions and waiting times since detailed 

productivity information was not collected for the loader and processor.  Productivity 
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of chipping and tub grinding was predicted by computing mean chipping and grinding 

times per vanload of chips and net load weights from scale tickets.     

Based on information collected during the productivity study of individual 

machines, combined system productivity and costs of the fuel reduction operation 

were predicted using the Auburn Harvesting Analyzer (AHA) spreadsheet model 

(Tufts et al. 1985).  The spreadsheet is capable of determining the productivity and 

unit cost for a harvest area based on the type of logging system used, the size of timber 

harvested, and other operational variables (Tufts et al. 1985).  The top section of the 

page inputs stand and general information.  The stock and stand table is important 

since it states what size of trees will be harvested as well as the number of trees per 

acre.  The general information section contains details such as length of time the crew 

worked, unit size, commuting distance, and road construction.  Section two of the 

AHA calculates the productivity of each machine in the system.  Results of this 

section are reported in tons per productive machine hour.  Section three shows input 

cost data including initial purchase price, economic life of the machines, insurance, 

taxes, fuel and lubrication, maintenance and repair, and labor costs.  The last section 

calculates the productivity and cost of the entire system.  In this section, the utilization 

of each function is determined by combining machines in the system.  Cost per ton for 

each function is obtained by combining hourly costs with utilization and system 

productivity.  Finally, the costs of the different functions are combined and the on-

board truck and delivered costs per ton for the system are calculated (Holtzscher 

1995).       

For this study, two AHA spreadsheets were constructed: 1) one spreadsheet 

calculated the system productivity and cost for the entire fuel reduction operation 

including harvesting and processing both non-merchantable and merchantable trees as 

observed in the field, and 2) a second spreadsheet determined the productivity and cost 

of harvesting only the merchantable portion of the stand as outlined in the silvicultural 

prescription.  The difference in the output of the two spreadsheets resulted in the 

added time and resulting increased cost due to harvesting and processing the non-
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merchantable portion and meeting fuel reduction objectives.  Input assumptions for 

each model are listed in Tables 2.8 - 2.9. 



 

Table 2.8: Auburn Harvesting Analyzer input assumptions for the whole system (as observed).
General Information:

Hours/day 10
Days/week 5
Weeks/year 50
Tract size 20 acres
Move-to-tract 2 hours
Move rate $3.00 / mile
Move distance 50 miles
Distance home 15 miles

Support
Pickups 2 @ $.50 / mile
Foreman $2,500 / month
Overhead $2,500 / month
Chainsaws 1 @ $700

Machine Productivity 1

Feller-buncher2

NMPPB 1.25
MPPB 0.73
F&B time per NM tree (min) [0.7238 - (0.0326*NMPPB)] 3

F&B time per Merch tree (min) [1.0578 + (0.2190*MPPB) + (0.1413*NMPPB] -3

Skidder3

NMPPC 5.26
MPPC 3.87
SD 483.89 feet
SK time per NM tree (min) [1.2995 + (0.0845*MPPC) + (0.0810*NMPPC) - (0.0009*SD)] -2

SK time per Merch tree (min) [1.1458 + (0.0510*MPPC) + (0.0479*NMPPC) - (0.0005*SD)] -3

Processor4

SK WOP 16.92%
PR WOS + 5.81%
Total productivity reduction 22.73%

Loader
Loading time/truckload 24.5 min
Load size 26.84 green tons
% of hour loading + 30.52
% of hour in delays + 5.95
% of hour spent on NM - 0.38
Total available % of hour 36.09

Chipper
Chipping time/truckload 60 min
Load size 24.65 green tons

Tub-grinder
Grinding time/truckload 60.5 min
Load size 24.89 green tons

Hauling
Haul distance 40 miles
Average speed 45 miles/hr
Load size 25.98 green tons
Load time 39.04 min
Unload time 30 min
Round trip time 2.93 hrs
Haul rate $2.5/mile

Machine Cost
Feller-buncher Skidder Processor Loader Chipper Tub-grinder

Initial Cost ($) $433,000 $200,000 $560,000 $385,000 $443,000 $421,000
Pay life5 (yrs) 5 5 5 5 5 5
Insurance & taxes5 (% of initial) 3.5 5 2 2 2.5 2.5
Fuel & lubrication5 ($/PMH) 20.17 11.80 15.40 15.40 53.34 51.70
Maintenance & repair5 ($/PMH) 34.64 16.81 48.25 33.17 37.80 35.93
Labor6 ($/SMH) 17.50 15.34 17.01 17.12 17.12 17.12
Interest rate (%) 10 10 10 10 10 10
Depreciation type Straight-line Straight-line Straight-line Straight-line Straight-line Straight-line
Salvage value (% of initial) 20 20 30 30 20 20
Labor overhead (%) 40 40 40 40 40 40
Availability (%) 90 85 85 90 90 90
% of work day 100 100 100 100 100 100
Number of machines 1 2 1 1 1 1

1Production equations were generated during productivity analysis, NM=Non-merchantable (<7-inches DBH), Merch=Merchantable (≥7-inches DBH)
2NMPPB=Non-merchantable pieces per bunch, MPPB=Merchantable pieces per bunch, F&B=Felling and bunching
3NMPPC=Non-merchantable pieces per cycle, MPPC=Merchantable pieces per cycle, SD=Average skidding distance (ft), SK=Skidding
4SK=Skidder, PR=Processor, WOP=Waiting on processor, WOS=Waiting on skidder
5Brinker et al. 2002
6Associated Oregon Loggers 2005 Wage Survey
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Table 2.9: Auburn Harvesting Analyzer input assumptions for the merchantable portion.

General Information:
Hours/day 10
Days/week 5
Weeks/year 50
Tract size 20 acres
Move-to-tract 2 hours
Move rate $3.00 / mile
Move distance 50 miles
Distance home 15 miles

Support
Pickups 2 @ $.50 / mile
Foreman $2,500 / month
Overhead $2,000 / month
Chainsaws 1 @ $700

Machine Productivity1

Feller-buncher2

NMPPB 0
MPPB 1.11
F&B time per Merch tree (min) [1.0578 + (0.2190*MPPB) + (0.1413*NMPPB] -3

Skidder3

NMPPC 0
MPPC 4.25
SD 483.89 feet
SK time per Merch tree (min) [1.1458 + (0.0510*MPPC) + (0.0479*NMPPC) - (0.0005*SD)] -3

Processor4

SK WOP 16.92%
PR WOS + 5.81%
Total productivity reduction 22.73%

Loader
Loading time/truckload 24.5 min
Load size 26.84 green tons
% of hour loading + 80
% of hour in delays + 5.95
% of hour spent on NM - 0
Total available % of hour 85.95

Hauling
Haul distance 40 miles
Average speed 45 miles/hr
Load size 26.84 green tons
Load time 24.5 min
Unload time 30 min
Round trip time 2.69 hrs
Haul rate $2.5/mile

Machine Cost
Feller-buncher Skidder Processor Loader

Initial Cost ($) $433,000 $200,000 $560,000 $385,000
Pay life5 (yrs) 5 5 5 5
Insurance & taxes5 (% of initial) 3.5 5 2 2
Fuel & lubrication5 ($/PMH) 20.17 11.80 15.40 15.40
Maintenance & repair5 ($/PMH) 34.64 16.81 48.25 33.17
Labor6 ($/SMH) 17.50 15.34 17.01 17.12
Interest rate (%) 10 10 10 10
Depreciation type Straight-line Straight-line Straight-line Straight-line
Salvage value (% of initial) 20 20 30 30
Labor overhead (%) 40 40 40 40
Availability (%) 90 85 85 90
% of work day 100 100 100 100
Number of machines 1 2 1 1

1Production equations were generated during productivity analysis, NM=Non-merchantable (<7-inches DBH), Merch=Merchantable ( ≥7-inches DBH)
2NMPPB=Non-merchantable pieces per bunch, MPPB=Merchantable pieces per bunch, F&B=Felling and bunching
3NMPPC=Non-merchantable pieces per cycle, MPPC=Merchantable pieces per cycle, SD=Average skidding distance (ft), SK=Skidding
4SK=Skidder, PR=Processor, WOP=Waiting on processor, WOS=Waiting on skidder
5Brinker et al. 2002
6Associated Oregon Loggers 2005 Wage Survey
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2.3.3.3 Fire Behavior 

Pre- and post-treatment fire behavior characteristics were simulated using the 

Forest Vegetation Simulator (FVS) (Dixon 2002) and evaluated on a 20-year planning 

horizon with five year assessment intervals.  Specifically, wildfire potential was 

evaluated using the Fire and Fuels Extension to the FVS (FFE-FVS) (Reinhardt and 

Crookston 2003).  Simulation assumptions were based on the Inland California / 

Southern Cascades (ICASCA or CA) variant of the FVS (Dixon 1999).  This variant 

encompasses the geographic area where the test stand is located.  The Rogue River 

National Forest location code (610) (closest National Forest to the study site), alpha 

ecoclass code 3 (XCDC421), plant association PSME-ABCO (Douglas-fir/white fir), 

SDIMAX of 786, and site index 72 (base age 50) were used in the projections.   

Data collected during both pre- and post-treatment measurements were used as 

simulation inputs to predict immediate and future potential fire behavior for: 1) the 

pre-treatment stand (control), and 2) the post-treatment stand (response).  In addition, 

a third scenario was examined that included thinning merchantable trees according to 

spacing guidelines and removing all non-merchantable trees (trees <7 inches DBH).  

In contrast to the post-treatment conditions that included the removal of non-

merchantable trees between three and seven inches DBH, this treatment specifies 

removal of all trees without merchantable value.  Standing tree information, shrub 

cover, and down woody fuel characteristics were used as time zero conditions to begin 

each simulation.  The all non-merchantable removal scenario (ANM) was created 

from post-treatment stand characteristics with additional removal of all trees < 7 

inches DBH.  Down woody fuel tons per acre calculations were derived from 

equations by Van Wagner (1968) and specific gravity estimates from Brown (1974).   

The immediate effects of the fuel reduction treatment for altering fire behavior 

were assessed by simulating fires (FFE keyword SIMFIRE) at both severe and 

moderate weather conditions through the pre, post, and ANM stand conditions at the 

time of measurement.  The relative difference in resulting fire severity and subsequent 

mortality determined immediate treatment effectiveness following the harvesting 
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operation.  The following FFE output reports were used to assess fire effects for each 

simulation: 1) burn conditions report (keyword BURNREPT), 2) fuel consumption 

report (keyword FUELREPT), and 3) mortality report (keyword MORTREPT).  

Weather conditions for each simulation were held constant and defined as: 

• Severe ― conditions conducive to initiating crown fire (Spring/Summer) 

o Wind speed = 20 mph 

o Temperature = 80º F 

o Fuel moisture = very dry (%) 

 1 hr–3, 10 hr–4, 100 hr–5, 1000 hr–10, Duff–15, Live–70    

• Moderate ― conditions commonly associated with prescribed fire and less 

conducive to initiating crown fire (Fall/Winter) 

o Wind speed = 5 mph 

o Temperature = 50º F 

o Fuel moisture = moist (%) 

 1 hr–12, 10 hr–12, 100 hr–14, 1000 hr–25, Duff–125, Live–150 

To assess the fuel reduction treatment effectiveness over time, the pre, post, 

and ANM stands, as described during measurement, were allowed to progress 

naturally without further treatment.  A potential fire report (keyword POTFIRE) was 

generated within FFE-FVS to assess the long-term fire altering effects of the 

treatment.  The following simulation output variables were analyzed at each 

assessment period (five years) for 20 years (2004-2024): 

• Flame length ― the potential flame length (ft) during severe and moderate 

weather conditions. 

• Crowning index ― the 20-ft wind speed (mph) needed to support an active 

or running crown fire.  Treatment alternatives producing the highest wind 

speed are often considered to be the best approach for minimizing 

catastrophic fire.  Crowning index has been used as a surrogate for fire 

hazard in past studies (Fulé et al. 2004).  Fiedler et al. (2002) rated stands 
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with crowning index values less than 25 mph as high hazard, 25-50 mph as 

moderate hazard, and greater than 50 mph as low hazard. 

• Potential fire type 

o (A) Active crown fire ― the fire moves through the stand burning 

all tree crowns (wind speed is greater than the crowning index) 

o (P) Passive crown fire ― some crowns burn as individual trees or 

groups of trees torch (wind speed is greater than the torching index 

[the wind speed necessary for torching of some trees to occur] but 

less than the crowning index) 

o (S) Surface fire ― crowns do not burn (wind speed is less than the 

torching index) 

• Potential mortality ― the potential tree mortality measured as the percent 

of basal area that would be killed as a result of fire. 

• Potential smoke ― the potential amount of particulate matter smoke 

emissions (tons per acre) less than 2.5 microns in diameter. 
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2.4 Results and Discussion 

2.4.1 Soil Disturbance 

After oven-drying and weighing soil samples, average moisture contents were 

determined to be 14.95% for pre-treatment samples and 16.26% for post-treatment 

samples.  One way ANOVA indicated no significant difference between the means 

(F=2.14, p=0.1549).  Assumptions of normality were assessed and confirmed through 

analysis of residual plots (Figure 2.10).  The sample size corrected AIC values (AICc) 

for each covariance model are given in Table 2.10.  

 
Table 2.10: AICc values for each covariance model.  Note: TOEP(2) had the 
minimum AICc value1. 

Model AICc  Model AICc 
CS 10095.8  AR(1) 10058.2 

UN(4) N/A  TOEP(4) 10057.9 
UN(3) 10058.9  TOEP(3) 10055.9 
UN(2) 10057.7  TOEP(2) 10053.9 
UN(1) 10094.6  TOEP(1) 10093.8 

1CS=Compound Symmetry, UN=Unstructured, AR=Autoregressive, TOEP=Toeplitz 
 

The following Toeplitz (2) (TOEP) covariance model was selected: 

 
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

50866518824100.000.0
18824150866518824100.0

00.0188241508665188241
00.000.0188241508665

The TOEP (2) structure was selected due to its minimum AICc value and was 

used in the final mathematical model to estimate means, differences among means, 

and their confidence limits.  The structure requires the estimation of 2 parameters.  In 

this model, variance among soil strength values within each depth class was larger 

than among strength values between depth classes.   
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Figure 2.10: Histogram of residuals reflecting normality with a Toeplitz (2) 
covariance structure. 

 

As noted in the correlation matrix below, correlation among strength values at 

depth classes 1-2, 2-3, and 3-4 was estimated to be 0.37.  Correlation among strength 

values at depth classes 1-3, 1-4, and 2-4 was estimated to be 0.  This correlation is also 

represented graphically in Figure 2.11. 
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The estimated correlations among depth classes were:  
⎥
⎥
⎥
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⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡
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Figure 2.11: Graphical representation of soil strength correlation among depth 
classes.  Residuals are displayed in kilopascals (kPa). 
 

As noted in Table 2.11 below, the interaction effect between visual disturbance 

class (VDC) and depth class was not statistically significant (F12,453=1.22, p=0.268).  

This implies that the differences in soil strength values between visual disturbance 

classes do not depend on depth below the soil surface.   
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Table 2.11: Table of F statistics for main effects and interactions1. 
Effect Num DF Den DF F Value Pr > F 
VDC 4 171 0.46 0.7685 
Depth Class 3 453 73.55 <0.0001
VDC*Depth Class 12 453 1.22 0.2684 

1Num DF=Numerator degrees of freedom, Den DF=Denominator degrees of freedom, VDC=Visual 
disturbance class. 
 

The main effect of visual soil disturbance class was not statistically different 

from zero, indicating that soil strength does not depend on visual disturbance 

classification.  As expected, the main effect of depth class was statistically significant 

(F3,453=73.55, p<0.0001).  This result implies that soil strength changes as depth below 

the soil surface increases. 
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Figure 2.12: Mean soil strength (kPa) with 95% confidence intervals, for the five 
visual soil disturbance codes within each depth class. 

 

As indicated in Figure 2.12, the overlapping of confidence intervals within 

depth classes for each of the five analyzed visual disturbance classes implies virtually 
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no statistically significant difference between disturbance classes within a depth class.  

Soil strength values within each disturbance class tend to increase with increasing 

depth below the soil surface with the exception of pre-treatment skid trail 

measurements (Pre10).  Pre10 observations show an increase in soil strength between 

depth classes 1 and 2, then decline at depth classes 3 and 4, although this trend is not 

statistically significant.      
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Figure 2.13: Estimated difference in mean soil strength (kPa) with 95% 
confidence intervals between pre- and post-treatment measurements (post-pre) 
for each depth class (visual soil disturbance not considered).  Note: a positive 
change indicates an increase in soil strength following treatment. 

 

Figure 2.13 shows the estimated mean differences in soil strength values 

between pre- and post-treatment conditions at each depth class.  Depth classes 1 and 2 

show a mean decrease in soil strength following the harvesting treatment, although 

their confidence intervals include zero indicating no statistically significant difference.  
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Depth classes 3 and 4 each show a mean increase in soil strength following treatment, 

although the difference is only statistically different from zero for depth class 4 (t-

value453=2.09, p=0.0367, 95% CI=23.39, 732.41).     

 

2.4.1.1 Soil Disturbance Biological Significance 

For this study, based on the available literature and conversations with other 

scientists, we have a priori determined that soil strength values of 3,000 kPa or greater 

may have a biologically meaningful effect on future site productivity.  This threshold 

value is presented for data reference only and does not represent an absolute level 

where reduced site productivity occurs.  Figure 2.14 shows average pre- and post-

treatment soil strength values along with their 95% confidence intervals.  The figure 

indicates that neither pre- nor post-treatment soil strength values exceeded the a priori 

3,000 kPa threshold for biological significance at any depth class.  Assuming that the 

threshold applies to the 20 acre study site, these results imply that the harvesting 

treatment did not contribute to biologically significant changes in soil strength for any 

depth class.  However, it is important to note that the threshold level for biological 

significance varies from site to site and the 3,000 kPa level is presented here for 

comparison purposes only.  Without measuring vegetation response to the harvesting 

treatment valid conclusions cannot be drawn as to the actual relationship between soil 

strength and future growth potential.   
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Figure 2.14: Mean pre- and post-treatment soil strength estimates and 95% 
confidence intervals (averaged across visual disturbance classes) at each depth 
class. 
 
 
2.4.2 Harvesting Function Productivity 

The difference between pre- and post-harvest stand measurements determined 

the number of trees and volume per acre removed during treatment.  Tree weights 

(green tons) were estimated by calculating non-merchantable and merchantable 

components of each tree measured before and after harvesting.  Non-merchantable 

tons include: 1) foliage, limbs, and tops from a 6 inch (diameter outside bark) non-

merchantable tip of merchantable sized trees, and 2) total weights for non-

merchantable sized trees ≥0.5 but less than <7 inches DBH (foliage, limbs, tops, and 

bole).  Merchantable tons were predicted for boles of trees ≥7 inches DBH to a 6 inch 

(diameter outside bark) merchantability limit.  Total above ground biomass was 

estimated with equations from Jenkins et al. (2004), whereas residue weight (foliage, 

limbs, and tops) was calculated using weight tables from Snell and Brown (1980).  
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The difference between total weight and residue weight determined merchantable 

weight.  Stand density and biomass statistics are shown in Table 2.12.  Since trees <3 

inches DBH were not removed during treatment, 308.67 residual non-merchantable 

trees per acre remained.     

 
Table 2.12: Stand density and biomass statistics1. 
 Pre-harvest Harvested Residual
Trees per acre    
     Total 694.00 292.67 401.33 
     Non-merchantable 536.00 227.33 308.67 
     Merchantable 158.00 65.33 92.67 
Green tons per acre    
     Total 151.83 61.29 90.54 
     Non-merchantable 57.18 23.91 33.27 
          Small tree (<7 inches DBH) 12.75 6.52 6.23 
          Merchantable tree (limbs and tops)2 44.43 17.37 27.06 
     Merchantable 94.65 37.45 57.20 
Basal area per acre (ft2) 144.37 59.3 85.07 
Stand density index (SDI) 314.96 132.20 182.76 

1Number of observations=15. Non-merchantable=trees <7inches DBH, Merchantable=trees ≥7 inches 
DBH.  
2Six inch top (diameter outside bark). 

 

2.4.2.1 Feller-buncher Productivity 

Three linear regression models were constructed to estimate the dependent 

variables of: 1) delay-free felling and bunching time per cycle, 2) felling and bunching 

time per non-merchantable tree, and 3) felling and bunching time per merchantable 

tree.  Descriptive statistics for each dependent and independent variable are listed in 

Table 2.13.  From videotape analysis, 753 felling and bunching cycles were recovered.  

During analysis of residual histograms, 13 observations were removed as outliers from 

the dataset, yielding 740 remaining felling and bunching cycles for analysis.  The 

outliers had unusually large residuals and were removed from consideration when 

constructing final regressions.  The residuals of each dependent variable are normally 

distributed and exhibit constant variance after appropriate transformations were 

applied.  Transformations were selected based on: 1) visual estimation of residual 
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normality, 2) Shapiro-Wilk normality test statistic (Shapiro and Wilk 1965), and 3) 

model fit (coefficient of determination (R2)).     

 
Table 2.13: Feller-buncher analysis descriptive statistics1. 
 Mean SD Min. Max. 
Dependent variables (min)2     
     Total time per F&B cycle3 0.66 0.35 0.17 2.18 
     F&B time per NM piece4 0.30 0.16 0.04 1.09 
     F&B time per Merch piece5 0.48 0.26 0.09 1.48 
     
Analyzed Independent variables 
(per F&B cycle)3

    

     NM pieces (NMPPB) 1.25 1.58 0 7 
     Merch pieces (MPPB) 0.73 0.56 0 2 
     
Excluded Independent variables 
(per F&B cycle)3,6

    

     Total pieces 1.98 1.26 1 7 
     NM pieces (% of total) 44.38 44.59 0 100 
     Merch pieces (% of total) 55.61 44.59 0 100 
     Total tons7 0.65 0.44 0.03 1.71 
     NM tons 0.23 0.12 0.03 0.56 
          Small tree (<7 inches DBH) 0.04 0.004 0 0.20 
          Merch tree (limbs and tops) 0.20 0.15 0 0.53 
     Merch tons 0.42 0.32 0 1.15 

1NM=Non-merchantable, Merch=merchantable, F&B=felling and bunching, NMPPB=non-
merchantable pieces per bunch, MPPB=merchantable pieces per bunch, SD=standard deviation. 
2Delay-free. 
3Number of observations=740. 
4Number of observations=396. 
5Number of observations=496. 
6Variables were excluded from analysis due to correlation. 
7Weight variables are expressed in green tons and were calculated based on removal volume. 
 
 
2.4.2.1.1 Delay-free Time per Felling and Bunching Cycle 

The best model for estimating delay-free time per felling and bunching cycle 

included both analyzed independent variables.  Non-merchantable pieces per bunch 

(NMPPB) was chosen as the best predictor and merchantable pieces per bunch 

(MPPB) was the second best predictor.  When combined, both terms were statistically 

significant (NMPPB(t=13.607, p<0.0001) and MPPB(t=8.825, p<0.0001)) and stayed in the model.  
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The interaction term was insignificant (t=0.844, p=0.399) and therefore removed.  

Each of the 740 felling and bunching cycle observations were used to construct the 

model.  The best model along with indicators of significance and fit are presented 

below.  After analyzing residuals of the dependent variable, a 1/3 power 

transformation was applied to better approximate normality.  Therefore, the regression 

model specified below is raised to the 3rd power.  This model should be useful for 

forest managers interested in predicting the amount of time required to fell and bunch 

non-merchantable stems along with merchantable ones when piece counts are known 

or can be estimated.         

Regression Model [1]: 

Delay-free time per F&B cycle (min) = 

[0.7032(SE=0.0133) + (0.1010(SE=0.0114)*MPPB) + (0.0557(SE=0.0041)*NMPPB)]3

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 0.7032 0.0133 52.854 <0.0001 
MPPB 0.1010 0.0114 8.825 <0.0001 
NMPPB 0.0557 0.0041 13.607 <0.0001 

 
Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 530.5487 530.5487     
Model 2 3.0864 1.5432 92.736 <0.0001 0.1290 0.20
Error 737 12.2644 0.0166     
Corrected Total 739 15.3508 0.0208     

 

2.4.2.1.2 Felling and Bunching Time per Non-merchantable Tree 

The best model for estimating the felling and bunching time per non-

merchantable tree included only the independent variable NMPPB(t=-9.278, p<0.0001).  

MPPB was not included in the model because it was insignificant (t=-0.929, 

p=0.3535).  Of the 740 initial felling and bunching observations, only 396 included at 

least 1 non-merchantable tree.  These 396 were used to construct the regression model.  

The remaining 344 observations contained no non-merchantable trees.   
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The best model along with indicators of significance and fit are presented 

below.  After analyzing residuals of the dependent variable, a 1/3 power 

transformation was applied to better approximate normality.  Therefore, the regression 

model specified below is raised to the 3rd power.  This model should be useful for 

forest managers interested in predicting the amount of time required to fell and bunch 

non-merchantable stems separately when piece counts are known or can be estimated.  

The model was used during cost analysis to predict the delay-free time to fell and 

bunch non-merchantable stems removed during the study.         

Regression Model [2]: 

F&B time per NM tree (min) = [0.7238(SE=0.0097) – (0.0326(SE=0.0035)*NMPPB)]3

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 0.7238 0.0097 74.807 <0.0001 
NMPPB -0.0326 0.0035 -9.278 <0.0001 

 
Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 166.0461 166.0461     
Model 1 0.8879 0.8879 86.086 <0.0001 0.1016 0.18
Error 394 4.0639 0.0103     
Corrected Total 395 4.9518 0.0125     

 

2.4.2.1.3 Felling and Bunching Time per Merchantable Tree 

The best model for estimating the felling and bunching time per merchantable 

tree included both analyzed independent variables.  Non-merchantable pieces per 

bunch (NMPPB) was chosen as the best predictor and merchantable pieces per bunch 

(MPPB) was the second best predictor.  When combined, both terms were statistically 

significant (NMPPB(t=12.216, p<0.0001) and MPPB(t=6.806, p<0.0001)).  The interaction term 

was included but was insignificant (t=1.137, p=0.2563) and therefore removed.  Of the 

740 initial felling and bunching observations, only 496 included at least 1 

merchantable tree.  These 496 were used to construct the regression model.  The 

remaining 244 observations contained no merchantable trees.   
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The best model along with indicators of significance and fit are presented 

below.  After analyzing residuals of the dependent variable, a -1/3 power 

transformation was applied to better approximate normality.  Therefore, the regression 

model specified below is raised to the -3rd power.  This model should be useful for 

forest managers interested in predicting the amount of time required to fell and bunch 

merchantable stems separately when piece counts are known or can be estimated.  The 

model was used during cost analysis to predict the delay-free time to fell and bunch 

merchantable stems removed during the study.         

Regression Model [3]: 

F&B time per Merch tree (min) = 

[1.0578(SE=0.0372) + (0.2190(SE=0.0322)*MPPB) + (0.1413(SE=0.0116)*NMPPB)]-3

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 1.0578 0.0372 28.451 <0.0001 
MPPB 0.2190 0.0322 6.806 <0.0001 
NMPPB 0.1413 0.0116 12.216 <0.0001 

 
Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 917.3029 917.3029     
Model 2 7.5353 3.7677 89.926 <0.0001 0.2047 0.27
Error 493 20.6553 0.0419     
Corrected Total 495 28.1906 0.0569     

 

2.4.2.2 Skidding Productivity 

Three linear regression models were constructed to estimate the dependent 

variables of: 1) delay-free skidding cycle time, 2) skidding cycle time per non-

merchantable tree, and 3) skidding cycle time per merchantable tree.  Descriptive 

statistics for each dependent and independent variable are listed in Table 2.14.  From 

field data collection, 120 skidding cycles were observed.  During analysis of residual 

histograms, 3 observations were removed as outliers from the dataset, yielding 117 

remaining skidding cycles for analysis.  These observations had unusually large 

residuals and were removed from consideration when constructing final regressions.  
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The residuals of each dependent variable are normally distributed and exhibit constant 

variance after appropriate transformations were applied in accordance with the criteria 

used for feller-buncher analysis.   

 
Table 2.14: Skidding analysis descriptive statistics1. 
Dependent variables (min)2 Count Mean SD Min. Max. 
     Total time per SK cycle3 117 3.50 0.93 1.19 5.90 
     SK time per NM tree4 105 0.44 0.22 0.14 1.24 
     SK time per Merch tree3 117 0.47 0.24 0.14 1.26 
      
Analyzed Independent variables 
(per SK cycle)3

     

     NM pieces 117 5.26 4.66 0 21 
     Merch pieces 117 3.87 1.48 1 8 
     Average SK distance (ft) 117 483.89 210.80 10 830 
     Average ground slope (%) 117 7.57 3.48 2 16 
      
Excluded Independent variables 
(per SK cycle)3,5,6

     

     Total pieces 117 9.14 4.52 2 24 
     NM pieces (% of total) 117 48.16 26.21 0 92.86
     Merch pieces (% of total) 117 51.83 26.21 7.14 100 
     Total tons6 117 3.40 1.21 0.95 6.83 
     NM tons 117 1.18 0.38 0.38 2.24 
          Small tree (<7 inches DBH) 117 0.15 0.13 0 0.60 
          Merch tree (limbs and tops) 117 1.03 0.39 0.27 2.13 
     Merch tons 117 2.22 0.85 0.57 4.59 

1SK=Skidding, NM=Non-merchantable, Merch=merchantable, SD=standard deviation. 
2Delay-free. 
3Number of observations=117. 
4Number of observations=105. 
5Variables were excluded from analysis due to correlation. 
6Weight variables are expressed in green tons and were calculated based on removal volume. 
 
 
2.4.2.2.1 Delay-free Time per Skidding Cycle 

The best model for estimating delay-free time per skidding cycle included the 

independent variables skidding distance (SD) and merchantable pieces per cycle 

(MPPC).  SD was chosen as the best predictor and MPPC was the second best 

predictor.  When combined, both terms were statistically significant (SD(t=15.061, p<0.0001) 
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and MPPC(t=2.197, p=0.0301)).  The interaction term was not included because it was 

insignificant (t=-0.767, p=0.4445).  Neither average slope nor non-merchantable 

pieces per cycle were statistically significant after SD and MPPC were included in the 

model.  All 117 skidding observations were used to construct the model.  The best 

model along with indicators of significance and fit are presented below.  This model 

should be useful for forest managers interested in predicting the amount of time 

required to skid non-merchantable stems along with merchantable ones when 

merchantable piece counts and skidding distance (ft) are known or can be estimated.         

Regression Model [4]: 

Delay-free time per skidding cycle (min) = 

[1.4750(SE=0.1833) + (0.0746(SE=0.0340)*MPPC) + (0.0036(SE=0.0002)*SD)] 

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 1.4750 0.1833 8.047 <0.0001 
MPPC 0.0746 0.0340 2.197 0.0301 
SD 0.0036 0.0002 15.061 <0.0001 

 
Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 1432.2840 1432.2840     
Model 2 66.3316 33.6658 115.283 <0.0001 0.5404 0.67
Error 114 33.2912 0.2920     
Corrected Total 116 100.6228 0.8674     

 

2.4.2.2.2 Skidding Time per Non-merchantable Tree 

The best model for estimating skidding time per non-merchantable tree 

included the independent variables non-merchantable pieces per cycle (NMPPC(t=21.067, 

p<0.0001)), skidding distance (SD(t=-11.019, p<0.0001)), and merchantable pieces per cycle 

(MPPC(t=7.676, p<0.0001)).  NMPPC was chosen as the best predictor, SD the second best 

predictor, and MPPC the third best predictor.  A fourth variable, slope, was not 

included in the model because it was insignificant (t=-1.344, p=0.1821).  Of the 117 

initial skidding observations, only 105 included at least 1 non-merchantable tree.  
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These 105 were used to construct the regression model.  The remaining 12 

observations contained no non-merchantable trees.   

The best model along with indicators of significance and fit are presented 

below.  After analyzing residuals of the dependent variable, a -1/2 power 

transformation was applied to better approximate normality.  Therefore, the regression 

model specified below is raised to the -2nd power.  This model should be useful for 

forest managers interested in predicting the amount of time required to skid non-

merchantable stems separately when non-merchantable and merchantable piece counts 

and average skidding distance (ft) are known or can be estimated.  The model was 

used during cost analysis to predict the delay-free time to skid non-merchantable 

stems removed during the study.         

Regression Model [5]: 

Skidding time per NM tree (min) = 

[1.2995(SE=0.0624) + (0.0845(SE=0.0110)*MPPC) + (0.0810(SE=0.0038)*NMPPC) 

– (0.0009(SE=0.0001)*SD)]-2

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 1.2995 0.0624 20.831 <0.0001 
MPPC 0.0845 0.0110 7.676 <0.0001 
NMPPC 0.0810 0.0038 21.067 <0.0001 
SD -0.0009 0.0001 -11.019 <0.0001 

 
Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 284.1516 284.1516     
Model 3 12.3675 4.1225 155.980 <0.0001 0.1626 0.82
Error 101 2.6694 0.0264     
Corrected Total 104 15.0369 0.1446     

 

2.4.2.2.3 Skidding Time per Merchantable Tree 

The best model for estimating skidding time per merchantable tree included the 

independent variables non-merchantable pieces per cycle (NMPPC(t=23.168, p<0.0001)), 

skidding distance (SD(t=-11.093, p<0.0001)), and merchantable pieces per cycle 
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(MPPC(t=8.430, p<0.0001)).  NMPPC was chosen as the best predictor, SD the second best 

predictor, and MPPC the third best predictor.  A fourth variable, slope, was not 

included in the model because it was insignificant (t=-1.135, p=0.2586).  All 117 

initial skidding observations included at least 1 merchantable tree and were used to 

construct the regression model.   

The best model along with indicators of significance and fit are presented 

below.  After analyzing residuals of the dependent variable, a -1/3 power 

transformation was applied to better approximate normality.  Therefore, the regression 

model specified below is raised to the -3rd power.  Although similar to regression 

model [5], this model included all 117 observations and was fit to give the best 

possible prediction of skidding time per merchantable tree.  Also, a slightly different 

transformation (-1/3 vs. -1/2) was necessary to best approximate residual normality 

when the additional 12 observations were included in the analysis.  This model should 

be useful for forest managers interested in predicting the amount of time required to 

skid merchantable stems separately when non-merchantable and merchantable piece 

counts and average skidding distance (ft) are known or can be estimated.  The model 

was used during cost analysis to predict the delay-free time to skid merchantable stems 

removed during the study.         

Regression Model [6]: 

Skidding time per Merch tree (min) = 

[1.1458(SE=0.0327) + (0.0510(SE=0.0061)*MPPC) + (0.0479(SE=0.0021)*NMPPC) 

– (0.0005(SE=0.00001)*SD)]-3

Regression Equation Details: 
Independent Variable Coefficient SE T-Value Pr > |t| 
INTERCEPT 1.1458 0.0327 34.991 <0.0001 
MPPC 0.0510 0.0061 8.430 <0.0001 
NMPPC 0.0479 0.0021 23.168 <0.0001 
SD -0.0005 0.00001 -11.093 <0.0001 
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Analysis of Variance: 
Source DF SS MS F-Ratio Pr > F RMSE R2

Intercept 1 215.7862 215.7862     
Model 3 4.7328 1.5776 182.970 <0.0001 0.0928 0.83
Error 113 0.9743 0.0086     
Corrected Total 116 5.7071 0.0492     

 

2.4.2.2.4 Time Elements and Delays 

Time elements of a skidding cycle included outhaul, grapple, inhaul, and delay 

times.  Descriptive statistics and average times are shown in Table 2.15 and Figure 

2.15.  Outhaul and inhaul times were comparable with values of 1.19 and 1.44 minutes 

per cycle, respectively.  Since the skidder brought turns to the same landing that it left 

from (skidding distance per turn was equal) this result implies that the skidder traveled 

slightly slower when loaded.  Average grapple time (machine positioning or turn 

making) per cycle was 0.86 minutes and is largely a function of bunch integrity and 

can be attributed to proper skid trail placement and felling pattern.  Grapple time 

ranged from 0.25-3.27 minutes per cycle with few observations of multiple stops and 

was not highly correlated with any independent variables (eg. r=0.13 vs. skidding 

distance).  Delay-free cycle time averaged 3.5 minutes and was used to model the 

linear regressions associated with productivity.  Fifty-two delays averaging 2.19 

minutes per occurrence were recorded during observation.  Distributing the delays 

over all 117 cycles resulted in an average delay time per cycle of 0.98 minutes or 22%.  

As a result, the total time per skidding cycle including delays was 4.47 minutes.  

 
Table 2.15: Skidding cycle time elements descriptive statistics (min). 
 Count Mean SD1 Min. Max. 
Total cycle time w/ delays 117 4.47 2.16 1.98 17.47 
Delays 52 2.19 2.56 0.08 14.14 
Cycle time w/o delays 117 3.50 0.93 1.19 5.90 
Inhaul 117 1.44 0.46 0.29 3.27 
Grapple 117 0.86 0.43 0.25 3.27 
Outhaul 117 1.19 0.41 0.47 2.33 

1SD=standard deviation. 
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Figure 2.15: Average time per skidding cycle by time element. N=117. 
 

Of the 52 delays recorded during skidding, 68.54% of the time was a result of 

waiting on the processor.  This was due to congestion on the landing resulting from 

the extra time required to sort and handle non-merchantable trees.  Interaction and 

waiting on the other skidder made up 8.26% of the delay time with research 

discussions totaling 8%.  A detailed distribution of delays is shown in Figure 2.16. 
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Figure 2.16: Breakdown of delay time incurred during skidding. N=52. 

 

2.4.2.3 Landing Equipment Productivity and Interaction 

Skidding activity sampling results (Figure 2.17) indicate, as observed, that 

harvesting the additional small non-merchantable trees congested the landing.  Of 671 

observations, waiting on the processor accounted for 19.23% and 14.61% of the 

sample time for the John Deere and Caterpillar, respectively.  However, the majority 

of observations were recorded when the skidders were off the landing retrieving a 

turn, 67.51% and 64.83% per skidder.  No other activity accounted for more than 6% 

of the observations.  These results imply that the processing function of the operation 

reduced skidding productivity.   
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Figure 2.17: Activity sampling percentage of observations for each skidder. 
N=671 (335.5 minutes). 
 

As for skidding, 671 processor activity observations (335.5 min) were 

recorded.  From Figure 2.18, processing merchantable logs made up the majority of 

scheduled time (57.82%).  Due to harvesting non-merchantable trees, piling non-

merchantable trees and separating non-merchantable and merchantable trees 

comprised 14.46% and 2.38%, respectively, of observations.  This result implies that 

the processor’s productive capacity was reduced due to the influx of non-merchantable 

trees brought to the landing by skidders.  Had non-merchantable trees been left in the 

woods, the breakdown of processor activities would have likely been different with 

more merchantable log processing and resulting greater productivity.     

Since processor productivity per tree or volume wasn’t directly measured, the 

following formula, using activity sampling results, was used to estimate its productive 

capability: 
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Processor productivity (tons/PMH) = ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +

−
100

* WOSWOPSKPSKP  

where: 

PMH = Productive machine hour 

SKP = Skidding productivity (tons/PMH) for both skidders combined 

WOP = Average percent of activity sampling observations that a skidder was waiting 

on the processor 

WOS = Percent of activity sampling observations that the processor was waiting on a 

skidder 

This formula reduces the processor’s productivity by the total percentage of skidder 

and processor waiting time recorded during activity sampling.  This calculation was 

necessary to adjust processor productivity because its capability is directly related to 

skidding productivity.      
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Figure 2.18: Processor activity sampling percentage of observations. N=671 
(335.5 minutes), NM=non-merchantable, M=merchantable. 
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As expected, harvesting the non-merchantable portion of the stand had little 

effect on loader productivity since this machine is primarily designed and used to sort 

and load merchantable logs.  As shown in Figure 2.19, 83.88% of activity sampling 

observations were recorded for adjusting log sorts (53.36%) and loading merchantable 

logs (30.52%).  The non-merchantable harvesting effects (separating non-

merchantable and merchantable trees) had only 2 observations or 0.38% of the total.  

The following formula was used to estimate loader productivity based on average 

truck loading times and activity samples recorded during the study: 

Loader productivity (tons/PMH) = ⎟
⎠
⎞

⎜
⎝
⎛ −+

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

100
*

60

PNMPDPL
MTL
LS   

where: 

PMH = Productive machine hour 

LS = Average payload per truckload of roundwood (tons) 

MTL = Actual loading time per truckload of roundwood (min) 

PL = Percent of activity sampling observations recorded as loading roundwood 

PD = Percent of activity sampling observations recorded for a delay 

PNM = Percent of activity sampling observations recorded as separating non-

merchantable and merchantable trees 

This formula calculates loader productivity based on two factors: 1) maximum 

productivity if loading occurred for 100 percent of the scheduled time, and 2) the 

percent of time the loader was available to actually load trucks.  The result is the 

number of tons per PMH that the machine can load given the other activities that are 

required.  For example, the loader has responsibility for adjusting log sorts which 

consisted of 53.36% of the scheduled time during this study.  Therefore it was 

necessary to determine the amount of time available for loading which was distributed 

by the maximum productivity and determined actual loading potential. 
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Figure 2.19: Loader activity sampling percentage of observations. N=521 (260.5 
minutes), NM=non-merchantable, M=merchantable. 
 

During the chipping and tub-grinding phase of the operation, 11 vanloads of 

chips were produced, 7 from the chipper, and 4 from the tub-grinder.  The operation 

occurred approximately 2 months after the felling and bunching, skidding, processing, 

and loading phases of the study and was therefore not included in simultaneous 

activity sampling.  However, processing times per load and scale tickets were recorded 

for determining productivity.  Table 2.16 shows that the productivity rates between the 

machines were very similar, 24.65 and 24.68 green tons per hour for the chipper and 

tub-grinder, respectively.  These processing times were used in further analysis to 

assess overall system productivity and cost.   

 
Table 2.16: Non-merchantable material processing descriptive statistics (green 
tons per hour). 
 Count1 Mean SD2 Min. Max. 
Chipper 7 24.65 0.80 23.40 25.70
Tub-grinder 4 24.68 1.37 23.08 26.42

1Vanloads of chips produced, 2SD=standard deviation. 
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2.4.2.4 Harvesting System Productivity and Costs 

Combined harvesting system productivity and costs were estimated using the 

Auburn Harvesting Analyzer (AHA) spreadsheet methodology.  Two spreadsheets 

were constructed to estimate the productivity and costs of harvesting: 1) the whole 

system as observed (non-merchantable and merchantable trees), and 2) harvesting the 

merchantable portion only.  The difference in AHA output determined the non-

merchantable harvesting effects.  Input assumptions for each spreadsheet are outlined 

in Tables 2.8 - 2.9.    

 

2.4.2.4.1 Whole System 

The AHA analysis of the whole system as observed included the feller-

buncher, two rubber-tired skidders, processor, loader, chipper, tub-grinder, and 

hauling.  Results from the individual machine productivity analysis were used as 

inputs into the model.  Trees and tons per acre inputs were based on removal density 

and volume (pre-treatment measurements – post-treatment measurements).   

Feller-buncher productivity was determined with regression models [2] and [3] 

that predicted delay-free felling and bunching time per non-merchantable and 

merchantable tree separately.  Using average non-merchantable (1.25) and 

merchantable (0.73) trees per cycle, productivity was determined to be 0.32 minutes 

per non-merchantable tree and 0.37 minutes per merchantable tree.  When multiplied 

by the number of trees per acre removed in each merchantability class, hours per acre 

for the non-merchantable portion was 1.21 and 0.40 for the merchantable portion.  The 

total tons per acre (61.29) divided by the total hours per acre (1.61) resulted in a 

productivity rate of 38.09 tons per PMH for the feller-buncher.  Availability was set at 

90% and production per SMH was 34.28 tons.  After combining all machines in the 

system, cost per ton for felling and bunching was $4.94.        

Productivity of the skidding function was estimated with regression models [5] 

and [6] that predicted delay-free skidding time per non-merchantable and 

merchantable tree separately.  Using average non-merchantable (5.26) and 
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merchantable (3.87) trees per cycle along with average skidding distance (483.89 

feet), productivity was determined to be 0.38 minutes per non-merchantable tree and 

0.40 minutes per merchantable tree.  When multiplied by the number of trees per acre 

removed in each merchantability class, hours per acre for the non-merchantable 

portion was 1.45 and 0.44 for the merchantable portion.  The total tons per acre 

(61.29) divided by the total hours per acre (1.89) resulted in a productivity rate of 

16.23 tons per PMH per skidder or 32.46 combined.  Availability was set at 85% and 

production per SMH was 27.59 tons.  After combining all machines in the system, 

cost per ton for the skidding function was $6.21. 

Since processor capability is directly related to skidding productivity, 

processor production was based off of the maximum volume brought to the landing 

(32.46 tons per PMH).  Due to large waiting times for both the skidders and processor, 

maximum productivity was reduced by the percent of activity samples recorded as 

waiting (22.73%).  Using the formula described earlier, resulting processor 

productivity was found to be 25.08 tons per PMH.  Availability was set at 85% and 

production per SMH was 21.32 tons.  After combining all machines in the system, 

cost per ton for the processing function was $6.54. 

A similar approach was taken to estimate loader productivity based on the 

average loading time per truckload (24.5 min) and load size (26.84 tons).  Using the 

formula constructed earlier, the percentage of productive time available to load trucks 

was found to be 36.09% and resulted in a productivity rate of 23.72 tons per PMH 

(roundwood).  Availability was set at 90% and production per SMH was 21.35 tons.  

After combining all machines in the system, cost per ton for the loading function was 

$5.16. 

AHA inputs for chipper and tub-grinder productivity were estimated from 

average load processing times and weights (Table 2.16).  Availability for each 

machine was set at 90% and productivity per SMH was 22.19 and 22.22 tons for the 

chipper and tub-grinder, respectively.  Resulting costs were $7.15 per ton for the 

chipping function and $6.89 per ton for tub-grinding.       
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Hauling productivity for both roundwood and chips was combined using the 

inputs: 1) haul distance – 40 miles, 2) average speed – 45 mph, 3) average load size – 

25.98 tons, 4) average load time – 39.04 minutes, and 5) average unload time – 30 

minutes.  Round trip time to and from White City, Oregon was estimated to be 2.93 

hours and productivity was 8.87 tons per PMH.  Availability was set at 90% and 

productivity per SMH was 7.98 tons with a unit hauling cost of $3.85.   

After combining all machines in the operation and assigning availability 

percentages, the AHA calculated the system rate to be 21.32 tons per SMH which is 

limited by the processor.  The system rate is defined as the productivity of the least 

productive function in the operation.  Since a harvesting operation is only as 

productive as its least productive function, the system rate was used to determine 

utilization and operating cost for each function.  Utilization for the functions was: 

felling and bunching 56%, skidding 66%, processing 85%, loading 90%, chipping 

86%, tub-grinding 86%, and hauling 90%.     

All AHA inputs and results for the whole system are shown in Table 2.17.  On-

board truck cost for harvesting both non-merchantable and merchantable trees was 

$39.83 per ton (chips and roundwood combined).  After including the hauling cost of 

$3.85 per ton, the cut and haul costs were $43.68 per ton.   

 

 



)
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Table 2.17: Auburn Harvesting Analyzer cost projections for the whole system (as observed). 
SYSTEM: Integrated Mechanical Fuel Reduction -- Whole System Prospect, OR

TREE REMOVAL INFORMATION GENERAL INFORMATION
TREES PER ACRE TONS PER ACRE SMH per Day    = 10 Tract Size= 20  Acres
NM 227.33 ST NM 6.52 Days per Week  = 5 Move Time = 2  Hours
Merch 65.33 L&T NM 17.37 Weeks per Year = 50 Move Rate = 3 $/mile
Total 292.67 Tot NM 23.91 SMH per Year   = 2500 Move Distance= 50  Miles

Merch 37.45 Distance home= 15  Miles
Total 61.29 Support: Roads to be built:

Pkups 2 0.5  $/mi. Type Miles/#  $/mi/ea
Foreman: 2500  $/mo. Permanent 0 10000
Overhead: 2500  $/mo. Temporary 0 3000
Saws 1 700  $/ea. Push-out 0 1500

Entrances 0 1000
Interest Rate= 0.1 Mill Quota (Tons/WK) = 100000

MACHINE PRODUCTIVITY
FELLING & BUNCHING SKIDDING PROCESSING LOADING CHIPPING TUB-GRINDING HAULING

Trees/F&B Cycle Trees/SK Cycle SK Prod (Delay free) Min/truckload 24.5 Min/truckload 60 Min/truckload 60.5 Haul dist (mi) 40
NM 1.25 NM 5.26 Tons/PMH 32.46 Load size (tons 26.84 Load size (tons) 24.65 Load size (tons) 24.89 Avg speed (mph) 45
Merch 0.73 Merch 3.87 Load size (tons) 25.98

PR Prod Reduction Availablity Load time (min) 39.04
Skid Dist 483.89 SK WOP % 16.92 % of hr loading 30.52 Unload time (min) 30

PR WOS% 5.81 % of hr in delay 5.95 Round trip time (hrs) 2.93
Trees  Min/T  Hr/Ac Trees  Min/T  Hr/Ac Total % 22.73 % of hr on NM 0.38
NM 0.3187 1.2074 NM 0.3824 1.4489 Total (% of hr) 36.09
Merch 0.3689 0.4017 Merch 0.4036 0.4394 Resulting PR Prod
Total 1.6091 Total 1.8884 Tons/PMH 25.08
All All All Merch NM NM All
Tons/PMH= 38.09 Tons/PMH= 16.23 Tons/PMH= 25.08 Tons/PMH= 23.72 Tons/PMH= 24.65 Tons/PMH= 24.68 Tons/PMH= 8.87
Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1

MACHINE COST
 Initial Cost($)= 433,000 200,000 560,000 385,000 443,000 421,000
 Pay. Life(Yrs)= 5 5 5 5 5 5
 Mon. Pmt($)= 9,199.97 4,249.41 11,898.35 8,180.11 9,412.44 8,945.01
 I&T(%Initial)= 0.035 0.050 0.02 0.02 0.025 0.025
 F&L($/PMH)= 20.17 11.80 15.40 15.40 53.34 51.70
 M&R($/PMH)= 34.64 19.20 48.25 33.17 37.80 35.93
 Labor($/SMH)= 17.50 15.34 17.01 17.12 17.12 17.12 Haul Rate 
 Labor OH (%)= 40 40 40 40 40 40 ($/mile) = 2.50
 Avail (%) = 90 85 85 90 90 90 90
 % of Work day 100% 100% 100% 100% 100% 100%
 Number of Mach = 1 2 1 1 1 1 2.67

Function
Tons Avail Tons/SMH Utilization -------------------Cost per SMH----------------------- Cost
/PMH   (%)   One   All   (%) Fixed  Oper Labor  Total $/Ton

Fell&Bunch 38.09 90 34.28 34.28 56 50.22 30.68 24.50 105.40 4.94 System Rate (tons/SMH) 21.32
Skidding 16.23 85 13.79 27.59 66 48.79 40.71 42.95 132.46 6.21 Weekly production (tons) 1065.87
Processing 25.08 85 21.32 21.32 85 61.59 54.10 23.81 139.51 6.54 Days required to cut tract 6.75
Loading 23.72 90 21.35 21.35 90 42.34 43.65 23.97 109.96 5.16
Chipping 24.65 90 22.19 22.19 86 49.61 78.82 23.97 152.40 7.15
Tub-Grinding 24.68 90 22.22 22.22 86 47.15 75.67 23.97 146.79 6.89
Hauling 8.87 90 7.98 90 3.85
Support  Pickups, Chainsaw, Foreman, and Overhead 323.64 786.51 1.33
Road Work 0.00 *On-board Truck Cost / Green Ton $39.83
Moving 2 hours spent moving men & equipment to tract 1.61 *Cut & Haul Cost / Green Ton $43.68
* Profit not included.
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2.4.2.4.2 Merchantable Portion 

The AHA analysis of removing only the merchantable portion included the 

feller-buncher, two rubber-tired skidders, processor, loader, and hauling.  Chipping 

and tub-grinding were excluded from analysis because no non-merchantable material 

would be processed in such an operation.  Results from the individual machine 

productivity analysis were used as inputs into the spreadsheet.  Trees and tons per acre 

inputs were based on removal density and volume of the merchantable sized portion of 

the stand.  Tons per acre calculations included total bole to a 6 inch top and the weight 

of limbs and tops of all harvested merchantable trees.     

Feller-buncher productivity was determined with regression model [3] that 

predicted delay-free felling and bunching time per merchantable tree.  Using average 

merchantable trees per cycle observed when no non-merchantable trees were present 

(1.11) and zero non-merchantable trees, productivity was determined to be 0.45 

minutes per merchantable tree.  When multiplied by the number of merchantable trees 

per acre removed, hours per acre for the merchantable portion was 0.49.  The total 

merchantable tree tons per acre (54.82) divided by the total hours per acre (0.49) 

resulted in a productivity rate of 110.71 tons per PMH for the feller-buncher.  

Availability was set at 90% and production per SMH was 99.64 tons.  After 

combining all machines in the system, cost per ton for felling and bunching was $2.10.        

Productivity of the skidding function was estimated with regression model [6] 

that predicted delay-free skidding time per merchantable tree.  Using average 

merchantable trees per cycle observed when no non-merchantable trees were present 

(4.25), zero non-merchantable trees, and average skidding distance of 483.89 feet 

productivity was determined to be 0.71 minutes per merchantable tree.  When 

multiplied by the number of merchantable trees per acre removed, hours per acre for 

the merchantable portion was 0.77.  The total merchantable tree tons per acre (54.82) 

divided by the total hours per acre resulted in a productivity rate of 35.42 tons per 

PMH per skidder or 70.85 combined.  Availability was set at 85% and production per 
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SMH was 60.22 tons.  After combining all machines in the system, cost per ton for the 

skidding function was $2.85. 

As with whole system analysis, processor capability was based on maximum 

skidding productivity of 70.85 tons per PMH.  This productivity was reduced by the 

same percentage of waiting time used in whole system analysis (22.73%).  This is 

based on the assumption that processor capability will remain the same in relation to 

skidding for harvesting only the merchantable portion.  Using the formula described 

earlier, resulting processor productivity was found to be 54.75 tons per PMH.  

Availability was set at 85% and production per SMH was 46.53 tons.  After 

combining all machines in the system, cost per ton for the processing function was 

$3.00. 

Maximum loader productivity was estimated using average loading time per 

truckload (24.5) and load size (26.84 tons).  However, the percent of time spent 

loading trucks was increased from 30.52% to 80%.  The extra 50% was subtracted 

from log sorting observed during activity sampling.  From past experience, we made 

the assumption that as more merchantable logs are processed the number of trucks sent 

for hauling increases and therefore the percent of time spent loading increases.  Using 

the formula constructed earlier, productive time to load trucks was found to be 85.95% 

and resulted in a productivity rate of 56.50 tons per PMH (roundwood).  Availability 

was set at 90% and production per SMH was 50.85 tons.  After combining all 

machines in the system, cost per ton for the loading function was $2.28. 

Hauling productivity for the merchantable portion was estimated using the 

inputs: 1) haul distance – 40 miles, 2) average speed – 45 mph, 3) average load size – 

26.84 tons, 4) average load time – 24.5 minutes, and 5) average unload time – 30 

minutes.  Round trip time to White City, Oregon was estimated to be 2.69 hours and 

productivity was 9.99 tons per PMH.  Availability was set at 90% and productivity per 

SMH was 8.99 tons with a unit cost of $3.73.   

After combining all machines in the operation and assigning availability 

percentages, the AHA calculated the system rate to be 46.53 tons per SMH which is 
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attributed to the processor.  The system rate was used to determine utilization and 

operating cost for each function.  Utilization for the functions was: felling and 

bunching 42%, skidding 66%, processing 85%, loading 82%, and hauling 90%.     

All AHA inputs and results for harvesting the merchantable portion only are 

shown in Table 2.18.  On-board truck cost for harvesting merchantable trees was 

$12.05 per ton.  After including the hauling cost of $3.73 per ton, the cut and haul 

costs were $15.77 per ton.   

 



s

Table 2.18: Auburn Harvesting Analyzer cost projections for the merchantable portion. 

SYSTEM: Integrated Mechanical Fuel Reduction -- Merchantable Portion Prospect, OR
TREE REMOVAL INFORMATION GENERAL INFORMATION

TREES PER ACRE TONS PER ACRE SMH per Day    = 10 Tract Size (Acres)= 20
NM 227.33 ST NM 6.52 Days per Week  = 5 Move Time (Hours)= 2
Merch 65.33 L&T NM 17.37 Weeks per Year = 50 Move Rate ($/mile)= 3
Total 292.67 Tot NM 23.91 SMH per Year   = 2500 Move Distance (Miles)= 50

Merch 37.45 Distance home (Miles)= 15
Total 61.29 Support: Roads to be built:

Pkups 2 0.5  $/mi. Type Miles/#  $/mi/ea
Foreman: 2500  $/mo. Permanent 0 10000
Overhead: 2000  $/mo. Temporary 0 3000
Saws 1 700  $/ea. Push-out 0 1500

Entrances 0 1000
Interest Rate= 0.1 Mill Quota (Tons/WK) = 100000

MACHINE PRODUCTIVITY
FELLING & BUNCHING SKIDDING PROCESSING LOADING HAULING

Trees/F&B Cycle Trees/SK Cycle SK Prod (Delay free) Min/truckload 24.5 Haul dist (mi) 40
NM 0 NM 0 Tons/PMH 70.85 Load size (tons) 26.84 Avg speed (mph) 45
Merch 1.11 Merch 4.25 Load size (tons) 26.84

PR Prod Reduction Availablity Load time (min) 24.5
Skid Dist 483.89 SK WOP % 16.92 % of hr loading 80.00 Unload time (min) 30

PR WOS% 5.81 % of hr in delay 5.95 Round trip time (hrs) 2.69
Trees  Min/T  Hr/Ac Trees  Min/T  Hr/Ac Total % 22.73 % of hr on NM 0
Merch 0.4548 0.4952 Merch 0.7106 0.7738 Total (% of hr) 85.95
Total 0.4952 Total 0.7738 Resulting PR Prod

Tons/PMH 54.75
Merch Merch Merch Merch Merch
Tons/PMH= 110.71 Tons/PMH= 35.42 Tons/PMH= 54.75 Tons/PMH= 56.50 Tons/PMH= 9.99
Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1 Oper Effy= 1

MACHINE COST
 Initial Cost($)= 433,000 200,000 560,000 385,000
 Pay. Life(Yrs)= 5 5 5 5
 Mon. Pmt($)= 9,199.97 4,249.41 11,898.35 8,180.11
 I&T(%Initial)= 0.035 0.050 0.02 0.02
 F&L($/PMH)= 20.17 11.80 15.40 15.40
 M&R($/PMH)= 34.64 19.20 48.25 33.17
 Labor($/SMH)= 17.50 15.34 17.01 17.12 Haul Rate
 Labor OH (%)= 40 40 40 40 ($/mile) = 2.50
 Avail (%) = 90 85 85 90 90
 % of Work day 100% 100% 100% 100%
 Number of Mach = 1 2 1 1 5.17

Function
Tons Avail Tons/SMH Utilization -------------------Cost per SMH----------------------- Cost
/PMH   (%)   One   All   (%) Fixed  Oper Labor  Total $/Ton

Fell&Bunch 110.71 90 99.64 99.64 42 50.22 23.04 24.50 97.76 2.10
Skidding 35.42 85 30.11 60.22 66 48.79 40.71 42.95 132.46 2.85
Processing 54.75 85 46.53 46.53 85 61.59 54.10 23.81 139.51 3.00
Loading 56.50 90 50.85 50.85 82 42.34 40.01 23.97 106.32 2.28
Hauling 9.99 90 8.99 90 3.73
Support  Pickups, Chainsaw, Foreman, and Overhead 157.86 476.05 0.55
Road Work 0.00
Moving 2 hours spent moving men & equipment to tract 1.26
System Rate (tons/SMH) = 46.53
Weekly production (tons) = 2326.67 *On-board Truck Cost per Green Ton $12.05
Days required to cut tract = 3.36 *Cut & Haul Cost per Green Ton $15.77
* Profit not included.

96



 97

2.4.2.4.3 Non-merchantable Portion 

Based on this analysis, the difference between the whole system and 

merchantable portion AHA spreadsheet outputs is attributed to harvesting the non-

merchantable portion of the stand.  Figure 2.20 shows the breakdown of cost estimates 

per green ton for each function of the operation for harvesting: 1) only the 

merchantable portion, and 2) non-merchantable and merchantable trees as observed.  

Figure 2.21 shows the estimated addition in cost per function attributed to harvesting 

the non-merchantable portion (difference between AHA outputs).  
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Figure 2.20: Merchantable portion and whole system harvesting cost estimates. 
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Figure 2.21: Non-merchantable portion harvesting cost estimates (whole system - 
merchantable portion). 

 

The most substantial increase in cost per ton attributed to harvesting trees < 7 

inches DBH was for tub-grinding ($6.89) and chipping ($7.15).  These system 

functions were necessary to recover the harvested biomass and generate revenue 

through the sale of fuel chips.  It is also important to note that new machine prices 

were used for all machines.  The chipper and tub-grinder have new purchase prices of 

$443,000 and $421,000, respectively.  It is common for such fuelwood operations to 

employ older equipment with subsequently lower capital expense required.  For 

example, if the chipper and tub-grinder were purchased for $150,000 each, the added 

cost of the machines would be $9.12 per ton versus $14.04 when using new machines.  

However, a reduction in availability and increase in maintenance and repair costs may 

be necessary for more accurate comparisons. 

No other harvesting functions increased in cost more than $4.00 per ton.  Of 

the other functions, processing incurred the largest increase in cost of $3.54 per ton 
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and was the system rate in both AHA models.  This result is likely due to the added 

time necessary to separate and pile non-merchantable stems which accounted for 

16.84% of the activity sampling observations.  Skidding costs increased by $3.36 per 

ton.  This increase is a function of waiting times incurred at the landing due to 

processor interaction and a decrease in the number of tons skidded per SMH (60.22 vs. 

27.59) due to the small volume contained in non-merchantable trees.  Analysis of all 

harvesting functions combined resulted in a total increase in cost of $27.78 per ton 

onboard truck and $27.91 delivered.  Hauling costs were nearly equal for each 

scenario and only increased by $0.12 per ton.  This is due to similar average payload 

sizes for both chips and roundwood and equal hauling distances, since each product 

was transported to the same facility.   

 

2.4.2.5 Cost versus Revenue 

From the study site, 16 truckloads or 429.37 tons of roundwood were sold.  

Due to processing non-merchantable material, 7 vanloads of fuel chips or 272.09 

green tons were also sold.  Using product prices at the time of the study, total revenue 

generated was $24,211.07 for roundwood and $4,489.49 for fuel chips or $1,210.55 

and $224.47 per acre, respectively.  Using harvesting costs per ton generated from the 

AHA analysis, cost per acre for harvesting both the non-merchantable and 

merchantable portions was $1,531.99 with total revenue of $1,435.03 and a resulting 

net loss of $96.96 per acre.  For harvesting the merchantable portion only, cost was 

$338.56 per acre versus total revenue of $1,210.55 or a net profit of $872 per acre.  

Given these results, harvesting and processing the non-merchantable portion of the 

stand resulted in a $1,193.43 per acre increase in cost, a $224.47 per acre increase in 

revenue, and a resulting decrease in profit of $968.96 per acre (Figure 2.22).  This 

finding indicates that the increase in revenue from the sale of fuel chips was not 

enough to offset the additional costs incurred from harvesting and processing the non-

merchantable portion of the stand.  More merchantable trees per acre would have to be 

removed to realize a profit after accounting for the increase in cost.    



 100

$1,531.99

$338.56

$1,193.43

$1,435.03

$1,210.55

$224.47

-$96.96

$872.00

-$968.96

-$1,250

-$1,000

-$750

-$500

-$250

$0

$250

$500

$750

$1,000

$1,250

$1,500

$1,750

NM & Merch Merch Only Change

$/
A

cr
e

Cost
Revenue
Profit

 
 
Figure 2.22: Effects on system cost, revenue, and profit ($/acre) of harvesting the 
non-merchantable (NM) portion of the stand. 
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Figure 2.23: Effects on system cost, revenue, and profit ($/acre) of harvesting the 
merchantable (Merch) portion of the stand. 
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From a biomass harvesting and fuel reduction perspective, removing only the 

non-merchantable portion of the stand (trees between 3 and 7 inches DBH) would 

result in a per acre cost of $1,193.43, revenue of $224.47, and a net loss of $968.96 

(Figure 2.23).  However, due to merchantable tree removal, operation costs were 

increased by $338.56 per acre, revenue increased by $1210.55, and resulting net loss 

was decreased by $872.00 per acre.  If merchantable trees were not removed the 

$968.96 per acre loss would have been cost prohibitive and likely infeasible without 

subsidy.  By integrating the harvesting system to include both non-merchantable and 

merchantable tree removal, fuel reduction benefits were gained and the resulting net 

loss was lessened from $968.96 to $96.96 per acre.  Given these results, more 

merchantable trees would have had to be removed to make a biomass harvesting 

approach profitable. 

 

2.4.3 Fire Behavior 

The effectiveness of the integrated fuel reduction operation for altering future 

fire behavior was assessed using FFE-FVS.  Simulations were performed to examine 

both the immediate and long-term effectiveness of treatment.  Inputs into the program 

included standing tree information, shrub percent cover, and down woody fuel 

distribution, collected during field studies, for both pre- and post-treatment stand 

characteristics.  The additional all non-merchantable removal scenario (ANM) was 

generated from post-treatment shrub and surface fuel characteristics.  ANM standing 

tree information was generated based on the post-treatment characteristics with the 

additional removal of all non-merchantable trees.  This simulation includes thinning 

the overstory trees as prescribed and removing all non-merchantable trees < 7 inches 

DBH.  In summary, simulations were: 

1. (Pre): pre-treatment stand conditions without treatment, 

2. (Post): post-treatment stand conditions that included thinning merchantable 

trees ≥7 inches DBH and removing non-merchantable trees between 3 and 

7 inches DBH, and 
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3. (ANM): post-treatment stand conditions that included thinning 

merchantable trees ≥7 inches DBH and removing all non-merchantable 

trees <7 inches DBH. 

Results from the shrub survey (Table 2.19) were highly variable due to the 

presence of transects that contained no shrubs.  For example, coefficients of variation 

were 149% for the pre-treatment survey, 225% for post-treatment, and 213% for the 

change.  Given this variation, more transects would have been necessary to gain 

additional statistical power.  For accuracy to the nearest 1% cover and 95% 

confidence, 310 transects would have been necessary pre-treatment and 214 post-

treatment.  Such a sampling intensity was unattainable due to time constraints.  For 

comparison, mean pre-treatment percent cover was 4.25% and 2.35% post-treatment 

with a resulting change of 1.90%.  However, due to the relatively low amount of 

shrubs in the stand, effects on fire behavior are expected to be minimal.      

 
Table 2.19: Shrub survey statistics (% cover per plot). N=15. 
 Mean SD CV (%) SE %SE 
Pre-treatment 4.25 6.34 149 1.64 38 
Post-treatment 2.35 5.27 225 1.36 58 
Change (Δ) 1.90 4.04 213 1.04 55 

 

Similar to the shrub survey, results from down woody fuel measurements were 

also highly variable.  This variability is also partially due to the number of transects 

containing zero pieces.  Surface fuel results are displayed by distribution of piece sizes 

(Table 2.20) and tons per acre (Table 2.21).  Distribution is based on the number of 

pieces per 1 foot of transect and tons per acre calculations were derived from 

equations by Van Wagner (1968) and specific gravity estimates from Brown (1974).  

Mean tons per acre values for each time lag fuel class were used in fire simulations 

both pre- and post-treatment.  For the ANM scenario, post-treatment characteristics 

were used.   

As a result of treatment, the mean number of pieces per transect decreased for 

the 1000 hour fuel class (> 3 inches) and increased for the 100, 10, and 1 hour classes 
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(≤ 3 inches).  Overall, the total number of pieces per 1 foot of transect was increased 

by 4.149 pieces (95% CI: 2.351, 5.947).  The largest contribution to the change was in 

the 1 hour fuel class (0-0.25 inches) at 3.688 pieces per 1 foot or 89% of the total 

change. 

 
Table 2.20: Down woody fuel distribution before and after harvesting (number of 
pieces per 1-foot of transect). N=15. 
 Mean SD CV (%) SE 95% CI %SE 
1000 hr       
     Pre-treatment 0.057 0.039 69 0.010 0.035, 0.079 17 
     Post-treatment 0.041 0.029 69 0.007 0.025, 0.057 17 
     Change (Δ) 0.016 0.027 168 0.007 0.001, 0.031 44 
100 hr       
     Pre-treatment 0.289 0.254 88 0.065 0.149, 0.430 22 
     Post-treatment 0.549 0.396 72 0.102 0.330, 0.769 18 
     Change (Δ) -0.260 0.412 158 0.106 -0.488, -0.032 41 
10 hr       
     Pre-treatment 0.583 0.428 73 0.111 0.346, 0.821 19 
     Post-treatment 0.800 0.626 78 0.161 0.453, 1.146 20 
     Change (Δ) -0.217 0.772 356 0.199 -0.644, 0.211 92 
1 hr       
     Pre-treatment 1.727 1.138 66 0.294 1.097, 2.358 17 
     Post-treatment 5.415 2.607 48 0.673 3.972, 6.859 12 
     Change (Δ) -3.688 2.583 70 0.667 -5.119, -2.257 18 
Total       
     Pre-treatment 2.658 1.667 63 0.430 1.735, 3.581 16 
     Post-treatment 6.807 3.184 47 0.822 5.044, 8.571 12 
     Change (Δ) -4.149 3.247 78 0.838 -5.947, -2.351 20 

 

As shown in Table 2.21, mean surface fuel tons per acre decreased for the 

1000 hour fuel class and increased for the other smaller diameter classes.  Specifically, 

mean tons per acre in the 1 hour fuel class increased by more than a factor of 2.  As 

expected, this result is consistent to that of the pieces per 1 foot analysis given that 

piece size is directly related to weight.  In contrast, the total number of tons per acre 

was decreased by 4.2 or 12%.  This is due to the disproportionate amount of tons 

contributed by the 1000 hour class (76% pre-treatment and 47% post-treatment).  

However, this result is inconclusive due to the total change confidence interval 
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containing zero (95% CI: -4.624, 13.024).  Variability in the data due to transects 

containing no pieces led to large coefficients of variation and may have contributed to 

the overall inconclusive result.  More transects would have likely reduced variation.  

For accuracy to the nearest 5 total tons per acre and 95% confidence, 102 transects 

would have been necessary pre-treatment and 114 post-treatment.  Such a sampling 

intensity was unattainable due to time constraints.     

 
Table 2.21: Down woody fuel distribution before and after harvesting (tons per 
acre). N=15. 
 Mean SD CV (%) SE 95% CI %SE 
1000 hr       
     Pre-treatment 27.451 17.210 63 4.444 17.920, 36.981 16 
     Post-treatment 15.047 13.526 90 3.492 7.557, 22.538 23 
     Change (Δ) 12.403 13.009 105 3.359 5.199, 19.607 27 
100 hr       
     Pre-treatment 5.385 4.729 88 1.221 2.766, 8.004 23 
     Post-treatment 10.251 7.398 72 1.910 6.154, 14.348 19 
     Change (Δ) -4.866 7.696 158 1.987 -9.128, -0.604 41 
10 hr       
     Pre-treatment 2.039 1.502 74 0.388 1.207, 2.871 19 
     Post-treatment 2.796 2.191 78 0.566 1.582, 4.009 20 
     Change (Δ) -0.757 2.709 358 0.699 -2.257, 0.743 92 
1 hr       
     Pre-treatment 1.208 0.796 66 0.206 0.767, 1.649 17 
     Post-treatment 3.785 1.823 48 0.471 2.776, 4.795 12 
     Change (Δ) -2.577 1.807 70 0.467 -3.578, -1.576 18 
Total       
     Pre-treatment 36.080 18.145 50 4.685 26.032, 46.128 13 
     Post-treatment 31.880 19.124 60 4.938 21.289, 42.470 26 
     Change (Δ) 4.200 15.934 379 4.114 -4.624, 13.024 98 

 

2.4.3.1 Immediate Effectiveness 

Immediate fire altering effectiveness of the treatment was assessed using FFE-

FVS simulations for the pre, post, and all non-merchantable removal (ANM) stand 

conditions.  Simulations were performed and compared for both severe and moderate 

weather conditions.  As described earlier, weather conditions were defined by wind 

speed, temperature, and fuel moisture.  FFE keyword SIMFIRE was used to simulate 
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fires for each stand and weather condition.  Effectiveness was assessed through the 

difference in model output using a burn conditions report, a fuel consumption report, 

and a mortality report. 

Table 2.22 shows the predicted fire behavior during time zero conditions of 

each simulated stand and weather condition.  As expected, during severe conditions 

flame length, scorch height, smoke production, and the percent of trees crowning 

decreased as removal intensity increased.  Although a decrease in these variables was 

found, each stand was predicted to experience a passive crown fire during severe 

weather.  In contrast, for moderate weather conditions, the same variables, with the 

exception of smoke were positively correlated with removal intensity.  The increase, 

however, was not enough to trigger a crown fire as each scenario was predicted to 

experience surface fire during moderate weather.  This finding is likely the result of 

residence time and resulting fire line intensity associated with moderate weather.  A 

reduction in wind speed (20 mph for severe conditions vs. 5 mph for moderate 

conditions) will result in a slower moving fire line and resulting increase in flame 

length, scorch height, etc.  These results indicate the important contribution of weather 

to potential fire behavior.  At the most extreme conditions, removal intensity did not 

reduce the predicted occurrence of passive crown fire since torching index values were 

lower than the 20 mph wind speed used in simulations.  The torching index is the wind 

speed necessary for torching of some trees to occur.  However, active crown fire was 

not predicted due to crowning index values being higher than 20 mph.  Torching and 

crowning index values are not predicted for moderate weather conditions by FFE.  

Further studies are necessary to determine the amount of removal necessary to reduce 

the likelihood of crown fire.     
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Table 2.22: Predicted behavior and effects of fires during both severe and 
moderate weather conditions for the pre, post, and ANM stands.   
 Severe Moderate 
 Pre Post ANM Pre Post ANM 
Mid-flame wind (mph) 2.9 3.9 4.6 0.7 1.0 1.2 
Flame length (ft) 50.9 30.7 16.2 2.7 3.1 3.3 
Scorch height (ft) 290.8 202.0 126.7 9.4 11.5 12.3 
Torching index (mph) 2.5 1.5 9.1 - - - 
Crowning index (mph) 24.8 32.2 40.8 - - - 
Fire type Passive Passive Passive Surface Surface Surface
Smoke (tons per acre)       
     <2.5 microns 0.42 0.31 0.29 0.23 0.19 0.19 
     <10 microns 0.49 0.37 0.34 0.28 0.23 0.22 
Trees crowning (%) 79 57 27 0 0 0 

 

Predicted surface fuel consumption for each stand and weather condition is 

displayed in Figures 2.24 – 2.25.  During severe weather, total surface fuel 

consumption was greatest for the pre-treatment stand (33.3 tons per acre) and 

decreased as removal intensity increased.  Consumption was decreased by 11.4% due 

to harvesting and 13.8% given the ANM removal scenario.  For the categories of 

surface fuel displayed in Figures 2.24 and 2.25, consumption was negatively 

correlated with removal intensity between the pre-treatment and other stand 

characteristics with the exception of 0-3 inch pieces.  This can be explained by the fact 

that down woody fuel in the 1, 10, and 100 hour classes was greater for the post-

treatment and ANM stand simulations, 16.8 tons per acre versus 8.6 for the pre-

treatment stand.  The identical consumption values for the post and ANM stands is due 

to using the same tons per acre simulation inputs for each stand.  Since ANM is a 

hypothetical stand, it was assumed that surface fuel distribution would be the similar 

to the post-treatment stand following harvesting.  Without actually creating and 

sampling the stand, there is no sound information to justify modifying the fuel 

distribution characteristics.             
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Figure 2.24: Surface fuel consumption, by down woody fuel category, of a fire 
occurring during severe weather conditions in the pre, post, and ANM stands. 

 

Fuel consumption during moderate weather conditions (Figure 2.25) followed 

an identical trend between treatment intensities as that for severe conditions.  

Predicted total surface fuel consumed pre-treatment was 26.3 tons per acre versus 24.2 

(8.0% reduction) for the post-treatment stand and 23.8 (9.5% reduction) for ANM.  

Consumption trends and values were very similar between the weather conditions with 

the exception of duff.  Duff consumption decreased by 60.4% for the pre-treatment 

stand, 60.8% for post-treatment, and 61.2% for ANM.  The decrease is largely due to 

increased moisture content prescribed for moderate weather conditions (125% vs. 15% 

for severe conditions).  These values are defaults within FFE-FVS for moist and very 

dry conditions, respectively. 
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Figure 2.25: Surface fuel consumption, by down woody fuel category, of a fire 
occurring during moderate weather conditions in the pre, post, and ANM stands. 

 

Potential fire induced mortality was assessed for each stand and weather 

condition.  The pre- and post-treatment stands are compared in Figure 2.26 whereas 

the pre and ANM stands are displayed in Figure 2.27.  Expressed in terms of the 

percent of trees and volume killed, fire during severe weather performed very 

similarly in the pre- and post-treatment stands.  One-hundred percent of the basal area 

was killed in the pre-treatment scenario and 99% mortality occurred post-treatment.  

The slight difference is due to the difference in mortality in the 20-30 inch DBH class.  

Since only two trees greater than 20 inches were present, overall basal area killed is 

almost identical given severe weather.  For moderate weather conditions, total basal 

area killed decreased drastically to 26 and 25% for the pre- and post-treatment stands, 

respectively.  Since the difference between the treatments is marginal, the change can 

be attributed almost entirely to weather.  This finding indicates that the harvesting 

operation, as prescribed and based on the percent of basal area killed, had little effect 



 109

on fire behavior under severe or moderate weather conditions, which were set 

purposely at the extremes of normal conditions.      
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Figure 2.26: Fire induced mortality by tree size/density measure predicted to 
occur during severe and moderate weather conditions in both the pre- and post-
treatment stands. 
 

To examine the hypothesis that removing all non-merchantable trees (<7 

inches DBH) and thinning the merchantable portion would be more effective at 

reducing fire induced mortality, the ANM scenario was compared to the pre-treatment 

stand (Figure 2.27). 
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Figure 2.27: Fire induced mortality by tree size/density measure predicted to 
occur during severe and moderate weather conditions in both the pre-treatment 
and all non-merchantable removal stands. 

 

Results from this comparison indicate little difference in the effectiveness of 

the prescribed treatment and removal of all non-merchantable trees.  During severe 

conditions, percent basal area killed was 98% for ANM as opposed to 99% and 100% 

for the pre- and post-treatment stands.  For moderate conditions, overall basal area 

killed for ANM was 21% as compared to 26% and 25% for pre and post.  Given these 

similar values, the ANM scenario was initially no more effective for reducing 

mortality than the prescribed treatment.   

To effectively alter immediate fire behavior in stands similar to the study site, 

it is apparent that more aggressive overstory removal should be conducted.  Based on 

simulation results, thinning from below to a market determined merchantability limit 

did not reduce residual tree mortality given the occurrence of fire at either severe or 

moderate weather conditions.  A more effective approach may include thinning to a 
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prescribed basal area that spaces residual crowns adequately to keep torching 

localized.  However, this type of treatment may contrast typical forest management 

strategies that include utilizing merchantable sized trees and spacing guidelines that 

best utilize site capability.  In many stand types and harvesting systems, extracting 

whole trees and processing on centralized landings may be necessary to prevent the 

accumulation of activity surface fuels generated from harvesting.  In some cases, the 

added surface fuel produced from harvesting may be counter productive to fire hazard 

reduction goals.  More research is needed to determine the adequate mix of surface 

fuel generation versus overstory removal that is necessary to favorably alter fire 

behavior.        

 

2.4.3.2 Long-Term Effectiveness 

Assessment of the long-term effectiveness for altering fire behavior was 

performed through the evaluation of FFE-FVS output for a 20 year period following 

treatment.  Five year intervals were used to assess output from the potential fire report 

(POTFIRE) that included flame length, crowning index, fire type, mortality, and 

smoke production.  These values were predicted for potential fires occurring in both 

severe and moderate weather conditions for each simulated stand. 

As shown in Figure 2.28, flame length during severe weather conditions, was 

considerably different between the simulated stand characteristics.  For the pre-

treatment stand, projected flame length increased steadily over the 20 year period from 

50.8 feet at the time of measurement to 84.8 feet in 2024.  Indicating a positive 

treatment effect, an opposite trend was found for the post-treatment and ANM stands 

with flame length decreasing over the assessment periods 2004 – 2019.  However, 

higher flame length values were predicted in 2024 causing the curves to take an 

uptrend similar to the pre-treatment stand during the same time period.  The parallel 

nature of the post and ANM curves indicated that the additional removal of non-

merchantable trees <3 inches DBH had a positive effect on reducing potential flame 

length during severe weather conditions.     



 112

0

10

20

30

40

50

60

70

80

2004 2009 2014 2019 2024

Assessment Period (yr)

Fl
am

e 
L

en
gt

h 
(f

t)
Pre-Severe

Post-Severe

ANM-Severe

 
 
Figure 2.28: Flame length (ft) evaluated in five periods for the pre, post, and 
ANM stands during severe weather conditions. 

 

Plots of predicted flame length during moderate weather conditions followed a 

very different pattern than those during the most severe conditions.  From Figure 2.29, 

flame length was predicted to increase as removal intensity increased.  This pattern 

was constant until approximately 2020 where flame length for the pre-treatment stand 

exceeded the treated scenarios.  The increase in flame length as a result of treatment 

can be explained by the enhanced openness of the stands and subsequent increase in 

available wind and wind speed that exceeded the 5 mph simulation input.  Although a 

change in flame length given treatment was evident, it should be noted that the overall 

change is small.  For example, the largest predicted flame length was 3.3 feet in 2004 

for the ANM stand and the smallest was 2.2 feet for both treatment simulations in 

2024.  This difference of 1.1 feet is likely of little importance in terms of the actual 

effects of fire during moderate weather conditions.   
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Figure 2.29: Flame length (ft) evaluated in five periods for the pre, post, and 
ANM stands during moderate weather conditions. 

 

Crowning index values for each simulation are shown in Figure 2.30.  It is 

important to note that higher crowning index values indicate lower fire hazard 

potential.  Based on hazard ratings by Fielder et al. (2002) crowning index for the 

stand without treatment was predicted to decrease through time with each assessment 

period falling into the high hazard zone (<25 mph).  The prescribed treatment and 

simulated ANM scenario each produced crowning index values in the moderate hazard 

zone, between 25 and 50 mph, over all periods.  The treated stand values remained 

constant from 2004 to 2019 with a decrease occurring in 2024.  This result indicates a 

decline in treatment effect 20 years afterwards.  However, neither treatment scenario 

produced crowning index values that entered the low hazard zone >50 mph.  As 

expected, these findings indicate that crowning index is positively correlated with 

removal intensity, although treatment effects began to subside after 20 years.  This 
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implies that additional treatments would be necessary to maintain crowning index 

values in the moderate hazard zone following year 2024. 
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Figure 2.30: Crowning index (mph) evaluated in five periods for the pre, post, 
and ANM stands during severe weather conditions.  Hazard zones reflect those 
from Fielder et al. (2002) with a low hazard zone >50 mph, moderate hazard 
between 25 and 50 mph, and high hazard <25 mph. 

 

Long-term potential fire type and mortality as a percent of basal area killed is 

shown in Table 2.23.  For all simulations, crown fire was predicted for 20 years 

following treatment during severe weather.  Passive crown fires are projected for all 

stands with an active crown fire occurring in 2024 for the stand without treatment.  

During moderate weather, surface fires were predicted for each simulation and time 

period.  In terms of mortality, FFE predicted ≥ 97% of basal area killed for each stand 

and assessment period, during severe weather, with the exception of 2024 with 87% 

mortality for the ANM stand.  Given moderate weather conditions, mortality was 



 115

substantially less, resulting in values less than 30% of basal area killed for all 

simulations and assessment periods.   

 
Table 2.23: Predicted potential fire type and mortality, evaluated in five periods, 
during both severe and moderate weather conditions for the pre, post, and ANM 
stands.   
 Assessment Period (year) 
 2004 2009 2014 2019 2024 
Potential fire type1      
     Severe weather      
          Pre-treatment P P P P A 
          Post-treatment P P P P P 
          ANM P P P P P 
     Moderate weather      
          Pre-treatment S S S S S 
          Post-treatment S S S S S 
          ANM S S S S S 
      
Potential mortality (% BA)2      
     Severe weather      
          Pre-treatment 99 99 99 99 100 
          Post-treatment 98 98 98 98 98 
          ANM 98 98 97 97 87 
     Moderate weather      
          Pre-treatment 26 23 21 19 17 
          Post-treatment 25 24 24 23 12 
          ANM 20 20 19 19 9 

1P=passive crown fire, A=active crown fire, S=surface fire, ANM=all non-merchantable removal. 
2BA=basal area. 

 

Although the difference in fire type and mortality was evident between weather 

conditions, very little difference was detected as a treatment effect.  Based on these 

variables, neither the silvicultural prescription nor the ANM scenario had a 

measurable effect on fire behavior over the 20 year assessment period.   
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Figure 2.31: Potential smoke production <2.5 microns (tons per acre) evaluated 
in five periods for the pre, post, and ANM stands during severe weather 
conditions. 

 

Estimated smoke production from potential fires during severe weather is 

shown in Figure 2.31.  Results indicate that tons per acre of smoke produced are 

negatively correlated with removal intensity.  During severe weather conditions, 

potential smoke increased slightly from 2004 to 2024 for the stand without treatment.  

The opposite was true for the treatment scenarios until the year 2024 when a slight 

increase was predicted.  This implies that the effect of treatment may begin to subside 

20 years following harvest.        
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Figure 2.32: Potential smoke production <2.5 microns (tons per acre) evaluated 
in five periods for the pre, post, and ANM stands during moderate weather 
conditions. 

 

During moderate weather, smoke production followed a similar trend that was 

observed for severe conditions, although at a lower level of magnitude (Figure 2.32).  

The pre-treatment stand was predicted to experience a small change in smoke 

production, averaging 0.22 tons per acre over the 20 year period.  For the post-

treatment and ANM stands, smoke was projected to steadily decrease over time with 

almost a parallel relationship.  This indicates that during moderate weather, harvesting 

may have a longer term effect for reducing smoke production.  However, the 

difference in values may be marginal in terms of adverse effects, especially in remote 

wildland areas.     
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2.5 Conclusions 

Based on this analysis, the following conclusions can be drawn in regards to 

the four research questions addressed in the study.   

Question 1: Does the use of an integrated forest harvesting/mechanical fuel reduction 

operation with conventional ground-based equipment on the 20-acre stand contribute 

to statistically and/or biologically significant changes in soil strength at various 

depths below the soil surface?   

Results indicate that the fuel reduction operation did not contribute to either 

statistically or biologically significant soil disturbance effects, assuming 3,000 kPa 

applies to the study site as a biological threshold.  The only statistically significant 

effect was detected at depth class 4 (325-400 mm below the soil surface).  Since no 

deep disturbance was detected with the visual disturbance codes, this result could be 

due to measurement error and is unlikely the result of the harvesting operation.  At 

increasing depth below the soil surface, the soil penetrometer typically encounters 

large rocks, tree roots, and soil parent material.  Often, these obstacles yield 

erroneously high soil strength values (Miller et al. 2001).   

The a priori determined biologically significant soil strength value of 3,000 

kPa was not exceeded at any depth class.  It is difficult to determine how this result 

applies to differing pre-treatment soil strength characteristics.  On the 20-acre site, the 

pre-treatment values were below 3,000 kPa for each depth class, although depth 

classes 2, 3, and 4 encompassed 2,500 kPa within their 95% confidence intervals.  

This indicates that soils on the given site were already compacted to near detrimental 

levels (as specified by the a priori threshold).  This could be a function of either past 

entries by mechanized harvesting operations or the inherent properties of the specific 

soil type characteristic to the area.  It is important to note that the ability to increase 

soil strength with mechanized equipment is largely a function of the existing soil 

characteristics prior to harvest.  Given the high soil strength values pre-treatment, it is 

likely that the soil was already compacted to a level that inhibited further compaction.  

This may explain the lack of significant effects detected with this study.  Further 
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studies should investigate similar treatments in areas with differing soil conditions 

(low compaction – high compaction and low moisture – high moisture).  Such studies 

may provide more meaningful results that could be used to establish trends in pre- 

versus post-treatment soil strength estimates for differing levels of pre-treatment 

compaction.      

Question 2: Are changes in soil strength related to visual soil disturbance? 

Visual soil disturbance classifications were not statistically significant for 

predicting soil strength.  Confidence interval ranges for the five observed visual 

disturbance*time codes were similar within each depth class (Figure 2.12).  This result 

could be a function of study design.  This study was designed to quantify soil strength 

and visual disturbance for the 20-acre stand as a whole.  Had skid trails and feller-

buncher corridors been observed separately from undisturbed areas between residual 

trees, for example, visual disturbance classifications may have proved more important 

for predicting soil strength.  Although, for the forest manager, concerns regarding site 

productivity and tree growth are best addressed by assessing soil disturbance over the 

entire area since skid trails are often reused with subsequent machine entries and may 

be considered out of production from a tree growth stand point. 

Question 3: What level of productivity and cost, per unit volume and area, can be 

expected from the system, for harvesting the non-merchantable and merchantable 

portions? 

 Harvesting and processing the non-merchantable portion of the stand, 

according to prescription requirements, had a significant effect on operation 

productivity and costs.  Productivity as defined by the system rate declined from 46.53 

tons per SMH for harvesting the merchantable portion only to 21.32 tons per SMH 

when trees < 7 inches DBH were processed.  The system rate, or limiting function, for 

each scenario was produced by the processor.  When small trees were brought to the 

landing, bottlenecks occurred as waiting time made up almost 17% of skidder activity 

samples.  This identifies an opportunity for improvement through system balancing by 

adding another processor or removing a skidder from the operation.  A more optimally 
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balanced system would allow wood to flow through the landing more efficiently and 

likely increase machine utilization and subsequently reduce costs.  As expected, 

chipping and tub-grinding added the most substantial costs to the operation, $7.15 and 

$6.89 per ton, respectively.  No other function increased in cost by more than $4.00 

per ton.  Based on the volume of wood products sold, harvesting the non-merchantable 

portion increased costs and revenue per acre.  However, the increase in revenue 

through the sale of fuel chips did not offset the increase in costs and resulted in a net 

change in profit of $968.96 per acre.  The whole system, as observed, produced a net 

loss of $96.96 per acre.  Possible approaches to realize a profit when harvesting small 

trees include harvesting more merchantable trees per acre or better utilizing chipped 

material through valued added products.  Through sensitivity analysis, revenue per ton 

of chips would have to be $23.63 per green ton to break even as opposed to the $16.50 

per green ton realized during the study. 

If a forest manager was interested in harvesting only the non-merchantable 

portion of the stand for fuel reduction benefits or biomass utilization, the operation 

would result in a per acre cost of $1,193.43, revenue of $224.47 (through the sale of 

fuel chips), and a net loss of $968.96.  To subsidize this net cost, merchantable tree 

removal is necessary.  In this operation, merchantable removal increased costs by 

$338.56 per acre, increased revenue by $1,210.55 (through the sale of roundwood 

products), and resulting net loss was decreased by $872.00 per acre.  Without 

removing merchantable trees the $968.96 per acre loss would be cost prohibitive.  In 

many cases, thinning the overstory may provide a better opportunity to reduce fire 

hazard over small tree removal alone.  By integrating the harvesting system, fuel 

reduction benefits were increased and the net loss was lessened from $968.96 to 

$96.96 per acre.  Given these results, more merchantable trees would have had to be 

removed to make a biomass harvesting approach profitable. 

Question 4: What changes in fire behavior will occur as a result of the treatment? 

 FFE-FVS simulations predicted passive crown fires to occur for both the pre- 

and post-treatment stands in severe weather conditions immediately following 
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treatment.  Although some changes in fire behavior were predicted such as a reduction 

in flame length, scorch height, and smoke production, these changes were not enough 

to prevent a passive crown fire during the most severe weather.  For moderate weather 

conditions, surface fires were predicted for both pre- and post-treatment stand 

characteristics.  The difference in potential fire induced mortality was only marginal 

between the pre- and post-treatment simulations, but differences related to weather 

were substantial.  In addition, results from the ANM scenario were almost identical to 

that of the post-treatment characteristics and indicated that reducing mortality during 

severe weather may not be attainable through a thinning from below approach.  

Removal of more overstory trees may have produced more favorable immediate fire 

behavior results.  However, weather appears to be the most important variable to 

predict potential fire behavior and subsequent mortality.   

 Over a 20 year period following treatment, favorable results were found for 

reducing flame length and smoke production, and increasing crowning index.  

Although, similar to immediate behavior, mortality from potential fires over the 5 year 

assessment periods was ≥87 percent of basal area during severe weather.  Very little 

difference in mortality was detected as a treatment effect for either severe of moderate 

weather.  This indicates that neither the silvicultural prescription, performed in the 

study, nor the ANM scenario was effective for positively altering fire behavior either 

immediately or over the long-term.  For the study site, weather conditions appear to be 

the most important driver for predicting fire behavior.  Removal of a larger portion of 

overstory trees may be necessary to detect more significant treatment effects along 

with providing the possibility to cover more harvesting cost.               

 

2.5.1 Summary 

In conclusion, this study was successful in answering the research questions of 

interest.  Interpretation of the results should be used cautiously and applied to similar 

stand and treatment types, machine configurations, and soil characteristics.  As noted 

earlier, the effects of such a fuel reduction treatment are largely unknown for differing 
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pre-treatment soil characteristics and moisture contents.  Forest managers should 

carefully investigate soil conditions and the potential effects of the prescribed 

management action before implementation of any forest fuel reduction operation.  

These factors will have a significant effect on soil disturbance generated from ground-

based harvesting systems.  Further, it is recommended that to optimally quantify the 

effects of soil disturbance on site productivity, long-term studies of tree growth should 

be established.  This quantification will serve as validation of results from studies such 

as this and could possibly allow for further inference to be drawn.  Such an approach 

will allow forest managers to make informed decisions regarding possible impacts 

from integrated fuel reduction treatments and aid regulatory agencies in policy 

formulation. 

Productivity and cost information was derived from a combination of detailed 

and gross level samples.  Without obtaining detailed productivity information for each 

machine in the harvesting system, assumptions based on interaction are necessary.  

Results presented here should be used cautiously and applied in the appropriate 

context.  Costs, revenues, and profits per acre are controlled by silvicultural 

prescription, machine productivity, fuel loading, and product prices at the time of sale.  

As these metrics change, operation feasibility and profitability will change.  This study 

provides information helpful for understanding the effects of harvesting different 

merchantability classes when small trees are removed in integrated harvests.  Given 

the lack of available productivity and cost information concerning fuel reduction 

thinning with commercial harvesting systems, there is a great opportunity for further 

research in the area.  For example, little information is available for skidding small 

trees as well as yarding on steep slopes.  Also, breakeven merchantable harvested 

volumes need to be assigned to more systems and site variables.  Much research is 

needed to explore appropriate harvesting systems as well as processing and 

consumption possibilities for converting woody biomass into energy.  Currently, most 

energy generated from biomass comes from utilizing landing slash or fuel reduction 

biomass and is processed with in-woods chippers.  This process has been proven but 
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its success is at the mercy of available markets.  The expansion of the woody biomass 

market and harvesting and transporting technology is necessary for renewable energy 

sources to become viable.      

Based on model simulations, the fuel reduction operation was unsuccessful for 

favorably altering fire behavior, especially to reduce mortality.  Simulation output did 

indicate favorable changes in behavior, such as an increased crowning index, but was 

overall not adequate for reducing the chance of crown fire during severe weather.  

However, it is important to note that model output is based on a wide array of 

assumptions and should be used cautiously.  To optimally quantify treatment 

effectiveness, studies of treated stand performance following wildfire are necessary.  

In general, crown fire risk should be negatively correlated with removal intensity.  

Results from this study indicate that a thinning from below prescription may not be the 

most viable approach for reducing wildfire risk.  Aggressive overstory removal will be 

necessary in many forest types to effectively reduce losses from crown fire.  However, 

the optimal level of removal varies with stand and site characteristics and weather may 

be the most important factor.     
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3.0 SOIL COMPACTION AND VISUAL SOIL DISTURBANCE FOLLOWING 
TWO MECHANICAL FOREST FUEL REDUCTION OPERATIONS IN 
CENTRAL OREGON 
 

M. Chad Bolding, Loren D. Kellogg, Chad T. Davis, and Manuela M. Huso1

 

3.1 Abstract 

The wildfire hazard situation in the Western U.S. has forced forest managers to 

explore alternatives for reducing forest fuel.  Of the many alternatives, mechanical 

fuel reduction is often regarded as the most efficient method to change forest fuel 

structure and produce more fire resilient landscapes.  Non-commercial fuel reduction 

using masticating/mulching machines represents the newest and most understudied 

technology to alter fire behavior.  To date, no comprehensive studies have been 

conducted to assess machine performance in regards to economics, site disturbance, 

and effectiveness.  In response, this paper reports the results of soil disturbance from 

two non-commercial fuel reduction machines employed in contrasting forest and 

silvicultural prescription types in central Oregon.  A designed experiment was used to 

investigate changes in soil strength and visual soil disturbance as a result of treatment 

as well as differences between machines in two design categories.  The machines 

compared were: 1) a swing-boom excavator with a rotary disc mulching head (SBE), 

and 2) a drive-to-tree flexible tracked hydrostatic mulcher (FTM).  Results indicate 

that the FTM produced significantly more visual soil disturbance in a wide-spacing 

thinning prescription employed in an uneven-aged ponderosa pine stand.  When 

individual tree selection was required, no visual soil disturbance differences were 

found between the machines.  When pre-treatment soil strength was high, significant 

increases in strength were found only in the upper 100 mm of the soil profile.  In 

contrast, when initial soil strength was low, each machine generated significantly 

                                                 
1Graduate Research Assistant, Lematta Professor of Forest Engineering, and Faculty 
Research Assistant; Department of Forest Engineering and Senior Faculty Research 
Assistant; Department of Forest Science, Oregon State University, Corvallis, OR. 



 131

higher soil strength with the FTM consistently producing more impact than the SBE at 

each depth investigated.  Results from this study will aid forest managers in their 

ability to more accurately quantify the operating nature and expected soil disturbance 

from non-commercial forest fuel reduction machines.  Specifically, results provide 

insight into the capabilities and limitations of two contrasting machine designs when 

performing identical silvicultural prescriptions. 

 

3.2 Introduction 

Forested landscapes, specifically in the Western U.S., have changed greatly 

since European settlement.  Many pre-settlement forests were characterized by a large 

mature overstory with a sparse and mostly open understory (Weaver 1959).  It has 

been reported that these conditions occurred largely due to frequent burning by 

indigenous people, which aided their survival (Kimmerer and Lake 2001).  In years 

since European settlement, human impact on forest structure and composition is 

evident (Harvey et al. 1995, Brose et al. 2001).  Two of the many impacts from post-

European anthropogenic influence are fire exclusion, and more recently, reduced 

active management involving timber harvesting.  Each of these factors has caused 

public lands in the U.S. to become severely overstocked with small stagnant trees.  

USFS (2005a) reported that at least 28 of a total 236 million acres of forest land in the 

15 western states could benefit from fuel reduction treatments.  O’Laughlin and Cook 

(2003) indicated that National forests in the U.S. are on average 50 percent denser 

than forests in any other ownership.  In addition, as with any disturbance, stress caused 

by stagnation can decrease vigor and make forests more susceptible to pest or insect 

infestation (Karsky 1992).     

Small trees, tightly spaced in the understory of mature forests, inherently 

increase wildfire potential.  The small trees promote fire spread and provide a ladder 

for surface fires to reach the overstory crown and often result in catastrophic, stand-

replacement wildfires.  Laverty and Williams (2000) reported that fire suppression 

activities have caused public lands to over-accumulate shrubs and small trees which 
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“reduce ecosystem diversity, health, resiliency, and fuel conditions for unnaturally 

intense fires”.  These effects are particularly important for stands with histories of 

frequent low-intensity fire.  The over accumulation of small trees and understory 

vegetation has changed these fire regimes from low intensity to high severity allowing 

crown fires to occur in forest types not historically prone to such occurrences (Mutch 

et al. 1993, Brown et al. 2004).   

Given the current forest health and wildfire hazard situation on many forests in 

the Western U.S., the research community must address sustainable methods of 

modifying vegetation structure to produce more fire resilient landscapes.  There is 

ample opportunity and much interest in employing pre-commercial thinning that could 

alleviate the overstocking problem along with wildfire hazard.  Such a proactive 

approach to fuel management may produce less monetary and environmental cost than 

fire suppression and stand replacement (Lynch 2004).  With these observations, it is 

imperative that small and large scale fuel reduction activities be investigated in 

attempts to protect the forest resource along with its associated assets, both market and 

non-market (Mason et al. 2006).   

 

3.2.1 Harvesting Small Trees 

To alleviate or reduce fire hazards, several alternatives exist for forest 

managers.  The most common, and typically productive approach, is that of harvesting 

small trees with mechanical systems (Bolding et al. 2003).  Traditional mechanical 

harvesting systems are designed to fell and extract merchantable sized trees into 

products for sale, i.e. pulpwood, sawlogs, etc.  Little research has been published on 

the harvesting of small non-merchantable stems that commonly contribute to wildfire 

hazards.  The knowledge deficiency concerned with harvesting small trees is most 

pronounced in the areas of system productivity, costs, and soil disturbance effects 

(McIver et al. 2003).  Also, the additional travel required by forest machines to harvest 

non-merchantable trees in fuel reduction applications may contribute to increased soil 

disturbance; although, this assumption has not been quantified.  On public lands, 
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regulatory standards established to limit the amount of area disturbed and compacted 

also lack this information.   

Forest managers currently have a small information pool for making sound 

decisions of harvesting equipment selection and silvicultural treatment effectiveness 

for fuel reduction activities (USFS 2005a).  There are numerous limitations and 

knowledge gaps for managers to select, plan, and implement appropriate technologies 

to meet sustainable forest management goals.  Once treatment prescriptions are 

established, important combined factors including mechanical system cost, soil 

disturbance, and the projected fire behavior benefits must be assessed.   

Harvesting small stems through mechanical means has been shown to be a 

viable option for reducing forest fuel loads (Fiedler et al. 1999, Bolding 2002) and 

subsequent wildfire hazard (Fulé et al. 2001).  However, many problems face forest 

managers in implementing such treatments.  To date, few comprehensive research 

studies have addressed small wood harvesting in forest fuel reduction applications.  

Most that have been reported investigated traditional logging operations or limited 

field trials of purpose built fuel reduction equipment (Brown and Kellogg 1996, 

Coulter et al. 2002, Matzka 2003). 

As the need and justification for vegetation manipulation through thinning of 

overstocked stands has grown, commercial systems have been used to harvest small-

diameter, non-merchantable trees.  This approach to forest fuel reduction poses many 

challenges to the forest manager.  The majority of mechanized logging equipment is 

designed to fell and extract trees large enough to produce revenue.  These machines 

are typically not configured to productively fell, process, and extract small trees.  In 

economic terms, mechanical thinning incurs problems because harvesting small stems 

is expensive and the resulting wood product has low value, producing high harvesting 

costs and limited revenue per unit or area (Watson et al. 1986, Bolding and Lanford 

2005).  Also, few cost and productivity estimates have been assigned to mechanical 

fuel reduction systems (Bolding and Lanford 2001, Coulter et al. 2002).  This fact 
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spurs researchers to find suitable systems that can be adapted to various terrain, 

vegetation, and species types. 

Commercial logging systems can provide significant benefits for a fuel 

reduction treatment while potentially producing a profit.  In a fuel reduction thinning, 

merchantable stems can be processed into products and the resulting logging slash 

(limbs, tops, and foliage) could be removed from the site at the same time to further 

reduce fuel loads.  Merchantable products could be transported for sale and previously 

non-merchantable material could be chipped (Bolding and Lanford 2005) or bundled 

(Murphy et al. 2003) as fuelwood.  By gaining revenue from the sale of products, 

often the high costs of harvesting small trees can be recovered and sometimes even 

produce a profit (Keegan III et al. 2004a). 

 

3.2.2 Non-commercial Forest Fuel Reduction 

Non-commercial fuel reduction activities can be defined as operations with an 

end goal of changing forest fuel structure without extracting fiber.  These systems 

represent the newest and most under-studied technologies for mechanical fuel 

reduction.  To date, there has been practically no comprehensive research to study 

such machinery in a fuel reduction treatment.  Studies, which have been completed, 

have failed to reach the literature or have been small-scale equipment trials to build 

baseline knowledge of the technology.   

In contrast to commercial treatments, non-commercial ones do not actually 

remove trees from the forest.  Graham et al. (2004) stated that these treatments “utilize 

machines to rearrange, compact, or otherwise change fire hazard without reducing fuel 

loads.”  There has recently been a surge of new technologies designed solely for non-

commercial treatments or modified machine attachments designed for installation on 

existing equipment.  Often known as masticating or mulching, no matter the 

equipment design, the methodology chops, grinds, or chips small-diameter understory 

trees and slash with a goal of redistributing ladder and/or ground fuel composition into 

finer fuels.  With this approach, no fuel is actually removed from the forest, but when 
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small trees are converted into finer fuels, wildland fires should burn less intensely and 

the possibility of stand replacement crown fires should be reduced.  Hartsough (2004) 

reported that “mastication uses horizontal or vertical axis flails or cutters to chop small 

diameter trees and brush in the understory”.  USFS (2004) indicated that “converting 

20 tons per acre of understory biomass into small pieces should produce a uniform 

layer about 1-inch deep across the stand”.  A unique benefit of the masticating 

technology is its capability to treat down dead material.  Effective mastication of down 

logs and slash may prevent surface fires from smoldering and prolonging the effects of 

scorch to the base of standing trees.   

Most purpose-built machines consist either of small skid steering rubber-tired 

or tracked carriers equipped with a front or rear-mounted masticating/mulching head.  

Also, traditional flexible track drive-to-tree skidding machines are being tested with 

masticating/mulching heads.  Attachments also exist for traditional rubber-tired drive-

to-tree machines or excavator based swing-boom machines.  However, these systems 

are commonly limited to areas with gentle slopes (Graham et al. 2004).   

Current non-commercial systems do not have the ability to extract small trees 

from the forest and, in most cases, should be considered as a management investment 

into the fire resiliency of a stand.  On public lands, these systems require economic 

subsidy for justification.  System performance, along with costs, and silvicultural 

treatment effectiveness for non-commercial systems are largely unknown.  USFS 

(2005a) reported a broad range treatment cost to be $100 to $1,000 per acre.  Recent 

inquiries of equipment manufacturers have yielded estimated treatment costs of $300 

to $600 per acre.  No known numbers have been reported on residual stand damage, 

soil disturbance impacts, or the size and composition of the resulting masticated fuel.  

This lack of information builds upon the frustration faced by forest managers charged 

with designing and implementing sustainable fuel reduction activities. 
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3.2.3 Soil Disturbance Regulation and Significance 

The concern over soil compaction, displacement, visual disturbance, and long-

term site productivity has become intensified in recent years.  Forest stands with long 

histories of intensive management tend to be characterized by numerous entries of 

mechanized timber harvesting systems.  These entries cause the soil of many stands to 

become compacted to a level that may inhibit future tree growth.  It is unclear as to 

what level of compaction will consistently be detrimental to future tree growth 

(Landsberg et al. 2003, Miller and Anderson 2002).  This value varies with tree 

species, soil type, soil texture, depth below the surface, and soil moisture.  On public 

lands administered by the USDA Forest Service, restrictions have been adopted to 

regulate the amount of soil disturbance that is acceptable from forest machines (USFS 

1998).  These restrictions note a “detrimental” level of soil disturbance to equal a 20% 

increase in soil bulk density on more than 20% of the area.  Other scientists and 

agencies use increases in soil strength as an indicator of detrimental disturbance.  A 

strength value of 3,000 kilopascals (kPa) or 3 megapascals (mPa) has been noted as a 

possible biological threshold where tree growth is detrimentally reduced (Powers et al. 

1998, Powers and Avers 1995).  For example, Sands et al. (1979) found restricted root 

growth in radiata pine stands when soil strength exceeded 3,000 kPa.  Similarly, 

Taylor et al. (1966) found that root-limiting effects occurred near 2,500 kPa.  Other 

approaches to establishing thresholds have been based on moisture content, especially 

in sensitive soil types (Nugent et al. 2003).     

The optimal approach for determining disturbance effects on forested stands is 

to monitor tree growth and product yield (Gomez et al. 2002, Murphy et al. 2004) as a 

means of validating predictions based on increases in soil strength or bulk density 

(Miller and Anderson 2002) as well as visual disturbance (Aust et al. 1998, Tepp 

2002, Murphy and Firth 2004).  Froehlich (1979) found that the effects of soil 

disturbance on tree growth can persist for decades following harvesting.  Forest 

productivity response to soil disturbance may not only depend on soil physical 

properties but also understory competition (Powers et al. 2005).  Vegetation response 
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(Adams 2005) and consistent reporting protocols (Curran et al. 2005, McFee and 

Kelly 2005) may be the most important areas in need of research to fill knowledge 

deficiencies.   

 

3.2.4 Research Questions 

 This paper reports the results of soil disturbance generated from two non-

commercial forest fuel reduction machines in contrasting forest types and fuel loading 

conditions in central Oregon.  The specific research questions addressed were as 

follows: 1) Does the use of non-commercial fuel reduction contribute to statistically 

and/or biologically significant changes in soil strength at various depths below the soil 

surface?, 2) Are changes in soil strength related to visual soil disturbance?, and 3) Are 

there statistically significant differences in soil strength or visual disturbance 

classification between the machines? 

 

3.3 Methods 

3.3.1 Study Sites and Silvicultural Prescriptions 

This study was conducted on two study sites in central Oregon: 1) Tenino, and 

2) Biddle Pass.  Each site is located on the Confederated Tribes of the Warm Springs 

Indian Reservation (WSIR) approximately 20 miles west of Warm Springs, Oregon.  

The WSIR covers over 1,000 square miles in the Deschutes River Drainage with the 

west boundary lying near the summit ridge of the Cascade Mountains.  The Metolius 

and the Deschutes Rivers make up the southern and eastern boundaries.  The WSIR 

lies mostly in Jefferson and Wasco counties and includes small portions of Linn, 

Clackamas, and Marion counties.  The sites were chosen by the landowner who was 

interested in gaining more information on the soil disturbance effects of non-

commercial forest fuel reduction operations.   
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3.3.1.1 Tenino 

3.3.1.1.1 Site Characteristics 

The Tenino study site is approximately 80 acres and consists primarily of 

ponderosa pine (Pinus ponderosa) (30-120 years old) with excessive understory 

regeneration.  Site conditions include gentle slopes averaging 3.5% (min 1.5%, max 

6.5%), an aspect of 40º, and elevation of 2,800-3,000 feet.  In addition to the 

ponderosa pine, there are a few Douglas-fir (Pseudotsuga menziesii), western juniper 

(Juniperus occidentalis), and incense-cedar (Calocedrus decurrens) scattered 

throughout.  Some ponderosa pine is naturally regenerating in the openings.  Areas of 

older regeneration are in clumps up to two acres.  The other two components of the 

stand are sapling/pole and small saw-log groups.  The stand has been partially 

harvested numerous times (1923, 1942, 1960, 1986, and 1999), removing most of the 

overstory ponderosa pine and leaving a dense understory of young, clumpy ponderosa 

pine.  Damage caused by the western pine beetle (Dendroctonus brevicomis), 

mountain pine beetle (D. ponderosae), and the pine engraver (Ips pini), as well as 

injuries incurred during harvesting have affected many of the residual trees.  Western 

dwarf mistletoe (Arceuthobium campylopodum) has also infected about 2% of the 

ponderosa pine.  The stand has a relatively dense, young understory in clumps that are 

beginning to feel the effects of competition.  The vertical structure is such that ladder 

fuels may cause a non-lethal fire to become catastrophic and stand replacing.   

Historically this stand was composed of uneven-aged groups of large-diameter 

trees (150-500 years old).  The groups of large trees were mostly in clumps of ¼ to 2 

acres.  Past harvesting opened the stand, creating the present day three-age, three-size 

class structure.  However, some areas are two-aged with poles and old growth.  The 

Tenino stand was created primarily through harvesting and fire exclusion rather than 

insects and wildfire.  Fire, which maintained ponderosa pine as a climax species, was 

excluded from the area in the early twentieth century.  The fire suppression policy has 

prevented periodic surface fires from preparing necessary seed beds for regeneration.  
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The exclusion of fire has also left the pole-sized and seedling/sapling-sized clumps 

overstocked and stagnated.     

The plant community within the Tenino stand is classified as PIPO/PUTR-

ARPA (ponderosa pine (Pinus ponderosa), bitterbrush (Purshia tridentata), and 

green-leaf manzanita (Arctostaphylos patula)) (Marsh et al. 1987).  The overstory is 

almost purely ponderosa pine (99.4%) with a few other species scattered throughout.  

Western juniper (0.5%), Douglas-fir (0.08%), and incense-cedar (0.02%) make up a 

very small portion of the stand.  Understory shrubs consist primarily of dense 

bitterbrush and green-leaf manzanita, ranging in age from 30-40 years old and height 

up to 5 feet. 

    A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  Due to the patchiness of the stand, a 

strip cruise was used with 2, 33-feet wide strips placed systematically in each of 16 

approximately 5-acre subunits (min 4.3, max 6.1).  When appropriate, the strips were 

placed perpendicular to periodic variation to more accurately represent the 

characteristics of an entire subunit.  Within each strip, all trees ≥ 5 feet in height (trees 

with a DBH) were measured and recorded.  The total area cruised was 11.3 acres or 

13.6% of the stand area.  Descriptive statistics from the stand exam are listed in Table 

3.1 along with the diameter and basal area distributions in Figures 3.1 and 3.2.   

 
Table 3.1: Pre-treatment stand exam statistics (per 5-acre subunit). N=16. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 443.70 231.05 52 57.76 320.58-566.82 13 
Basal area/acre (ft2) 66.27 17.03 26 4.26 57.20-75.35 6 
SDI1 126.73 31.86 25 7.96 109.75-143.71 6 
QMD (inches) 5.74 1.56 27 0.39 4.90-6.57 7 

1The summation method for calculating SDI was used (Shaw 2000, Stage 1968). 
 

The current structure of the Tenino stand is a product of past harvesting and 

fire exclusion.  Overstory removal has allowed groups of small diameter trees to 

restock group selection areas and become stagnated.  The stand is uneven-aged with 

an inverse J-shaped diameter distribution (Figure 3.1).  Ninety-five percent or 423 of 
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the total trees per acre are in DBH classes ≤ 10 inches.  The remaining overstory 

consists of a few large-diameter trees greater than 10-inches DBH, approximately 20 

per acre.  Suppressed and co-dominant crown classes contribute the greatest number of 

trees.  The 10-inch DBH class contains 9.3 ft2 of basal area per acre, which is more 

than any other class (Figure 3.2).  Large-diameter trees >20-inches DBH contain only 

12.1 ft2 of the total stand basal area per acre or 17%.     
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Figure 3.1: Total trees per acre for all species within the Tenino stand by 2-inch 
DBH classes.  Total = 445 TPA. 

 
Soils within the Tenino stand are moderately deep (20-40 inches), rocky, and 

well drained.  The soil type is characterized as Hehe-Teewee complex.  The parent 

material is residuum and colluvium derived from andesite or basalt with an influence 

of volcanic ash.  The soil profile consists of: 0-11 inches -- dark brown very stony 

loam; 11-19 inches -- dark brown very bouldery loam; 19-38 inches -- dark brown 

very bouldery clay loam; and >38 inches -- weathered andesite.  Available water 
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capacity is 2-6 inches with a potential rooting depth from 20-40 inches.  Runoff is 

slow or medium with a slight to moderate hazard of erosion (NRCS 1993b). 
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Figure 3.2: Basal area per acre (ft2) for the Tenino stand by 2-inch DBH classes.  
Total = 72.2 ft2 per acre. 

 
3.3.1.1.2 Silvicultural Prescription 

The objective of the Tenino silvicultural prescription was to reduce the risk of 

catastrophic wildfire by mechanically masticating/mulching shrubs, standing dead and 

stagnated live trees, and redistributing down woody fuel into the 100-hr fuel category 

or less.  Standing trees were thinned to 16 by 16 feet in the sapling/pole sized clumps, 

less than 8-inches DBH.  In the greater than or equal to 8 to 12-inch DBH clumps, 

residual trees were spaced to 22-feet.  No trees ≥ 12-inches DBH were treated.  Tree 

stumps were not left any lower than 2-inches or higher than 6-inches above the ground 

level, a boulder, or other unmovable object.  Tree species in order of leave preference 

were: 1) ponderosa pine, 2) Douglas-fir, 3) incense-cedar, and 4) western juniper.  
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Leave tree characteristics were: 1) disease free, 2) dominant or co-dominant, 3) ≥ 30% 

crown ratio, 4) dense crown, 5) good form with no forking, and 6) good terminal 

leader growth. 

All down woody fuel (whether from treated standing trees or existing down 

trees) was masticated to a residual size no greater than 3 inches in diameter by 3 feet 

in length.  The resulting masticated/mulched material was left no higher than 1 foot 

above the forest floor.  All live and dead shrubs taller than 6 inches above the ground 

surface were masticated throughout.  This criterion was established to ensure residual 

browse for wildlife.   

 

3.3.1.2 Biddle Pass 

3.3.1.2.1 Site Characteristics 

The Biddle Pass study site is approximately 40 acres in size with a large 

portion of dead and dying trees due to insect and disease attack.  The area is cold and 

wet with associated harsh conditions.  The average annual precipitation is 70 inches 

primarily in the form of snow.  Site conditions include gentle slopes averaging 8% 

(min 2%, max 14%), an aspect of 207º, and elevation of 5,700-5,800 feet.  The plant 

community is classified as TSME-PICO/ABLA2 (mountain hemlock (Tsuga 

mertensiana), lodgepole pine (Pinus contorta), and subalpine fir (Abies lasiocarpa)) 

(Marsh et al. 1987).  The overstory consists primarily of subalpine fir (62%) and 

lodgepole pine (28%) with a few other scattered species.  The remaining 10% is made 

up of mountain hemlock (8%), white bark pine (Pinus albicaulis) (1.5%), white fir 

(Abies concolor) (0.45%), and western larch (Larix occidentalis) (0.05%).  Understory 

shrubs are sparsely scattered throughout and consist primarily of big huckleberry 

(Vaccinium membranaceum Dougl.) and sticky currant (Ribes viscosissimum Pursh.). 

Biddle Pass is located in a conditional use area of the WSIR and historically, 

few logging entries have occurred.  Presently the stand is suffering from an epidemic 

infestation of mountain pine beetle on the lodgepole pine that has lasted for 

approximately 10 years.  Prior to the 1990’s the western spruce budworm 
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(Choristoneura occidentalis) defoliated most of the mountain hemlock and subalpine 

fir (Arena 2005).  As a result, dead topped hemlocks and firs are scattered throughout 

the stand.  Lodgepole pine dwarf mistletoe (Arceuthobium americanum) has also 

infected about 15% of the lodgepole pine.  Standing dead and down fuel has increased 

due to insect activity and has created a high-risk condition for wildfire to both the 

Biddle Pass and adjacent commercially managed stands.   

A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  A line plot cruise was used with 38, 

0.1-acre fixed radius plots placed systematically over the 40 acres.  Within each plot, 

all trees (live and dead) ≥ 5 feet in height (trees with a DBH) were measured and 

recorded.  The total area cruised was 3.8 acres or 9.5% of the stand area.  Descriptive 

statistics from the stand exam are listed in Table 3.2 along with the diameter and basal 

area distributions in Figures 3.3 and 3.4.    

 
Table 3.2: Pre-treatment stand exam statistics. N=38. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 945.00 468.58 49 76.01 790.98-1099.02 8 
Basal area/acre (ft2) 214.65 55.64 26 9.03 196.36-232.94 4 
SDI 462.80 124.94 27 20.27 421.73-503.86 4 
QMD (inches) 6.78 1.19 17 0.19 6.38-7.17 3 

 

The current structure of the Biddle Pass stand is due to excessive mortality 

from insect attack and harsh climatic conditions.  Of the 945 trees per acre, 781 or 

83% are in DBH classes < 10 inches.  The majority of trees are in the 2-inch DBH 

class (268 per acre).  Eighty-one ft2 per acre or 36% of the basal area is contained in 

the 8 and 10-inch DBH classes.  During the stand exam, 285 trees per acre (30%) were 

classified as either recent mortality or older dead.  This finding highlights the need for 

treatment to improve stand health and reduce the chance of catastrophic wildfire.   
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Figure 3.3: Total trees per acre for all species within the Biddle Pass stand by 2-
inch DBH classes.  Total = 945 TPA. 

 

Soils within the Biddle Pass stand are very deep (>60 inches) and well drained.  

The soil type is characterized as Piumpsha-Jojo complex.  The parent material is 

residuum and colluvium derived dominantly from andesite, pyroclastic ashflow, and 

volcanic ash.  The soil profile consists of: 0-8 inches -- very dark brown gravelly 

sandy loam; 8-27 inches -- dark yellowish brown gravelly sandy loam; and 27-60 

inches -- dark brown gravelly clay loam.  Available water capacity is 4-8 inches with a 

potential rooting depth more than 60 inches.  Runoff is slow to rapid with a slight to 

high hazard of erosion (NRCS 1993b).   
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Figure 3.4: Basal area per acre (ft2) for the Biddle Pass stand (all trees) by 2-inch 
DBH classes.  Total = 225.1 ft2 per acre. 
 

3.3.1.2.2 Silvicultural Prescription 

The objective of the Biddle Pass silvicultural prescription was to reduce the 

risk of catastrophic wildfire by mechanically masticating/mulching standing dead and 

diseased trees, and redistributing down woody fuel into the 100-hr fuel category or 

less.  Standing dead trees < 10-inches DBH were mechanically masticated.  Dead trees 

were defined as: 1) trees containing no remaining foliage, and 2) trees with all 

remaining foliage that is brown or red.  Standing trees containing a combination of 

green and brown foliage were not treated.  No standing trees ≥ 10-inches DBH, 

whether dead or alive, were treated.  No standing live trees of any size were 

intentionally treated.  All down woody fuel (whether from treated standing trees or 

existing down trees) was masticated to a residual size no greater than 3 inches in 

diameter by 3 feet in length.  The resulting masticated/mulched material was left no 
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higher than 1 foot above the forest floor.  In addition, all live and dead shrubs were 

masticated throughout.   

 

3.3.2 Fuel Reduction Machines 

Two non-commercial forest fuel reduction machines were selected for 

comparison.  Equipment details and specifications are as follows:   

Swing-boom excavator (SBE) (Figure 3.5) – The Caterpillar 315CL with a 

RDM 9044EX rotary disc mulching head is a tracked swing-boom hydraulic excavator 

with 23.62-inch wide triple grouser tracks and a 115 horsepower Caterpillar 3046T 

diesel engine.  The machine weighs 36,930-lbs, has a 29.86-ft boom reach, a 39.6 

gal/min hydraulic flow capacity, and produces an estimated 6.25 psi of ground 

pressure.  The mulching head (Figure 3.6) has a maximum 16-inch woody material 

processing capacity, weighs 1,800-lbs, and requires ≥ 30 gal/min of hydraulic flow.  

The 44-inch disc turns at a maximum 1,300 rpms and contains carbide teeth on both 

the bottom and outer edges.  The head also contains an outer shroud with opposing 

hammer teeth to assist in mulching.  The head is manufactured by Advanced Forest 

Equipment (http://www.advancedforest.com); Eugene, Oregon.   

During the study, all SBE subunits were treated by the same operator.  The 

operator had more than 1,000 hours of experience performing forest fuel reduction 

silvicultural prescriptions in several states throughout the Western U.S.  Due to the 

experience level, no trees were marked by the research team.  Operator selection of 

both trees and down woody fuel for treatment was used for all SBE subunits.  Periodic 

walkthrough exams were performed to ensure that prescription requirements were met.  

Any necessary modifications were then relayed to the operator.    
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Figure 3.5: Caterpillar 315CL swing-boom hydraulic excavator equipped with an 
Advanced Forest Equipment RDM 9044EX rotary disc mulching head. 

 

 
Figure 3.6: Advanced Forest Equipment RDM 9044EX rotary disc mulching 
head. 
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Flexible tracked hydrostatic mulcher (FTM) (Figure 3.7) – The Kootenay 

Manufacturing Company (KMC) 2100H with a front mounted Fecon Bull Hog 120H-

2 rotating drum mulching head is a flexible tracked rear engine drive-to-tree 

hydrostatic mulcher.  The KMC has a flexible track configuration with 4 moving cast 

steel road wheels and a Cummins 6BTA 174 horsepower diesel engine.  The machine 

weighs 28,700-lbs and has a Cummins QSL9-350 hydraulic motor that produces 350 

horsepower at 1900 rpms.  The Fecon Bull Hog mulching head (Figure 3.8) has an 

overall width of 99 inches with a working width of 85 inches.  The head weighs 5,300-

lbs and requires a minimum of 170 hydraulic horsepower and 85 gal/min of hydraulic 

flow for maximum efficiency.  The head has 48 fixed positioned double carbide 

hammer teeth with a 300-500 hour life. 

 

 
Figure 3.7: KMC 2100H drive-to-tree flexible tracked hydrostatic mulcher 
equipped with a Fecon Bull Hog 120H-2 rotating drum mulching head. 
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Figure 3.8: Fecon Bull Hog 120H-2 rotating drum mulching head. 

 

As for the SBE, all FTM subunits were treated by the same operator.  It is 

important to note that the KMC/Bull Hog combination was a prototype machine with 

less than 200 hours of working time.  Therefore, the operator was relatively 

inexperienced with the machine prior to the study.  The machine had been used for 

clearing right-of-ways and installing defensible strips but no forest fuel reduction 

thinning prescriptions had been implemented.  In support, an additional crew member 

(spotter) was used to mark leave trees and any significant obstacles such as rock 

outcroppings or sensitive areas.  Along with the research team and landowner 

representatives, the spotter was trained on tree-marking techniques and spacing 

guidelines.  Periodic walkthrough exams were performed to ensure that prescription 

requirements were met and any necessary modifications were then relayed to the 

operator and spotter.  Members of the research team inspected each subunit for 

prescription compliance before any further work.   
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3.3.3 Experimental Design and Data Collection 
 
3.3.3.1 Tenino

Soil characteristics were recorded pre- and post-treatment using visual 

classification, strength, and moisture measurements.  The difference between pre- and 

post-treatment measurements determined the level of soil disturbance generated from 

the machines.  The study attempted to detect changes in soil strength after treatment 

measured in kilopascals (kPa) at depths from 25-400 mm below the soil surface. 
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Figure 3.9: Tenino site layout displaying machine assignments and soil data 
collection subunits. SBE=swing-boom excavator, FTM=flexible tracked mulcher. 

 
The 80 acre stand was systematically divided into 16, approximately 5-acre 

subunits.  Eight subunits were randomly assigned to each machine to perform the 

silvicultural prescription and ranged from 4.3-6.1 acres with an average of 5.2 acres.  
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Of the 16 subunits, 4 per machine were randomly selected for the visual disturbance 

and soil strength study.  SBE subunits averaged 5.1 acres and FTM subunits averaged 

5.6 acres (Figure 3.9). 

Within each subunit, 6 plot centers were identified from a systematic grid of 

the area, yielding 48 plot centers for the survey, or 24 per machine.  This approach 

was used to establish a representative sample of each subunit.  At each of the 48 plot 

centers, 2 random transect directions were established using a random number 

generator.  Possible azimuths ranged from 20-360° in 20° intervals, yielding 18 

possible directions.  On each transect, using the point transect method (McMahon 

1995), one visual disturbance observation and one soil strength profile were recorded 

at a point 10, 20, and 30-ft from plot center along the two transects (Figures 3.10-

3.11).   

 

 
Figure 3.10: Example soil sampling diagram showing 6 plot centers and 12 
transects per subunit.  Note: drawing not to scale. 
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Figure 3.11: Example plot center location with 2 transects showing soil strength 
and visual disturbance measurement locations.  Note: drawing not to scale. 

 
Soil strength was measured pre- and post-treatment using a Rimik CP20 

recording soil penetrometer.  Visual soil disturbance was also assessed pre- and post-

treatment and recorded as one of twelve codes (Table 3.3).  Pre- (September) and post-

treatment (November) measurements were conducted during the 2004 field season to 

ensure that soil moisture levels were compatible.  In addition, soil cores (12-inches 

below the surface) were collected with a tube-type soil sampler at each of the 48 plot 

centers pre- and post-treatment, weighed, and oven-dried to determine average soil 

moisture content.    

 
Table 3.3: Visual soil disturbance codes used during data collection. Adapted 
from McMahon (1995). 
DISTURBANCE TYPE CODE
Undisturbed  
     No evidence of machine or log passage, litter and understory intact 1 
Shallow Disturbance       
     Litter still in place, evidence of minor disruption 2 
     Litter removed, topsoil exposed 3 
     Litter and topsoil mixed 4 
     Evidence of track, or log passage (imprint < 4 inches deep) 5 
Deep Disturbance  
     Topsoil removed, mineral soil exposed 6 
     Erosion feature (rill, gully, etc.) 7 
     Rutted, evidence of track, or log passage               
          4-8 inches deep 8 
          > 8 inches deep 9 
Clarifiers  
     Skid trail 10 
     Haul road 11 
     Non-soil (stumps, rocks) 12 
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The study yielded 286 soil strength profiles pre-treatment and 282 post-

treatment or approximately 7 profiles per acre.  For each profile, the soil penetrometer 

recorded soil strength (kPa) at depth intervals of 25 mm from 25-400 mm below the 

soil surface.  Each profile contained a total of 16 soil strength measurements.  Transect 

directions were located randomly for both pre- and post-treatment measurements; 

therefore, sampling points were not in the same location, in most cases.   

 

3.3.3.2 Biddle Pass 

As for the Tenino site, soil characteristics at Biddle Pass were recorded pre- 

and post-treatment using visual classification, strength, and moisture measurements.  

The difference between pre- and post-treatment measurements determined the level of 

soil disturbance generated by the machines.  The study attempted to detect changes in 

soil strength measured in kilopascals (kPa) at depths from 25-400 mm below the soil 

surface. 

The 40 acre stand was systematically divided into 8, approximately 5-acre 

subunits.  Four subunits were randomly assigned to each machine to perform the 

silvicultural prescription and ranged from 4.1-6.6 acres with an average of 5.0 acres.  

SBE subunits averaged 5.4 acres and FTM subunits averaged 4.7 acres (Figure 3.12).  

However, due to a mechanical failure, subunit 8 was not treated by the FTM machine 

and was therefore removed from consideration in the study. 

Within each subunit, fixed radius plots were installed for tree measurement, 

ranging from 4-6, 0.1-acre plots depending on subunit size.  Excluding subunit 8, 34 

plot centers were established.  At each plot center, 2 random transect directions were 

established using a random number generator.  Possible azimuths ranged from 20-360° 

in 20° intervals, yielding 18 possible directions.  On each transect, using the point 

transect method (McMahon 1995), one visual disturbance observation and one soil 

strength profile was recorded at a point 10, 20, and 30-ft from plot center along the 

two transects (Figure 3.11).   
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Figure 3.12: Biddle Pass site layout displaying machine assignments. Note: soil 
disturbance data was collected in each subunit except subunit 8 where no 
treatment was performed. SBE=swing-boom excavator, FTM=flexible tracked 
mulcher. 

 
Soil strength was measured pre- and post-treatment using a Rimik CP20 

recording soil penetrometer.  Identical to the Tenino site, soil disturbance was visually 

assessed and assigned to one of twelve codes (Table 3.3).  Soil cores (12-inches below 

the surface) were also collected at each of the 34 plot centers pre- and post-treatment, 

weighed, and oven-dried to determine soil moisture.  Pre-treatment measurements 

were completed during September 2004.  Post-treatment measurements were collected 

the following field season during August 2005 when soil moisture conditions were 

most similar (Wright 2003).  This was due to adverse weather conditions following 

machine studies, the inability to access the study area, and a rapid change in soil 

moisture.           

The study yielded 202 soil strength profiles pre-treatment and 204 post-

treatment or approximately 6 profiles per acre.  For each profile, the soil penetrometer 

recorded soil strength (kPa) at depth intervals of 25 mm from 25-400 mm below the 

soil surface.  Each profile contained a total of 16 soil strength measurements.   
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3.3.4 Data Analysis 

To determine pre- and post-treatment soil moisture, soil cores were oven-dried 

at 110ºC for 24 hours and weighed.  The difference between field and oven-dried 

weights, determined the soil moisture content of all samples.  One-way ANOVA was 

used to test for significant differences between pre- and post-treatment samples at each 

study site.      

Visual soil disturbance observations were compiled for each machine and 

study site.  The percent of total observations was calculated for each category.  A chi-

square test of independence was then used to determine significant differences 

between machines for each observed visual disturbance category.  All statistical tests 

were conducted at the α=0.05 significance level. 

At each study site, soil strength data were modeled using a completely 

randomized split-plot design with the subunit as the experimental unit for the machine 

and each soil strength profile as the experimental unit for disturbance class.  To 

minimize the number of repeated measures per replicate, the 16 depth intervals were 

grouped into 4 new depth classes: 1) 25-100 mm, 2) 125-200 mm, 3) 225-300 mm, 

and 4) 325-400 mm.  Each of the depth classes represented repeated measures within 

each profile.  A repeated measures analysis of variance (ANOVA) procedure was 

performed with SAS v9.1 statistical software (SAS Institute 2002).  Ten alternative 

models were considered for the covariance structure in the data.  The most appropriate 

structure was determined by Akaike’s Information Criterion (AIC).  Values for each of 

10 proposed structures were ranked and the model with the lowest AIC value was 

selected as the appropriate structure for the data.  The alternative covariance structures 

were as follows: 

Compound Symmetry  Autoregressive σ

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

22
1

2
1

2
1

2
1

22
1

2
1

2
1

2
1

22
1

2
1

2
1

2
1

2

σσσσ
σσσσ
σσσσ
σσσσ

2

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

1
1

1
1

23

2

2

32

ρρρ
ρρρ
ρρρ
ρρρ

 



 156

Toeplitz 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

22
1

2
2

2
3

2
1

22
1

2
2

2
2

2
1

22
1

2
3

2
2

2
1

2

σσσσ
σσσσ
σσσσ
σσσσ

, , ,  

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

22
1

2
2

2
1

22
1

2
2

2
2

2
1

22
1

2
2

2
1

2

0

0

σσσ
σσσσ
σσσσ

σσσ

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

22
1

2
1

22
1

2
1

22
1

2
1

2

00
0

0
00

σσ
σσσ

σσσ
σσ

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2

2

2

2

000
000
000
000

σ
σ

σ
σ

Unstructured 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2
44

2
34

2
24

2
14

2
34

2
33

2
23

2
13

2
24

2
23

2
22

2
12

2
14

2
13

2
12

2
11

σσσσ
σσσσ
σσσσ
σσσσ

, , ,  

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2
44

2
34

2
24

2
34

2
33

2
23

2
13

2
24

2
23

2
22

2
12

2
13

2
12

2
11

0

0

σσσ
σσσσ
σσσσ

σσσ

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2
44

2
34

2
34

2
33

2
23

2
23

2
22

2
12

2
12

2
11

00
0

0
00

σσ
σσσ

σσσ
σσ

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2
44

2
33

2
22

2
11

000
000
000
000

σ
σ

σ
σ

 

Visual soil disturbance codes were grouped into broader categories of: 1) 

undisturbed ― code 1, 2) shallow disturbance ― codes 2-5, 3) deep disturbance ― 

codes 6-9, and 4) skid trail ― code 10.  Grouped data categories consist of mean soil 

strength values of each of the initial broader categories.  ESTIMATE statements were 

used to generate estimates of pre- and post-treatment soil strength values at each depth 

class as well as the difference between these values.  In this procedure, pre-treatment 

visual disturbance codes were averaged to generate mean soil strength values for all 

pre-treatment measurements.  The same method was used to establish soil strength 

means for all post-treatment measurements.  The DIFF option was used to obtain 

estimates of differences between least square means for all pairwise comparisons.  The 

final mathematical models assume that measurements recorded on different profiles 

are independent, observations within a profile are dependent and correlated, and that 

all errors are normally distributed.  This analysis attempted to detect significant 

differences in soil strength that could be attributed to machine travel while performing 

the silvicultural prescriptions. 

 

3.3.4.1 Tenino 

During pre-treatment measurements, only undisturbed (Pre1) and old skid trail 

(Pre10) classifications were observed.  Post-treatment observed classifications were 

undisturbed (Post1), shallow disturbance (Post2), deep disturbance (Post3), and old 
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skid trail (Post10).  Due to the few number of observations and unbalance between 

machines in the Post3 (0-SBE, 3-FTM) and Post10 (28-SBE, 2-FTM) categories, these 

observations were removed from consideration during soil strength analysis.  

Therefore, 4 visual soil disturbance codes were used during data analysis: 1) Pre1, 2) 

Pre10, 3) Post1, and 4) Post2.  The following ANOVA model was used to describe the 

relationships of soil strength, depth below the soil surface, and visual disturbance 

observations between machines.   

Yijkl = μ + Mi + λj(i) + Vk + M*Vik + δjk(i) + Dl + D*Mil + D*Vkl + D*M*Vjkl + εjkl(I) 

where: 

Yijkl soil strength at the lth depth in the kth visual disturbance class in the jth 

 subunit using the ith machine type 

μ  is the overall mean value of Yijkl (soil strength (kPa)) 

Mi   is the fixed effect of the ith machine type (i=SBE or FTM) 

λj(i)  is the random effect of a 5-acre subunit, λj(i)~N(0,σ2
u) 

Vk  is the fixed effect of the kth level of visual soil disturbance (k=Pre1, 

 Pre10, Post1, or Post2) 

M*Vik  is the fixed interaction effect of machine and visual disturbance class 

δjk(i)  is the random effect of a set of locations for each visual disturbance 

 class within a subunit, δjk(i)~N(0,σ2
s) (nPre1=212, nPre10=74, nPost1=48, 

 nPost2=201) 

Dl  is the fixed effect of the lth depth class (l=1, 2, 3, or 4) 

D*Mil  is the fixed interaction effect of machine and depth class 

D*Vkl  is the fixed interaction effect of depth and visual disturbance class 

D*M*Vjkl is the fixed interaction effect of depth, machine, and visual disturbance  

  class 

εjk(i)  is the random error term that represents variability among depth classes 

 within profiles, and εjk(i)~Multivariate Normal (0,Σ) and 
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  Σ =  represents an Unstructured (2) covariance 

 structure among depth classes within a profile. 
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3.3.4.2 Biddle Pass 

During pre-treatment measurements, only undisturbed (Pre1) and old skid trail 

(Pre10) classifications were observed.  Post-treatment observed classifications were 

undisturbed (Post1), shallow disturbance (Post2), and deep disturbance (Post3).  No 

Post10 (old skid trail) observations were distinguishable.  As for the Tenino site, the 

few number of observations in the Post3 (0-SBE, 1-FTM) category led to its removal 

from consideration during soil strength analysis.  Therefore, 4 visual soil disturbance 

codes were used during data analysis: 1) Pre1, 2) Pre10, 3) Post1, and 4) Post2.  The 

following ANOVA model was used to describe the relationships of soil strength, depth 

below the soil surface, and visual disturbance observations between machines.  

Yijkl = μ + Mi + λj(i) + Vk + M*Vik + δjk(i) + Dl + D*Mil + D*Vkl + D*M*Vjkl + εjkl(I) 

where: 

Yijkl soil strength at the lth depth in the kth visual disturbance class in the jth 

 subunit using the ith machine type 

μ  is the overall mean value of Yijkl (soil strength (kPa)) 

Mi   is the fixed effect of the ith machine type (i=SBE or FTM) 

λj(i)  is the random effect of a 5-acre subunit, λj(i)~N(0,σ2
u) 

Vk  is the fixed effect of the kth level of visual soil disturbance (k=Pre1, 

 Pre10, Post1, or Post2) 

M*Vik  is the fixed interaction effect of machine and visual disturbance class 

δjk(i)  is the random effect of a set of locations for each visual disturbance 

 class within a subunit, δjk(i)~N(0,σ2
s) (nPre1=143, nPre10=59, nPost1=89, 

 nPost2=114) 
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Dl  is the fixed effect of the lth depth class (l=1, 2, 3, or 4) 

D*Mil  is the fixed interaction effect of machine and depth class 

D*Vkl  is the fixed interaction effect of depth and visual disturbance class 

D*M*Vjkl is the fixed interaction effect of depth, machine, and visual disturbance  

  class 

εjk(i)  is the random error term that represents variability among depth classes 

 within profiles, and εjk(i)~Multivariate Normal (0,Σ) and 

  Σ =  represents an Unstructured (3) covariance 

 structure among depth classes within a profile. 
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3.4 Results and Discussion 

3.4.1 Tenino 

After oven-drying and weighing soil samples, average moisture contents were 

determined to be 7.53% for pre-treatment samples and 8.43% for post-treatment 

samples.  One way ANOVA indicated a marginal but insignificant difference between 

the means (F=3.90, p=0.0530). 

 

3.4.1.1 Visual Soil Disturbance Observations 

Percentages of visual disturbance classes are shown in Figure 3.13.  Pre-

treatment, only undisturbed and old skid trail codes were recorded with undisturbed 

observations accounting for 70.1% in the SBE subunits and 78.2% for the FTM.  The 

distribution across pre-treatment classes did not differ significantly between the 

machines.  Following treatment, the majority of observations were classified as 

shallow disturbance (Post2).  From chi-square tests, the FTM produced significantly 

more (p<0.0001) shallow disturbance than the SBE (84.5% vs. 57.9%).  No deep 

disturbance was recorded for the SBE, and only 3 occurrences were detected for the 
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FTM.  Percentage of post-treatment undisturbed observations was 22.1% for the SBE 

and 12.0% for the FTM with the difference being statistically significant (p=0.0345).  

Occurrence of old skid trail observations following treatment was 20% for the SBE 

and only 1.4% for the FTM.  This difference was also statistically significant 

(p<0.0001).  Since pre-treatment old skid trail observations were not significantly 

different between the machines, this result indicates that the additional scarification 

generated by the FTM made old skid trails nearly undetectable.  After combining all 

post-treatment disturbance codes (Post2 and Post3), 28.5% more observations were 

recorded for the FTM (p<0.0001).  This indicates that the FTM produced significantly 

more disturbance than the SBE with the majority being in the shallow-disturbance 

category.  This result confirms initial observations since the drive-to-tree design of the 

FTM requires the machine to cover more stand area when performing the same 

silvicultural prescription as the SBE.  The SBE treated multiple trees from a single 

machine position due to its boom reach and therefore produced significantly less 

visually detectable soil disturbance.  In addition, the SBE operator often used the 

machine’s boom as support to reposition the tracks in a desirable direction.  This 

procedure was also effective for reducing soil disturbance.    
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Figure 3.13: Percentage of visual disturbance observations for each machine pre- 
and post-treatment at the Tenino study site.  Note: different letters within a 
disturbance class indicate significant differences at α=0.05. SBE=swing-boom 
excavator, FTM=flexible tracked machine. 
 

3.4.1.2 Soil Strength 

Residual analysis of soil strength estimates indicated that no transformation of 

the response was necessary to meet model assumptions of normality and constant 

variance.  Using AIC, an unstructured (UN2) covariance structure was selected.  This 

structure, indicating correlation only at adjacent depth classes, produced the lowest 

AIC value and was therefore selected for inclusion in the final Tenino ANOVA 

model.  The mathematical model was used to estimate means, differences among 

means, and their confidence limits.  AIC values for each analyzed covariance structure 

are displayed in Table 3.4. 
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Table 3.4: AIC values for each of the ten analyzed covariance models at the 
Tenino study site1. Note: UN(2) produced the lowest AIC value. 

Model AIC  Model AIC 
CS 1366.3  AR(1) 1363.5 

UN(4) 1354.9  TOEP(4) 1369.0 
UN(3) 1357.2  TOEP(3) 1365.2 
UN(2) 1348.2  TOEP(2) 1365.3 
UN(1) 1349.5  TOEP(1) 1364.3 

1CS=Compound Symmetry, UN=Unstructured, AR=Autoregressive, TOEP=Toeplitz 
 

As noted in Table 3.5 below, the effect of machine (F3,18=4.38, p=0.0176) and 

depth class (F9,71=3.65, p=0.0009) did depend on visual soil disturbance class (VDC) 

and the effect of machine depended marginally on depth class (F3,71=2.22, p=0.0928).   

 
Table 3.5: ANOVA table of effects of machine, visual soil disturbance class, and 
depth class on soil strength at the Tenino study site1. 
Effect Num DF Den DF F Value Pr > F 
Machine 1 6 2.13 0.1951 
VDC 3 18 0.29 0.8303 
Machine*VDC 3 18 4.38 0.0176 
Depth Class 3 71 64.13 <0.0001 
Machine*Depth Class 3 71 2.22 0.0928 
VDC*Depth Class 9 71 3.65 0.0009 
Machine*VDC*Depth Class 9 71 0.25 0.9845 

1Num DF=Numerator degrees of freedom, Den DF=Denominator degrees of freedom, VDC=Visual soil 
disturbance class. 
 

Average soil strength and 95% confidence intervals for each machine and 

VDC are shown in Figure 3.14.  The differences in soil strength between the two 

machines are plotted against VDC in Figure 3.15.  While there were no soil strength 

differences between machines for the pre-treatment VDCs, post-treatment 

measurements indicated differences between the machines, even in visually 

undisturbed areas.  In FTM subunits, average soil strength in disturbed areas following 

treatment was estimated to be between 90 and 433 kPa greater than disturbed areas in 

SBE subunits.  The difference in soil strength between machines in post-treatment 

undisturbed areas could be due to errors in visual disturbance classification.  Due to 

the added level of surface fuel following treatment, some areas classified as 
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undisturbed may have actually been traveled over by the machines.  In addition, even 

though ANOVA indicated no significant differences in soil moisture between pre- and 

post-treatment measurements, the slight difference in moisture content may have led 

to differences in strength averages.  However, when all pre-treatment undisturbed 

areas were compared to areas disturbed during treatment, there were no statistically 

significant increases in soil strength for either machine nor were there differences 

between machines (Figure 3.16).    

 

 
Figure 3.14: Mean soil strength (kPa) and 95% confidence intervals for each 
visual soil disturbance class for both machines at the Tenino study site. 
FTM=flexible tracked mulcher, SBE=swing-boom excavator. 
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Figure 3.15: Mean differences in soil strength (kPa) between machines (FTM-
SBE) and 95% confidence intervals for each visual soil disturbance class at the 
Tenino study site.  

 

 
Figure 3.16: Mean differences in soil strength (kPa) and 95% confidence 
intervals as a result of treatment (post disturbed – pre undisturbed) for each 
machine at the Tenino study site. SBE=swing-boom excavator, FTM=flexible 
tracked mulcher.  
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There was marginal evidence of an effect of depth on the difference between 

the two machines.  Average soil strength (with 95% confidence intervals) of subunits 

treated with the two machines is plotted against the four depth classes in Figure 3.17.  

The differences in soil strength between the two machines are plotted against depth 

class in Figure 3.18.  As expected, the difference between the two machines appears to 

diminish with increasing depth below the surface, but even at depth class 1 (100 mm), 

soil strength in FTM subunits is estimated to be between 40 kPa less and 472 kPa 

greater than in SBE subunits.  However, because confidence intervals for the 

differences included zero, there is no conclusive evidence to support statistically 

significant differences in soil strength between the machines at any depth class.   

 

 
Figure 3.17: Mean soil strength (kPa) and 95% confidence intervals at each 
depth class for both machines at the Tenino study site (averaged over all visual 
soil disturbance classes). FTM=flexible tracked mulcher, SBE=swing-boom 
excavator.   
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Figure 3.18: Mean differences in soil strength (kPa) between machines (FTM-
SBE) and 95% confidence intervals at each depth class (averaged over all visual 
soil disturbance classes) at the Tenino study site.   

 

When all pre-treatment undisturbed areas were compared to areas disturbed 

during treatment at each depth class, averaged over the two machines, there were 

statistically significant increases at depth class 1 (Figure 3.19).  No significant 

differences were found at depth class 2; however, depth classes 3 and 4 showed 

significant decreases in average soil strength.  The decreases were possibly due to 

visual disturbance classification errors or fluctuations in soil moisture and are unlikely 

the result of machine treatment.  Also, at increasing depth below the soil surface, the 

soil penetrometer typically encounters large rocks, tree roots, and soil parent material.  

Often, these obstacles yield erroneously high soil strength values (Miller et al. 2001).   
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Figure 3.19: Mean differences in soil strength (kPa) and 95% confidence 
intervals as a result of treatment (post disturbed – pre undisturbed) for each 
depth class (machines combined) at the Tenino study site.  

 

Average soil strength (with 95% confidence intervals) at each depth class is 

plotted against the four VDCs in Figure 3.20.  Soil strength at 100 mm below the 

surface was least compacted in undisturbed locations and slightly more compact in old 

skid trails prior to treatment.  Again, contrary to expectation, average soil strength at 

depth class 1 was marginally higher in undisturbed locations post-treatment than pre-

treatment, even though these areas appeared visually undisturbed.  Soil strength at 

depth class 1 in disturbed locations was estimated to be between 83 and 752 kPa 

greater post-treatment than in pre-treatment undisturbed areas.  Variation in soil 

strength estimates within visual disturbance classes was generally constant for depth 

classes 2-4, although their strength was considerably higher than those in depth class 

1.  In disturbed areas, depth classes 3 and 4 show a significant decrease in soil strength 

due to treatment as highlighted in Figure 3.19 and likely a result of variability factors.        
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Figure 3.20: Mean soil strength (kPa) and 95% confidence intervals for each 
visual soil disturbance and depth class at the Tenino study site.   
 

3.4.1.3 Biological Significance 

For this study, based on the available literature and conversations with other 

scientists, we have a priori determined that soil strength values of 3,000 kPa or greater 

may have a biologically meaningful effect on future site productivity.  This threshold 

value is presented for data reference only and does not represent an absolute level 

where reduced site productivity occurs. 

Figure 3.14 shows average pre- and post-treatment soil strength values along 

with their 95% confidence intervals.  The figure indicates that neither pre- nor post-

treatment average soil strength values exceeded the a priori 3,000 kPa threshold for 

biological significance.  Assuming that the threshold applies to the Tenino study site, 

these results imply that the treatment did not contribute to biologically significant 

changes in average soil strength for any depth class.  However, it is important to note 

that the threshold level for biological significance varies from site to site and the 3,000 
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kPa level is presented here for comparison purposes only.  Without measuring 

vegetation response following treatment, valid conclusions cannot be drawn as to the 

actual relationship between soil strength and future growth potential.   

 

3.4.2 Biddle Pass 

After oven-drying and weighing soil samples, average moisture contents were 

determined to be 17.4% for pre-treatment samples and 16.2% for post-treatment 

samples.  One way ANOVA indicated no significant difference between the means 

(F=2.22, p=0.1560).   

 

3.4.2.1 Visual Soil Disturbance Observations 

Percentages of Biddle Pass visual disturbance observations are shown in 

Figure 3.21.  As for the Tenino site, during pre-treatment measurements only 

undisturbed and old skid trail codes were recorded.  Undisturbed observations 

accounted for 75.4% in the SBE subunits and 64.3% for the FTM.  Based on chi-

square tests, neither of the pre-treatment classifications differed significantly between 

the machines.  Following treatment, the majority of observations were classified as 

shallow disturbance (Post2), 55% for the SBE and 57.1% for the FTM.  No significant 

differences were found between the machines (p=0.6551).  No deep disturbance was 

recorded for the SBE and only 1 occurrence was detected for the FTM.  Percentages of 

post-treatment undisturbed observations were 45.0% for the SBE and 41.7% for the 

FTM which indicated no significant difference (p=0.7421).  Due to significant 

scarification by the machines, no old skid trail observations were detected.  After 

combining all post-treatment disturbance codes (Post2 and Post3), 5% more 

observations were recorded for the FTM; however, the difference was not statistically 

significant (p=0.5380).  These results indicate that there was no significant difference 

in the visual soil disturbance generated between the machines.  This finding is 

somewhat unexpected due to initial walkthrough observations which indicated that 

FTM subunits were disturbed more significantly than SBE subunits.  The lack of 
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detectable differences could be a function of sampling timing and intensity.  Post-

treatment measurements were taken approximately one year following treatment.  

Rainfall and snow pack during the winter months often made track passage locations 

difficult to discern resulting in the large number of undisturbed classifications.  

Sampling immediately following treatment may have produced more detectable 

differences.  Also, because of the additional amount of surface fuel generated from 

mulching standing dead trees during treatment, the soil surface was difficult to 

accurately classify.  In some cases, machines traveled over the newly created surface 

fuel and did not directly disturb the soil underneath.  This may have contributed to the 

lack of deep disturbance observations.     
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Figure 3.21: Percentage of visual disturbance observations for each machine pre- 
and post-treatment at the Biddle Pass study site. SBE=swing-boom excavator, 
FTM=flexible tracked mulcher.   
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3.4.2.2 Soil Strength 

Residual analysis of soil strength estimates indicated that no transformation of 

the response was necessary to meet model assumptions of normality and constant 

variance.  Using AIC, an unstructured (UN3) covariance structure was selected.  This 

structure, indicating correlation at adjacent depth classes and depth classes separated 

by 100 mm, produced the lowest AIC value and was therefore selected for inclusion in 

the final Biddle Pass ANOVA model.  The statistical model was used to estimate 

means, differences among means, and their confidence limits.  AIC values for each 

analyzed covariance structure are displayed in Table 3.6. 

 
Table 3.6: AIC values for each of the ten analyzed covariance models at the 
Biddle Pass study site1. Note: UN(3) produced the lowest AIC value. 

Model AIC  Model AIC 
CS 1043.7  AR(1) 1034.5 

UN(4) 1035.6  TOEP(4) 1037.5 
UN(3) 1032.1  TOEP(3) 1034.9 
UN(2) 1033.8  TOEP(2) 1035.8 
UN(1) 1043.8  TOEP(1) 1041.7 

1CS=Compound Symmetry, UN=Unstructured, AR=Autoregressive, TOEP=Toeplitz 
 

As noted in Table 3.7 below, the three-way interaction of machine, depth class, 

and visual disturbance class was significant (F9,60=2.99, p=0.0052), indicating that the 

soil strength effect of machine depended on both depth and visual disturbance 

classification.   

 
Table 3.7: ANOVA table of effects of machine, visual soil disturbance class, and 
depth class on soil strength at the Biddle Pass study site1. 
Effect Num DF Den DF F Value Pr > F 
Machine 1 5 9.97 0.0252 
VDC 3 15 67.97 <0.0001 
Machine*VDC 3 15 19.32 <0.0001 
Depth Class 3 60 317.99 <0.0001 
Machine*Depth Class 3 60 6.51 0.0007 
VDC*Depth Class 9 60 10.18 <0.0001 
Machine*VDC*Depth Class 9 60 2.99 0.0052 

1Num DF=Numerator degrees of freedom, Den DF=Denominator degrees of freedom, VDC=Visual soil 
disturbance class. 
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Average soil strength (with 95% confidence intervals) for each machine within 

the four VDCs is plotted against depth class in Figure 3.22.  The strength of disturbed 

soils following treatment was greater than that of undisturbed soils pre-treatment, at all 

depths except for depth class 1 in SBE subunits.  This result implies that each machine 

contributed to statistically significant increases in soil strength.   

 

 
Figure 3.22: Mean soil strength (kPa) and 95% confidence intervals of FTM (left) 
and SBE (right) for each visual disturbance and depth class at the Biddle Pass 
study site. FTM=flexible tracked mulcher, SBE=swing-boom excavator.   

 
Similar to the Tenino results, soils that were visually undisturbed following 

treatment showed a marginal increase in strength relative to undisturbed soils pre-

treatment.  Again, this is likely due to visual disturbance identification errors and 

moderate fluctuations in soil moisture, since post-treatment measurements were taken 

approximately one year following treatment.  In some areas, the increased amount of 

surface fuel made visual disturbance difficult to classify.     
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Figure 3.23: Mean differences in soil strength (kPa) and 95% confidence 
intervals as a result of treatment (post disturbed – pre undisturbed) for each 
machine and depth class at the Biddle Pass study site. FTM=flexible tracked 
mulcher, SBE=swing-boom excavator.   

 

Soils in disturbed areas of FTM subunits were significantly more compacted in 

all depth classes than those in SBE subunits (Figure 3.23).  The difference between 

machines depended on depth, with the largest difference in depth class 2 (125-200 

mm).  Soil strength in disturbed locations (Post2) at this depth was estimated to be 

between 685 and 1148 kPa higher in FTM subunits than in SBE subunits.  Results also 

indicate that the FTM produced significant levels of soil compaction at all depth 

classes and exceeded the compaction generated by the SBE in each case.  Soil strength 

in FTM subunits was significantly increased following treatment in depth classes 2-4.  

Depth class 1 in FTM subunits showed significant compaction although at a markedly 

lower level than the other depth classes.  This is likely due to the increased soil 

churning and displacement near the surface.   
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The SBE also produced higher soil strength after treatment when compared to 

pre-treatment levels for depth classes 2, 3, and 4.  Similar to the FTM, the lowest 

change in soil strength occurred at depth class 1, which was not statistically 

significant.  This is possibly due to the prolonged vibration generated by the machine 

while treating multiple trees from a single position, because of its swing-boom design.  

Due to the contrasting machine designs, it is anticipated that increased soil strength 

levels were largely due to maneuvering and repeated travel by the FTM and prolonged 

vibration by the SBE.      

 
3.4.2.3 Biological Significance 
 

As for the Tenino site, we a priori determined that soil strength values of 3,000 

kPa or greater may have a biologically meaningful effect on future Biddle Pass site 

productivity.  Figure 3.22 shows average pre- and post-treatment soil strength values 

along with their 95% confidence intervals for each depth and visual disturbance class.  

Results indicate that neither pre- nor post-treatment average soil strength values 

exceeded the a priori 3,000 kPa threshold for biological significance at any depth 

class.  Assuming that the threshold applies to the Biddle Pass study site, the 

mastication/mulching treatment did not contribute to biologically significant changes 

in soil strength for any depth class.  However, it is important to note that the threshold 

level for biological significance varies from site to site, and the 3,000 kPa level is 

presented here for comparison purposes only.   

 

3.5 Conclusions 

Based on this analysis, the following conclusions can be drawn in regards to 

the three research questions addressed in the study.   

Question 1: Does the use of non-commercial fuel reduction contribute to statistically 

and/or biologically significant changes in soil strength at various depths below the 

soil surface? 
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At the Tenino study site, when depth classes were analyzed separately, 

statistically significant increases in soil strength were found at depth class 1.  Given 

the high pre-treatment soil strength, and gravelly loam soils, it appears that overall the 

machines did not produce significant compaction at depths greater than 100 mm below 

the surface.  In contrast, depth classes 3 and 4 showed significant decreases in soil 

strength.  This finding could be a result of random chance and/or errors incurred 

during visual disturbance classification.  Since an insignificant number of deep 

disturbance observations were detected, it is unlikely that the machine treatment 

contributed to changes in soil properties at depths greater than 300 mm.     

In contrast, results from the Biddle Pass study site, characterized by sandy 

loam soils, indicate that each machine produced statistically significant increases in 

soil strength when compared to pre-treatment undisturbed areas.  Disturbed areas in 

FTM subunits averaged significantly higher soil strength at each depth class with the 

most substantial impact at depth class 2 (125-200 mm below the surface).  Significant 

increases in SBE subunits were found in depth classes 2, 3, and 4 which may be due to 

prolonged machine placement and subsequent vibration.  Depth class 1 in SBE 

subunits showed no significant increase over pre-treatment soil strength levels.      

The a priori determined biologically significant soil strength value of 3,000 

kPa was not exceeded by average values at any depth class for either study site or 

machine combination.  Assuming the 3,000 kPa applies to our study sites as a 

biological threshold, the fuel reduction operations did not produce biologically 

significant changes in soil strength.  However, it is difficult to determine how this 

result applies to differing pre-treatment soil strength characteristics.  At the Tenino 

site, pre-treatment strength averages were below 3,000 kPa, but in some cases by only 

a small amount (Figure 3.14).  This indicates that soils were already compacted to near 

detrimental levels (as specified by the a priori threshold).  This could be a function of 

either past entries by mechanized harvesting operations or the inherent properties of 

the soil type characteristic to the area.  From the pre-treatment visual disturbance 

survey, 29.9% of the area in SBE subunits contained old skid trails with 21.8% in 
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FTM subunits.  It is important to note that the increase in soil strength with 

mechanized equipment is largely a function of the existing soil characteristics prior to 

treatment.  Given the high soil strength values and stony loam soils at Tenino prior to 

treatment, it is likely that the soil was already compacted to a level that inhibited 

further compaction, especially during low moisture conditions.  This may explain the 

lack of significant soil compaction effects detected with this study, particularly at 

depths greater than 100 mm.  Had pre-treatment conditions been characterized by 

lower soil strength and higher soil moisture, the operations may have produced a more 

measurable and significant effect.  For example, at Biddle Pass, average pre-treatment 

soil strength values ranged from 680 kPa at depth class 1 to 1,900 kPa at depth class 4.  

Due to the deeper soil profile, higher soil moisture, and lower initial soil strength, 

compaction resulting from treatment was more detectable.  Even though soil strength 

was significantly increased by the machines, post-treatment averages did not exceed 

the 3,000 kPa threshold at any depth class.  Future studies should investigate similar 

treatments in areas with differing soil conditions, i.e. low strength – high strength and 

low moisture – high moisture.  Such studies may provide more meaningful results that 

could be used to establish trends in pre- versus post-treatment soil strength estimates 

for differing levels of pre-treatment compaction and machine/treatment combinations.        

Question 2: Are changes in soil strength related to visual soil disturbance? 

At Tenino, the soil strength effect of machine did relate to visual soil 

disturbance (F3,18=4.38, p=0.0176).  However, due to the added surface fuel created 

during treatment and classification difficulty, overall visual disturbance 

classification*soil strength results provided few reliable trends.  Similar difficulties 

were outlined in a study by Aust et al. (1998).  This result could be a function of study 

design since the study was constructed to quantify soil strength and visual disturbance 

for each 5-acre subunit as a whole.  Had visual disturbance been used as a design 

factor (eg. Murphy et al. 2004), classifications may have proved more important for 

predicting soil strength.  However, for the forest manager, concerns regarding site 

productivity and tree growth are best addressed by assessing soil disturbance over the 
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entire area.  This approach is relevant since old skid trails and travel corridors are 

often reused during subsequent machine entries and commonly considered out of 

production from a tree growth stand point. 

Partially due to lower pre-treatment soil strength, visual disturbance 

classifications proved more important at Biddle Pass.  Figure 3.22 highlights the 

relationship that strength profiles taken in areas coded as disturbed during treatment 

had significantly higher soil strength than visually undisturbed areas.  This finding was 

consistent for each depth class in FTM subunits and the lower three depth classes in 

SBE subunits (225-400 mm).  Areas classified as undisturbed both pre- and post-

treatment differed little in soil strength for all depth classes except depth class 4 in 

FTM subunits.  These findings support the hypothesis that areas characterized by 

lower pre-treatment soil strength and higher moisture are more susceptible to 

disturbance and therefore visual disturbance classification can be useful for predicting 

changes in physical properties.        

Question 3: Are there statistically significant differences in soil strength or visual 

disturbance classification between the machines? 

 Tenino results indicate that, irrespective of depth, disturbed areas in FTM 

subunits had statistically significant higher soil strength than disturbed areas in SBE 

subunits.  Interestingly, post-treatment undisturbed areas in FTM subunits also had 

significantly higher soil strength than those in SBE subunits.  As described earlier, this 

finding may be due to errors in disturbance classification.  With respect to depth, 

average soil strength was higher in FTM subunits than in SBE subunits for depth 

classes 1-3 although this difference was not statistically significant at the α=0.05 level 

(Figure 3.18).         

Soil strength differences between the machines were more pronounced at 

Biddle Pass.  As a result of treatment (post disturbed – pre undisturbed), soil strength 

was significantly higher in FTM subunits at each of the four depth classes.  The largest 

difference between the machines was recorded at depth class 2 and the smallest 
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difference was detected for depth class 1.  The difference between machines 

diminished with increasing depth from class 3 to 4. 

 At the Tenino site, significant differences in visual disturbance observations 

between machines were detected for post-treatment undisturbed, shallow disturbance, 

and old skid trail occurrence.  The FTM produced significantly more shallow 

disturbance (84.5% vs. 57.9% of observations).  Following treatment, old skid trails 

were more distinguishable in SBE subunits than FTM subunits.  No statistically 

significant differences were present for any other disturbance classification.  Based on 

the disturbance classifications used in this study, the FTM produced significantly more 

disturbance than the SBE with the majority being in the shallow-disturbance category.  

The finding supports the fact that the drive-to-tree design of the FTM requires the 

machine to cover more stand area and subsequently produced more disturbance than 

the SBE. 

 In contrast, results from the Biddle Pass site indicated no significant 

differences in visual disturbance between the machines for any code.  After combining 

all post-treatment disturbances codes, only a 5% difference in the percent of 

observations was present between the machines.  The difference was not statistically 

significant.  This finding is potentially due to the excessive amount of surface fuel 

generated from the treatment that made soil disturbance difficult to detect visually.  

Also, post-treatment measurements were taken one year after treatment, and weather 

conditions made track passage hard to distinguish in some cases.  Had sampling 

conditions been more optimal, significant differences may have been detected.  Based 

on these observations, we conclude that the use of traditional visual disturbance codes 

following masticating/mulching treatments that produce an uncharacteristic amount of 

surface fuel may not be a good indicator of disturbance.   

 

3.5.1 Summary 

Results from this study establish baseline information on the operating patterns 

and resulting soil disturbance from the most understudied technology to mechanically 
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alter wildland fire behavior.  Contrasting non-commercial machine designs were 

compared in controlled trials that provided insight into the expected soil disturbance 

produced by each machine.  The study was successful in answering the research 

questions of interest.  Interpretation of the results should be used cautiously and 

applied to similar stand and treatment types, machine configurations, and soil 

characteristics.  As noted earlier, the effects of non-commercial operations are largely 

unknown for differing pre-treatment soil characteristics, moisture contents, and 

treatment intensities.  Forest managers should carefully investigate soil conditions and 

the potential effects of the prescribed management action before implementation of 

any mechanized operation.  In addition, it is recommended that to optimally quantify 

the effects of soil disturbance on site productivity, long-term studies of tree growth 

should be established (Cline et al. 2006).  This quantification will serve as validation 

of results from studies such as this and could possibly allow for further inference to be 

drawn.  The biological threshold approach used in this paper was for comparison 

purposes only, as biologically significant disturbance will vary considerably from site 

to site.   

The results of machine comparison presented here highlight important 

tradeoffs that should be considered when selecting equipment for non-commercial 

forest fuel reduction treatments.  Masticating/mulching machines provide no ability 

for fiber removal or utilization and should be considered a management investment 

into the fire resiliency of a stand.  Therefore, negative impacts such as residual stand 

damage or soil disturbance should be minimized if stand improvements goals are to be 

met.  Although no biologically significant disturbance effects were detected with this 

study, important considerations should be given to the statistically significant 

increases in soil strength found at Biddle Pass.  The lower pre-treatment soil strength 

values provided the best opportunity for treatment induced disturbance, which was 

produced by each machine.  The additional stand travel and maneuvering required by 

the drive-to-tree design of the FTM likely led to the significantly higher soil strength 

generated at each depth class.  At Tenino, initial soil strength likely reduced the ability 
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to produce further significant compaction.  This finding, due both to past management 

and inherent soil properties, highlights the need to accurately quantify soil conditions 

prior to treatment.  Although some soil disturbance is unavoidable with any 

mechanized entry, careful consideration should be given to areas characterized by low 

soil strength and/or high soil moisture.  As found at Biddle Pass, these conditions 

promote the likelihood of significant changes in soil physical properties.     

It is important to note that this study investigated one machine in each of two 

broad categories of equipment design: 1) drive-to-tree, and 2) swing-to-tree.  This 

approach was taken to build baseline information for each design category.  To gain a 

broader understanding of soil disturbance, future studies should investigate multiple 

machines within a design category over a range of soil conditions and silvicultural 

prescription requirements.  Also, due to the excessive amount of surface fuel produced 

by the non-commercial treatments, traditional visual disturbance classification systems 

proved difficult to employ with accuracy.  To optimally quantify soil conditions 

underneath heavy surface fuel cover, disturbance codes should be constructed to 

delineate between surface disturbance and disturbance that includes the mixing of 

topsoil and slash.  As highlighted in this study, visual disturbance classification may 

be useful for characterizing above ground disturbance but is not always a good 

predictor of changes in soil strength.  However, in soils most susceptible to 

disturbance, visual disturbance observation may provide quick and relatively 

inexpensive insight into soil strength changes.     
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4.0 FINANCING MECHANICAL FOREST FUEL REDUCTION: 
PRODUCTIVITY AND COST FROM TWO NON-COMMERCIAL 
OPERATIONS IN CENTRAL OREGON 
 

M. Chad Bolding, Loren D. Kellogg, Chad T. Davis1

 

4.1 Abstract 

Due to catastrophic wildfires, especially in the Western U.S., forest managers 

are now commonly charged with implementing forest fuel reduction silvicultural 

prescriptions.  Mechanical fuel reduction is often regarded as the most efficient 

method to change forest fuel structure and produce more fire resilient landscapes.  

Non-commercial fuel reduction employing masticating/mulching machines represents 

the newest and most understudied technology to alter fire behavior.  To date, no 

comprehensive studies have been conducted to assess machine performance in regards 

to economics, site disturbance, and effectiveness.  In response, this paper reports 

productivity and cost results from two non-commercial fuel reduction machines 

employed in contrasting forest and prescription types in central Oregon.  The 

machines compared were: 1) a swing-boom excavator with a rotary disc mulching 

head (SBE), and 2) a drive-to-tree flexible tracked hydrostatic mulcher (FTM).  Using 

both gross and detailed time studies in a designed experiment, new operational 

knowledge on the economic feasibility of non-commercial fuel reduction is 

established.  Results indicate that the FTM was more productive when performing 

wide-spacing prescriptions and the SBE became more effective when individual tree 

selection was required.  Cost estimates per acre were comparable between the 

machines with no significant differences found.  In the uneven-aged ponderosa pine 

stand, cost projections averaged $311.39 per acre for the SBE and $348.89 for the 

FTM.  Costs per acre were considerably higher when an individual-tree selection 
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prescription was used and averaged $945.42 for the SBE and $1,163.02 for the FTM.  

This study will aid forest managers in their ability to design productive and cost 

effective silvicultural prescriptions for non-commercially treating hazardous fuels.  

Results also provide insight into the capabilities and limitations of two contrasting 

machine designs when performing identical silvicultural prescriptions. 

 

4.2 Introduction 

Forested landscapes, specifically in the Western U.S., have changed greatly 

since European settlement.  Many pre-settlement forests were characterized by a large 

mature overstory with a sparse and mostly open understory (Weaver 1959).  It has 

been reported that these conditions occurred largely due to frequent burning by 

indigenous people, which aided their survival (Kimmerer and Lake 2001).  In years 

since European settlement, human impact on forest structure and composition is 

evident (Harvey et al. 1995, Brose et al. 2001).  Two of the many impacts from 

anthropogenic influence are fire exclusion, and more recently, reduced active 

management involving timber harvesting.  Each of these factors has caused public 

lands in the U.S. to become severely overstocked with small stagnant trees.  USFS 

(2005a) reported that at least 28 of a total 236 million acres of forest land in the 15 

western states could benefit from fuel reduction treatments.  O’Laughlin and Cook 

(2003) indicated that National forests in the U.S. are on average 50 percent denser 

than forests in any other ownership.  In addition, as with any disturbance, stress caused 

by stagnation can decrease vigor and make forests more susceptible to pest or insect 

infestation (Karsky 1992).     

Small trees, tightly spaced in the understory of mature forests, inherently 

increase wildfire hazards.  The small trees promote fire spread and provide a ladder for 

surface fires to reach the overstory crown and often result in catastrophic, stand-

replacement wildfires.  Laverty and Williams (2000) report that fire suppression 

activities have caused public lands to over-accumulate shrubs and small trees that 

“reduce ecosystem diversity, health, resiliency, and fuel conditions for unnaturally 
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intense fires”.  These effects are particularly important for stands with histories of 

frequent low-intensity fire.  The over accumulation of small trees and understory 

vegetation has changed these fire regimes from low intensity to high severity allowing 

crown fires to occur in forest types not historically prone to such occurrences (Mutch 

et al. 1993, Brown et al. 2004).   

Given the current forest health and wildfire hazard situation on many forests in 

the Western U.S., the research community must address sustainable methods of 

modifying vegetation structure to produce more fire resilient landscapes.  There is 

ample opportunity and much interest in employing pre-commercial thinning that could 

alleviate the overstocking problem along with wildfire hazard.  Such a proactive 

approach to fuel management may produce less monetary and environmental cost than 

fire suppression and stand replacement (Lynch 2004).  With these observations, it is 

imperative that small and large scale fuel reduction activities be investigated in 

attempts to protect the forest resource along with its associated assets, both market and 

non-market (Mason et al. 2006).   

 

4.2.1 Harvesting Small Trees 

To alleviate or reduce fire hazards, several alternatives exist for forest 

managers.  The most common, and typically productive approach, is that of harvesting 

small trees with mechanical systems (Bolding et al. 2003).  Traditional mechanical 

harvesting systems are designed to fell and extract merchantable sized trees into 

products for sale, i.e. pulpwood, sawlogs, etc.  Little research has been published on 

the harvesting of small non-merchantable stems that commonly contribute to wildfire 

hazards.  The knowledge deficiency concerned with harvesting small trees is most 

pronounced in the areas of system productivity, costs, and soil disturbance effects 

(McIver et al. 2003).   

Forest managers currently have a small information pool for making sound 

decisions of harvesting equipment selection and silvicultural treatment effectiveness 

for fuel reduction activities (USFS 2005a).  There are numerous limitations and 
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knowledge gaps for managers to select, plan, and implement appropriate technologies 

to meet sustainable forest management goals.  Once treatment prescriptions are 

established, important combined factors including mechanical system cost, soil 

disturbance, and the projected fire behavior benefits must be assessed.   

As the need and justification for vegetation manipulation through thinning of 

overstocked stands has grown, commercial systems have been used to harvest small-

diameter, non-merchantable trees.  However, the majority of mechanized logging 

equipment is designed to fell and extract trees large enough to produce revenue.  

These machines are typically not configured to productively fell, process, and extract 

small trees.  In economic terms, mechanical thinning incurs problems because 

harvesting small stems is expensive and the resulting wood product has low value, 

producing high harvesting costs per unit or area (Watson et al. 1986, Bolding and 

Lanford 2005).  Also, few cost and productivity estimates have been assigned to 

mechanical fuel reduction systems (Bolding and Lanford 2001, Coulter et al. 2002).   

Traditional commercial logging systems can provide significant benefits for a 

fuel reduction treatment.  For managers with objectives of producing a profit from 

operations, commercial systems may be able to do so.  In a fuel reduction thinning, 

merchantable stems can be processed into products and the resulting logging slash 

(limbs, tops, and foliage) could be removed from the site at the same time to further 

reduce fuel loads.  Merchantable products could be transported for sale and previously 

non-merchantable material could be chipped (Bolding and Lanford 2005) or bundled 

(Murphy et al. 2003) as fuelwood.  By gaining revenue from the sale of products, 

often the high costs of harvesting small trees can be recovered and sometimes even 

produce a profit (Keegan III et al. 2004a). 

 

4.2.2 Non-commercial Forest Fuel Reduction 

Non-commercial fuel reduction activities can be defined as operations with an 

end goal of changing forest fuel structure without extracting fiber.  These systems 

represent the newest and most under-studied technologies for mechanical fuel 
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reduction.  To date, there has been practically no comprehensive research to study 

such machinery in a fuel reduction treatment.  Studies, which have been completed, 

have failed to reach the literature or have been small-scale equipment trials to build 

baseline knowledge of the technology.   

In contrast to commercial treatments, non-commercial ones do not actually 

remove trees from the forest.  Graham et al. (2004) stated that these treatments “utilize 

machines to rearrange, compact, or otherwise change fire hazard without reducing fuel 

loads.”  There has recently been a surge of new technologies designed solely for non-

commercial treatments or modified machine attachments designed for installation on 

existing equipment.  Often known as masticating or mulching, no matter the 

equipment design, the methodology chops, grinds, or chips small-diameter understory 

trees and slash with a goal of redistributing ladder and/or surface fuel composition into 

finer fuels.  With this approach, no fuel is actually removed from the forest, but when 

small trees are converted into finer fuels, wildland fires should burn less intensely and 

the possibility of stand replacement crown fires should be reduced.  Hartsough (2004) 

reported that “mastication uses horizontal or vertical axis flails or cutters to chop small 

diameter trees and brush in the understory”.  USFS (2004) indicated that “converting 

20 tons per acre of understory biomass into small pieces should produce a uniform 

layer about 1-inch deep across the stand”.  A unique benefit of the masticating 

technology is its capability to treat down dead material.  Effective mastication of down 

logs and slash may prevent surface fires from smoldering and prolonging effects of 

scorch to the base of standing trees.   

Most purpose-built machines consist either of small skid steering rubber-tired 

or tracked carriers equipped with a front or rear mounted masticating/mulching head.  

Also, traditional flexible track drive-to-tree skidding machines are being tested with 

masticating/mulching heads.  Attachments also exist for traditional rubber-tired drive-

to-tree machines or excavator based swing-boom machines.  These systems are 

commonly limited to areas with gentle slopes (Graham et al. 2004).   
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Current non-commercial systems do not have the ability to extract small trees 

from the forest and, in most cases, should be considered as a management investment 

into the fire resiliency of a stand.  In most cases, these systems require economic 

subsidy for justification.  System performance, along with costs, and silvicultural 

treatment effectiveness for non-commercial systems are largely unknown.  USFS 

(2005a) reported a broad range treatment cost to be $100 to $1,000 per acre.  Recent 

inquiries of equipment manufacturers have yielded estimated treatment costs of $300 

to $600 per acre.  No known numbers have been reported on residual stand damage, 

soil disturbance impacts, or the size and composition of the resulting masticated fuel.  

This lack of information builds upon the frustration faced by forest managers charged 

with designing and implementing fuel reduction activities. 

 

4.2.3 Research Questions 

 This paper reports productivity and cost results from two non-commercial 

forest fuel reduction machines operating in contrasting forest types and fuel loading 

conditions in central Oregon.  The specific research questions addressed were as 

follows: 1) What level of productivity and cost, per unit volume and area, can be 

expected from the machines?, 2) What stand characteristics are important for 

predicting machine productivity?, 3) Are there statistically significant differences in 

productivity and cost between the two machines?, 4) What activities comprise the 

productive time of each machine, and 5) Are there statistically significant differences 

in the time spent performing productive activities between the machines? 

 

4.3 Methods 

4.3.1 Study Sites and Silvicultural Prescriptions 

This study was conducted on two study sites in central Oregon: 1) Tenino, and 

2) Biddle Pass.  Each site is located on the Confederated Tribes of the Warm Springs 

Indian Reservation (WSIR) approximately 20 miles west of Warm Springs, Oregon.  
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The WSIR covers over 1,000 square miles in the Deschutes River Drainage with the 

west boundary lying near the summit ridge of the Cascade Mountains.  The Metolius 

and the Deschutes Rivers make up the southern and eastern boundaries.  The WSIR 

lies mostly in Jefferson and Wasco counties and includes small portions of Linn, 

Clackamas, and Marion counties.  The sites were chosen by the landowner who was 

interested in gaining more information on the productivity and cost of non-commercial 

forest fuel reduction operations.   

 

4.3.1.1 Tenino 

4.3.1.1.1 Site Characteristics 

The Tenino study site is approximately 80 acres and consists primarily of 

ponderosa pine (Pinus ponderosa) (30-120 years old) with excessive understory 

regeneration.  Site conditions include gentle slopes averaging 3.5% (min 1.5%, max 

6.5%), an aspect of 40º, and elevation of 2,800-3,000 feet.  In addition to the 

ponderosa pine, there are a few Douglas-fir (Pseudotsuga menziesii), western juniper 

(Juniperus occidentalis), and incense-cedar (Calocedrus decurrens) scattered 

throughout.  Some ponderosa pine is naturally regenerating in the openings.  Areas of 

older regeneration are in clumps up to 2 acres in size.  The other two components of 

the stand are sapling/pole and small saw-log groups.  The stand has been partially 

harvested numerous times (1923, 1942, 1960, 1986, and 1999), removing most of the 

overstory ponderosa pine and leaving a dense understory of young, clumpy ponderosa 

pine.  Damage caused by the western pine beetle (Dendroctonus brevicomis), 

mountain pine beetle (D. ponderosae), and the pine engraver (Ips pini), as well as 

wounding incurred during harvesting have affected many of the residual trees.  

Western dwarf mistletoe (Arceuthobium campylopodum) has also infected about 2% 

of the ponderosa pine.  The stand has a relatively dense, young understory in clumps 

that are beginning to feel the effects of competition.  The vertical structure is such that 

ladder fuels may cause a non-lethal fire to become catastrophic and stand replacing.   
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Historically this stand was composed of uneven-aged groups of large-diameter 

trees (150-500 years old).  The groups of large trees were mostly in clumps of ¼ to 2 

acres.  Past harvesting opened the stand, creating the present day three-age, three-size 

class structure.  However, some areas are two-aged with poles and old growth.  The 

Tenino stand was created primarily through harvesting and fire exclusion rather than 

insects and wildfire.  Fire, which maintained ponderosa pine as a climax species, was 

excluded from the area in the early twentieth century.  The fire suppression policy has 

prevented periodic surface fires from preparing necessary seed beds for regeneration.  

The exclusion of fire has also left the pole-size and seedling/sapling-size clumps 

overstocked and stagnated.     

The plant community within the Tenino stand is classified as PIPO/PUTR-

ARPA (ponderosa pine, bitterbrush (Purshia tridentata), and green-leaf manzanita 

(Arctostaphylos patula) (Marsh et al. 1987).  The overstory is almost purely ponderosa 

pine (99.4%) with a few other species scattered throughout.  Western juniper (0.5%), 

Douglas-fir (0.08%), and incense-cedar (0.02%) make up a very small portion of the 

stand.  Understory shrubs consist primarily of dense bitterbrush and green-leaf 

manzanita, ranging in age from 30-40 years old and height up to 5 feet. 

    A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  The total area cruised was 11.3 acres 

or 13.6% of the stand area.  Descriptive statistics from the stand exam are listed in 

Table 4.1 along with the diameter and basal area distributions in Figures 4.1 and 4.2.  

Post-treatment stand characteristics are shown in Table 4.8.   

 
Table 4.1: Pre-treatment stand exam statistics (per 5-acre subunit). N=16. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 443.70 231.05 52 57.76 320.58-566.82 13 
Basal area/acre (ft2) 66.27 17.03 26 4.26 57.20-75.35 6 
SDI1 126.73 31.86 25 7.96 109.75-143.71 6 
QMD (inches) 5.74 1.56 27 0.39 4.90-6.57 7 

1The summation method for calculating SDI was used (Shaw 2000, Stage 1968). 
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The current structure of the Tenino stand is a product of past harvesting and 

fire exclusion.  Overstory removal has allowed groups of small diameter trees to 

restock group selection areas and become stagnated.  The stand is uneven-aged with 

an inverse J-shaped diameter distribution (Figure 4.1).  Ninety-five percent or 423 of 

the total trees per acre are in DBH classes ≤ 10 inches.  The remaining overstory 

consists of a few large-diameter trees greater than 10-inches DBH, approximately 20 

per acre.  Suppressed and co-dominant crown classes contribute the greatest number of 

trees.  The 10-inch DBH class contains 9.3 ft2 of basal area per acre, which is more 

than any other class (Figure 4.2).  Trees with DBH >20-inches contain only 12.1 ft2 of 

the total stand basal area per acre or 17%.     
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Figure 4.1: Total trees per acre for all species within the Tenino stand by 2-inch 
DBH classes.  Total = 445 TPA. 
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Figure 4.2: Basal area per acre (ft2) for the Tenino stand by 2-inch DBH classes.  
Total = 72.2 ft2 per acre. 

 
4.3.1.1.2 Silvicultural Prescription 

The objective of the silvicultural prescription was to reduce the risk of 

catastrophic wildfire by mechanically masticating/mulching shrubs, standing dead and 

stagnated live trees, and redistributing down woody fuel into the 100-hr or finer fuel 

category.  Standing trees were thinned to 16 by 16 feet in the sapling/pole size clumps, 

less than 8-inches DBH.  In the greater than or equal to 8 to 12-inch DBH clumps, 

residual trees were spaced to 22-feet.  No trees ≥ 12-inches DBH were treated.  Tree 

stumps were not left any lower than 2-inches or higher than 6-inches above the ground 

level, a boulder, or other unmovable object.  Tree species in order of leave preference 

were: 1) ponderosa pine, 2) Douglas-fir, 3) incense-cedar, and 4) western juniper.  

Leave tree characteristics were: 1) disease free, 2) dominant or co-dominant, 3) ≥ 30% 

live crown ratio, 4) dense crown, 5) good form with no forking, and 6) good terminal 

leader growth. 
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All down woody fuel (whether from treated standing trees or existing down 

trees) was masticated to a residual size no greater than 3 inches in diameter by 3 feet 

in length.  The resulting masticated/mulched material was left no higher than 1 foot 

above the forest floor.  All live and dead shrubs taller than 6 inches above the ground 

surface were masticated throughout.  The 6 inch criterion was to ensure residual 

browse for wildlife.   

 

4.3.1.2 Biddle Pass 

4.3.1.2.1 Site Characteristics 

The Biddle Pass study site is approximately 40 acres with a large portion of 

dead and dying trees due to insect and disease attack.  The area is cold and wet with 

associated harsh conditions.  The average annual precipitation is 70 inches primarily in 

the form of snow.  Site conditions include gentle slopes averaging 8% (min 2%, max 

14%), an aspect of 207º, and elevation of 5,700-5,800 feet.  The plant community is 

classified as TSME-PICO/ABLA2 (mountain hemlock (Tsuga mertensiana), 

lodgepole pine (Pinus contorta), and subalpine fir (Abies lasiocarpa) (Marsh et al. 

1987).  The overstory consists primarily of subalpine fir (62%) and lodgepole pine 

(28%) with a few other scattered species.  The remaining 10% is mountain hemlock 

(8%), white bark pine (Pinus albicaulis) (1.5%), white fir (Abies concolor) (0.45%), 

and western larch (Larix occidentalis) (0.05%).  Understory shrubs are sparsely 

scattered throughout and consist primarily of big huckleberry (Vaccinium 

membranaceum Dougl.) and sticky currant (Ribes viscosissimum Pursh.). 

Biddle Pass is located in a conditional use area of the WSIR.  Historically, few 

logging entries have occurred due to the conditional use designation and low site 

productivity.  Presently the stand is suffering from an epidemic infestation of 

mountain pine beetle on the lodgepole pine that has lasted for approximately 10 years.  

Prior to the 1990’s the western spruce budworm (Choristoneura occidentalis) 

defoliated most of the mountain hemlock and subalpine fir.  As a result, dead topped 

hemlocks and firs are scattered throughout the stand.  Lodgepole pine dwarf mistletoe 
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(Arceuthobium americanum) has also infected about 15% of the lodgepole pine.  The 

standing dead and down fuel has greatly increased from the insect activity and has 

created a high-risk condition for wildfire to both the Biddle Pass and adjacent 

commercially managed stands.   

A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  A line plot cruise was used with 38, 

0.1-acre fixed radius plots placed systematically over the 40 acres.  Within each plot, 

all trees (live and dead) ≥ 5 feet in height (trees with a DBH) were measured and 

recorded.  The total area cruised was 3.8 acres or 9.5% of the stand area.  Descriptive 

statistics from the stand exam are listed in Table 4.2 along with the diameter and basal 

area distributions in Figures 4.3 and 4.4.  Post-treatment stand characteristics are 

shown in Table 4.16.   

 
Table 4.2: Pre-treatment stand exam statistics. N=38. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 945.00 468.58 49 76.01 790.98-1099.02 8 
Basal area/acre (ft2) 214.65 55.64 26 9.03 196.36-232.94 4 
SDI 462.80 124.94 27 20.27 421.73-503.86 4 
QMD (inches) 6.78 1.19 17 0.19 6.38-7.17 3 

 

The current structure of the Biddle Pass stand is due to excessive mortality 

from insect attack and harsh climatic conditions.  Of the 945 trees per acre, 781 or 

83% are in DBH classes < 10 inches.  The majority of trees are in the 2-inch DBH 

class (268 per acre).  Eighty-one ft2 per acre or 36% of the basal area is contained in 

the 8 and 10-inch DBH classes.  During the stand exam 285 trees per acre (30%) were 

classified as either recent mortality or older dead.  This finding highlights the need for 

treatment to improve stand health and reduce the risk of catastrophic wildfire.   
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Figure 4.3: Total trees per acre for all species within the Biddle Pass stand by 2-
inch DBH classes.  Total = 945 TPA. 
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Figure 4.4: Basal area per acre (ft2) for the Biddle Pass stand by 2-inch DBH 
classes.  Total = 225.1 ft2 per acre. 
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4.3.1.2.2 Silvicultural Prescription 

The objective of the Biddle Pass silvicultural prescription was to reduce the 

risk of catastrophic wildfire by mechanically masticating/mulching standing dead and 

diseased trees, and redistributing down woody fuel into the 100-hr or finer fuel 

category.  Standing dead trees < 10-inches DBH were mechanically masticated.  Dead 

trees were defined as: 1) trees containing no remaining foliage, and 2) trees with all 

remaining foliage that is brown or red.  Standing trees containing a combination of 

green and brown foliage were not treated.  No standing trees ≥ 10-inches DBH, 

whether dead or alive, were treated.  No standing live trees of any size were 

intentionally treated.  All down woody fuel (whether from treated standing trees or 

existing down trees) was masticated to a residual size no greater than 3 inches in 

diameter by 3 feet in length.  The resulting masticated/mulched material was left no 

higher than 1 foot above the forest floor.  In addition, all live and dead shrubs were 

masticated throughout.   

 

4.3.2 Fuel Reduction Machines 

Two non-commercial forest fuel reduction machines were selected for 

comparison.  Equipment details and specifications are as follows:   

Swing-boom excavator (SBE) (Figure 4.5) – The Caterpillar 315CL with a 

RDM 9044EX rotary disc mulching head is a tracked swing-boom hydraulic excavator 

with 23.62-inch wide triple grouser tracks and a 115 horsepower Caterpillar 3046T 

diesel engine.  The machine weighs 36,930-lbs, has a 29.86-ft boom reach, a 39.6 

gal/min hydraulic flow capacity, and produces an estimated 6.25 psi of ground 

pressure.  The mulching head (Figure 4.6) has a maximum 16-inch woody material 

processing capacity, vertical shaft configuration, weighs 1,800-lbs, and requires ≥ 30 

gal/min of hydraulic flow.  The 44-inch disc turns at a maximum 1,300 rpms and 

contains carbide teeth on both the bottom and outer edges.  The head also contains an 

outer shroud with opposing hammer teeth to assist in mulching.  The head is 
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manufactured by Advanced Forest Equipment (http://www.advancedforest.com); 

Eugene, Oregon. 

During the study, all SBE subunits were treated by the same operator.  The 

operator had more than 1,000 hours of experience performing forest fuel reduction 

silvicultural prescriptions in several states throughout the Western U.S.  Due to the 

experience level, no trees were marked by the research team.  Operator selection of 

both trees and down woody fuel for treatment was used for all SBE subunits.  Periodic 

walkthrough exams were performed to ensure that prescription requirements were met.  

Any necessary modifications were then relayed to the operator.     

 

 

Figure 4.5: Caterpillar 315CL swing-boom hydraulic excavator equipped with an 
Advanced Forest Equipment RDM 9044EX rotary disc mulching head. 
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Figure 4.6: Advanced Forest Equipment RDM 9044EX rotary disc mulching 
head. 

 

Flexible tracked hydrostatic mulcher (FTM) (Figure 4.7) – The Kootenay 

Manufacturing Company (KMC) 2100H with a front mounted Fecon Bull Hog 120H-

2 rotating drum mulching head is a flexible tracked rear engine drive-to-tree 

hydrostatic mulcher.  The KMC has a flexible track configuration with 4 moving cast 

steel road wheels and a Cummins 6BTA 174 horsepower diesel engine.  The machine 

weighs 28,700-lbs and has a Cummins QSL9-350 hydraulic motor that produces 350 

horsepower at 1900 rpms.  The Fecon Bull Hog mulching head (Figure 4.8) has an 

overall width of 99 inches with a working width of 85 inches.  The head weighs 5,300-

lbs, has a horizontal shaft configuration, and requires a minimum of 170 hydraulic 

horsepower and 85 gal/min of hydraulic flow for maximum efficiency.  The head has 

48 fixed-positioned double-carbide hammer teeth with a 300-500 hour life. 

As for the SBE, all FTM subunits were treated by the same operator.  It is 

important to note that the KMC/Bull Hog combination was a prototype machine with 

less than 200 hours of working time.  Therefore, the operator was relatively 
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inexperienced with the machine prior to the study.  The machine had been used for 

clearing right-of-ways and installing defensible strips but no forest fuel reduction 

thinning prescriptions had been implemented.  In support, an additional crew member 

(spotter) was used to mark leave trees and any significant obstacles such as rock 

outcroppings or sensitive areas.  Along with the research team and landowner 

representatives, the spotter was trained on tree marking techniques and spacing 

guidelines.  Periodic walkthrough exams were performed to ensure that prescription 

requirements were met and any necessary modifications were then relayed to the 

operator and spotter.  Members of the research team inspected each subunit for 

prescription compliance before any further work.   

 

 

Figure 4.7: KMC 2100H drive-to-tree flexible tracked hydrostatic mulcher 
equipped with a Fecon Bull Hog 120H-2 rotating drum mulching head. 
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Figure 4.8: Fecon Bull Hog 120H-2 rotating drum mulching head. 
 
 
4.3.3 Experimental Design and Data Collection 
 
4.3.3.1 Tenino 

4.3.3.1.1 Stand Characteristics 

Standing trees, understory shrub percent cover, and down woody fuel 

composition were recorded before and after treatment.  The difference between pre- 

and post-treatment measurements determined the machine treatment effect.  The 80-

acre stand was systematically divided into 16, approximately 5-acre subunits (min 4.3, 

max 6.1).  Due to the patchiness of the stand, a strip cruise was used with two, 33-feet 

wide strips placed systematically in each of the subunits.  When appropriate, the strips 

were placed perpendicular to periodic variation to more accurately represent the 

characteristics of an entire subunit.  Within each strip, all trees ≥ 5 feet in height (trees 

with a DBH) were measured and recorded.  Measurements included DBH, total height, 

height to live crown, species, and mortality status.  Mortality status was divided into 
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three categories: 1) older dead, 2) recent mortality, and 3) live.  Older dead trees were 

defined as those containing no foliage and often showed signs of bark slippage.  Trees 

characterized as experiencing recent mortality were ones with all brown foliage.  If 

trees contained any green needles or leaves they were classified as live.   

On each cruise line, 3 plot centers for shrub and fuel measurements were 

equally spaced over the length, yielding 6 per subunit or 96 in total.  This approach 

was used to establish a representative sample of each subunit.  At each of the 96 plot 

centers, 4 random transect directions were established using a random number 

generator.  Possible azimuths ranged from 20-360° in 20° intervals, yielding 18 

possible directions (Figure 4.9).  

 

 

Figure 4.9: Example subunit sampling diagram showing 6 plot centers and 24 
transects per subunit.  Note: drawing not to scale. 

 

On 2 of the 4 transects per plot center, shrub percent cover was measured.  

Each transect was 50-feet in length (Figure 4.10).  The total length of shrubs 

encountered divided by 50-feet determined the percent of shrub cover per transect.  
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One-hundred ninety-two transects were recorded during the survey totaling 9,600 feet 

in length.   

 

 

Plot Center

Fuel Transect 
50-ft 

Fuel Transect 
50-ft Shrub Transect 

50-ft 

Shrub Transect 
50-ft 

Figure 4.10: Example shrub and fuel sampling diagram used during pre- and 
post-treatment data collection.  Note: drawing not to scale. 

 
The remaining 2 transects were used to classify down woody fuel composition 

(dead surface fuel) using a line intersect survey (Van Wagner 1968).  Each transect 

was 50-feet in length.  Pieces of down woody fuel were classified by diameter using 

time lag fuel classes (Brown 1974).  Specifically, fuel classes were: 1000-hr (>3 

inches), 100-hr (1-3 inches), 10-hr (0.25-1 inches), and 1-hr (<0.25 inches).  The 

number of pieces intersecting each transect was recorded and classified.  One-

thousand-hour fuels were recorded over the entire 50-ft transect length.  One-hundred-

hour, 10-hr, and 1-hr fuels were recorded only at the last 6-ft of each transect (Figure 

4.11).  This approach, adapted from Brown (1974), was used to ensure that the 

sampling area had not been disturbed as opposed to recording near the plot center 
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where foot traffic was likely.  One-hundred ninety-two transects were recorded during 

the survey totaling 9,600-ft in length for the 1000-hr fuels and 1,152-ft for the other 

fuel classes.  Transect directions were located randomly for both pre- and post-

treatment measurements; therefore, sampling points were not in the same location, in 

most cases.  

 

Plot Center 
----------------------------------1,000-hr fuel, 50-ft ----------------------------------| 

|------------------------|
1, 10, & 100-hr, 6-ft 

Figure 4.11: Example fuel sampling diagram showing piece size classification 
locations.  Note: drawing not to scale. 

 
4.3.3.1.2 Machine Productivity 

Eight subunits were randomly assigned to each machine to perform the 

silvicultural prescription and ranged from 4.3-6.1 acres with an average of 5.2 acres.  

SBE subunits averaged 5.1 acres and FTM subunits averaged 5.3 acres (Figure 4.12). 

The productivity of the fuel reduction machines was assessed using both shift-

level and activity sampling information.  Operators were asked to complete and submit 

shift-level productivity forms at the end of each work day.  New shift-level forms were 

started at the beginning of each work day and/or when treatment began in a new 

subunit.  Requested data included general information such as: date, subunit number, 

start time, end time, weather conditions, operator name, and delays > 5 minutes.  

Delays were defined as any activity, lasting longer than 5 minutes, that was not part of 

the productive cycle necessary to complete the silvicultural prescription.  Delays were 

broken into categories of: personal, mechanical/maintenance, refuel, research 

discussion, and other.  Shift-level data provided gross productivity information such as 

machine utilization, hours per acre, and acres per day. 
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Figure 4.12: Tenino site layout displaying machine assignments (SBE=swing-
boom excavator, FTM=flexible tracked mulcher) and subunit numbers. 

 
  To determine the percent of time spent on productive activities and build 

information on machine operating pattern, 16 hours of fixed interval activity sampling 

information were collected for each machine.  Activity sampling measures the 

proportion of a workday that people or machines spend performing a series of 

activities (Olsen and Kellogg 1983) and was used to gain more detailed information on 

machine productivity.  Four subunits were randomly selected for each machine where 

videotaping occurred in 1-hr intervals for 4 hours.  Four hours of video were recorded 

in SBE subunits 8, 12, 14, and 16 and FTM subunits 6, 9, 10, and 13.  Through 

videotape observation, activity samples were recorded at 20-sec intervals, yielding 180 

per hour, 720 per subunit, and 2,880 per machine.  Activities recorded for each 

machine are listed in Table 4.3.    
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Table 4.3: Activities recorded during videotape observation. 
ACTIVITY 

Mulching standing trees 
Mulching down trees 
Mulching shrubs 
Traveling – no mulching 
Positioning head – no mulching 
Non-mechanical delay 
Mechanical delay 

 

 

4.3.3.2 Biddle Pass 

4.3.3.2.1 Stand Characteristics 

Standing trees and down woody fuel composition were recorded before and 

after treatment.  Due to the sparse nature of understory shrubs, percent cover was not 

measured at Biddle Pass.  The difference between pre- and post-treatment 

measurements determined the machine treatment effect.  The 40 acre stand was 

systematically divided into 8, approximately 5-acre subunits (min 4.1, max 6.6).  

Within each subunit, fixed-radius plots were installed for tree measurement, ranging 

from 4-6, 0.1-acre plots depending on subunit size.  A total of 38 plot centers were 

established.  Within each plot, all standing trees (live and dead) ≥ 5 feet in height 

(trees with a DBH) were measured and recorded.  Measurements included DBH, total 

height, height to live crown, species, and mortality status.  Mortality status was 

divided into 3 categories: 1) older dead, 2) recent mortality, and 3) live.  Older dead 

trees were defined as those containing no foliage and often showed signs of bark 

slippage.  Trees characterized as experiencing recent mortality had all brown foliage.  

If trees contained any green needles or leaves they were classified as live.   

At each of the 38 plot centers, 2 random transect directions were established 

for down woody fuel classification using a random number generator.  Possible 

azimuths ranged from 20-360° in 20° intervals, yielding 18 possible directions (Figure 

4.13). 
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Figure 4.13: Example subunit sampling diagram showing 6 plot centers and 12 
surface fuel classification transects per subunit.  Note: drawing not to scale. 

 

Down woody fuel composition (dead surface fuel) was measured using a line-

intersect survey (Van Wagner 1968).  Each transect was 50-feet in length.  Pieces of 

down woody fuel were classified by diameter using time lag fuel classes (Brown 

1974).  Specifically, fuel classes were: 1000-hr (>3 inches), 100-hr (1-3 inches), 10-hr 

(0.25-1 inches), and 1-hr (<0.25 inches).  The number of pieces intersecting each 

transect were recorded and classified.  One-thousand-hour fuels were recorded over 

the entire 50-ft transect length.  One-hundred-hour, 10-hr, and 1-hr fuels were 

recorded only at the last 6-ft of each transect (Figure 4.11).  This approach, adapted 

from Brown (1974), was used to ensure that the sampling area had not been disturbed 

as opposed to recording near the plot center where foot traffic was likely.  Seventy-six 

transects were recorded during the survey totaling 3,800-ft in length for the 1000-hr 

fuels and 456-ft for the other fuel classes.  Transect directions were located randomly 
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for both pre- and post-treatment measurements; therefore, sampling points were not in 

the same location, in most cases.  

 
4.3.3.2.2 Machine Productivity 

Four subunits were randomly assigned to each machine to perform the 

silvicultural prescription and ranged from 4.1-6.6 acres with an average of 5.0 acres 

(Figure 4.14).  SBE subunits averaged 5.4 acres and FTM subunits averaged 4.7 acres.  

However, due to a mechanical failure, subunit 8 was not treated by the FTM machine 

and therefore removed from consideration in the study. 
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Figure 4.14: Biddle Pass site layout displaying machine assignments (SBE=swing-
boom excavator, FTM=flexible tracked mulcher) and subunit numbers.  Note: no 
treatment was performed in subunit 8. 

 

Similar to the Tenino site, productivity of the fuel reduction machines was 

assessed using both shift-level and activity sampling information.  Operators were 

asked to complete and submit shift-level productivity forms at the end of each work 

day.  New shift-level forms were started at the beginning of each work day and/or 

when treatment began in a new subunit.  Requested data included general information 

such as: date, subunit number, start time, end time, weather conditions, operator name, 
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and delays > 5 minutes.  Delays were broken into categories of: personal, 

mechanical/maintenance, refuel, research discussion, and other.   

To determine the percent of time spent on productive activities and build 

information on machine operating pattern, 8 hours of fixed-interval activity sampling 

information were collected for each machine.  Activity sampling was used to gain 

more detailed information on machine productivity.  Two subunits were randomly 

selected for each machine where videotaping occurred in 1-hr intervals for 4 hours.  

Four hours of video were recorded in SBE subunits 3 and 6 and FTM subunits 5 and 7.  

Through videotape observation, activity samples were recorded at 20-sec intervals, 

yielding 180 per hour, 720 per subunit, and 1,440 per machine.  Activities recorded for 

each machine are listed in Table 4.4.      

 
Table 4.4: Activities recorded during videotape observation. 

ACTIVITY 
Mulching standing trees 
Mulching down trees 
Traveling – no mulching 
Positioning head – no mulching 
Non-mechanical delay 
Mechanical delay 

 

4.3.4 Data Analysis 

4.3.4.1 Machine Productivity 

Gross-level productivity of the fuel reduction machines was estimated by 

compiling shift-level forms supplied by each operator.  Data were analyzed on a 

subunit basis and included scheduled machine hours (SMH) and delays > 5 minutes.  

Subtracting delay time from SMH gave each machine’s productive machine hours 

(PMH) and resulting utilization.  Using subunit area, determined by a global 

positioning system (GPS), hours per acre and acres per 10-hr day were calculated.  To 

estimate productivity on a per unit volume basis, total above-ground biomass treated 

was estimated with equations from Jenkins et al. (2004).  The difference between pre- 
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and post-treatment total above-ground green tons per acre (all trees) determined the 

weight of standing trees treated.   

One-way analysis of variance (ANOVA) was used to determine differences in 

subunit productivity means, per unit area and volume, between the machines at each 

study site.  Due to contrasting stand conditions and silvicultural prescriptions, no 

productivity comparisons were made between study sites. 

Activity sampling data was compiled for each subunit, machine, and study site.  

Percent of observations out of the total observations determined the proportion of time 

spent on each activity.  Chi-square tests of independence were used to estimate the 

differences in percentage means between the machines (Murphy 1977).  For all tests, 

statistical significance was determined at the α=0.05 level.    

To determine the effect of stand characteristics on machine productivity, 

Pearson correlation coefficients (r) were determined for each variable projected to 

affect productivity (PMH per acre).  The value of r determines the strength of the 

linear association between two variables.  Variables were examined for statistical 

importance using Number Cruncher Statistical Systems (NCSS) (Hintze 2001).  

Variables used during analysis are shown in Table 4.5.   
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Table 4.5: Variables determined during machine productivity analysis1. 
Dependent variable Independent variables 
PMH per acre Pre-treatment 
      Trees per acre 
      Standing tree green tons per acre
      Stand density index 
      Basal area per acre (ft2) 
      Quadratic mean diameter (in) 
      DWF tons per acre 
      Shrub percent cover (%) 
 Post-treatment 
      Trees per acre 
      Standing tree green tons per acre
      Stand density index 
      Basal area per acre (ft2) 
      Quadratic mean diameter (in) 
      DWF tons per acre 
      Shrub percent cover (%) 
 Treated (Δ) 
      Trees per acre 
      Standing tree green tons per acre
      Stand density index 
      Basal area per acre (ft2) 
      Quadratic mean diameter (in) 
      Shrub percent cover (%) 
 Ground slope (%) 

1PMH=productive machine hours, DWF=down woody fuel. DWF tons per acre were derived from 
equations by Van Wagner (1968) and specific gravity estimates from Brown (1974). 
 

Due to the low number of productivity observations collected during shift-level 

studies, no regression analysis was attempted.  The correlation coefficients were 

determined for each variable in relation to the productivity measure of PMH per acre.  

This analysis was useful for determining baseline factors that affect each machine’s 

operating pattern and resulting time per acre to perform the silvicultural prescriptions.     
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4.3.4.2 Treatment Costs 

Based on information collected during the shift-level productivity study, costs 

of the fuel reduction operations were predicted using the Auburn Harvesting Analyzer 

(AHA) spreadsheet model (Tufts et al. 1985).  The spreadsheet is capable of 

determining the productivity and unit cost for a treatment area based on the type of 

equipment used, the size of trees treated, and other operational variables.  The top 

section of the page inputs stand and general information.  The stock and stand table is 

important since it states the size of trees that were treated as well as the number of 

trees and green tons per acre.  The general information section contains details such as 

length of time the crew worked, commuting distance, and moving distance.  Section 

two of the AHA calculates machine productivity.  Results of this section are reported 

in tons per productive machine hour.  Section three shows input cost data including 

initial purchase price, economic machine life, insurance, taxes, fuel and lubrication, 

maintenance and repair, and labor costs.  Cost per green ton is obtained by combining 

hourly costs with utilization and machine productivity.  Finally, costs per acre are 

computed by multiplying the treatment cost per green ton by the number of treated 

green tons per acre.       

For this study, one AHA spreadsheet was constructed for each machine per 

study site.  Spreadsheet output included treatment costs per green ton and acres treated 

for each machine and subunit combination.  Each spreadsheet produced unique values 

that were used to calculate mean costs per subunit.  One-way ANOVA was then used 

to estimate differences in cost means between the machines.  It is important to note 

that the AHA was originally designed to analyze traditional commercial harvesting 

operations that extract fiber.  For this analysis, the model was modified to fit the non-

commercial approach used with masticating/mulching machines.  For example, no 

individual operation functions were analyzed.  Only the machines’ ability to perform 

the silvicultural prescription in terms of shift-level productivity was used in cost 

projections.  Input assumptions for each AHA spreadsheet are listed in Tables 4.6 and 

4.7. 



Table 4.6: Auburn Harvesting Analyzer input assumptions for the Tenino study site.

General Information1

Hours/day 10
Days/week 5
Weeks/year 50
Move-to-tract 4 hours
Move rate $3.00 / mile
Move distance 100 miles
Distance home 30 miles

Support SBE FTM
Pickups 1 @ $0.50 / mile 1 @ $0.50 / mile
Foreman $2,500 / month $2,500 / month
Spotter - 1 @ $2,100 / month
Overhead $2,000 / month $2,000 / month
Moving cost tract size 41.02 acres 42.20 acres

Machine Productivity2

SBE Subunit Acres Green Tons/PMH
1 4.34 3.38
2 4.96 4.50
3 4.41 7.87
4 5.65 5.67
8 4.94 6.90
12 5.66 4.49
14 5.49 7.62
16 5.58 1.81

FTM Subunit Acres Green Tons/PMH
5 4.80 4.59
6 4.50 9.99
7 5.70 2.18
9 5.30 23.77
10 6.10 14.27
11 5.10 14.10
13 5.10 11.12
15 5.60 13.30

Machine Cost
SBE FTM

Initial Cost ($) $168,000 $493,750
Pay life (yrs) 5 5
Insurance & taxes (% of initial) 5 5
Fuel & lubrication ($/PMH) 13.68 21.88
Maintenance & repair ($/PMH) 10.02 30.10
Labor ($/SMH) 20.00 20.00
Labor overhead (%) 40 40
Interest rate (%) 10 10
Depreciation type Straight-line Straight-line
Salvage value (% of initial) 30 30
% of work day 100 100
Number of machines 1 1

1SBE=swing-boom excavator, FTM=flexible tracked mulcher
2Production estimates were generated during shift-level productivity analysis, PMH=productive machine hours
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Table 4.7: Auburn Harvesting Analyzer input assumptions for the Biddle Pass study site.

General Information1

Hours/day 10
Days/week 5
Weeks/year 50
Move-to-tract 4 hours
Move rate $3.00 / mile
Move distance 100 miles
Distance home 30 miles

Support SBE FTM
Pickups 1 @ $0.50 / mile 1 @ $0.50 / mile
Foreman $2,500 / month $2,500 / month
Spotter - 1 @ $2,100 / month
Overhead $2,000 / month $2,000 / month
Moving cost tract size 21.78 acres 18.51 acres

Machine Productivity2

SBE Subunit Acres Green Tons/PMH
1 4.20 11.86
2 6.49 13.79
3 6.63 9.66
6 4.45 8.19

FTM Subunit Acres Green Tons/PMH
4 5.58 4.61
5 4.07 2.52
7 4.52 6.31

Machine Cost
SBE FTM

Initial Cost ($) $168,000 $493,750
Pay life (yrs) 5 5
Insurance & taxes (% of initial) 5 5
Fuel & lubrication ($/PMH) 13.68 21.88
Maintenance & repair ($/PMH) 10.03 31.36
Labor ($/SMH) 20.00 20.00
Labor overhead (%) 40 40
Interest rate (%) 10 10
Depreciation type Straight-line Straight-line
Salvage value (% of initial) 30 30
% of work day 100 100
Number of machines 1 1

1SBE=swing-boom excavator, FTM=flexible tracked mulcher
2Production estimates were generated during shift-level productivity analysis, PMH=productive machine hours
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4.4 Results and Discussion 

4.4.1 Tenino 

The difference between pre- and post-treatment stand measurements 

determined the number of trees, standing green tons, and density removed during 

treatment.  Table 4.8 shows mean stand density and biomass statistics per subunit 

treated for each machine.  The similarity in values between machines indicates that 

each operator performed the treatment as prescribed in regard to standing trees.  The 

largest difference in the means was residual trees per acre (73.96 for the SBE vs. 58.86 

for the FTM).  This indicates that the FTM removed more trees per acre and is likely 

due to more limited machine maneuverability.  The drive-to-tree nature of the FTM 

forced the machine to treat some unintended trees when proceeding toward trees 

targeted for removal.  In contrast, the SBE was able to swing its boom around leave 

trees.  

 
Table 4.8: Tenino stand density and biomass statistics1. 
 Pre-treatment Treated Residual 
SBE    
     Trees per acre 447.45 373.49 73.96 
     Green tons per acre 55.57 15.18 40.39 
     Basal area per acre (ft2) 64.40 23.63 40.77 
     Stand density index (SDI) 124.91 58.03 66.88 
         
FTM    
     Trees per acre 439.95 381.09 58.86 
     Green tons per acre 59.21 20.91 38.29 
     Basal area per acre (ft2) 68.14 29.01 39.12 
     Stand density index (SDI) 128.56 66.29 62.26 

1Number of observations = 8 per machine. 
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4.4.1.1 Machine Productivity 

4.4.1.1.1 Shift-level 

Descriptive statistics from the Tenino shift-level productivity study are shown 

in Table 4.9 along with one-way ANOVA results in Table 4.10.  Results from 

operator-supplied shift-level forms indicate statistically significant differences 

between the machines in SMH per subunit and acre, PMH per subunit and acre, acres 

treated per 10-hr day, and standing green tons treated per PMH.   

 
Table 4.9: Tenino shift-level productivity descriptive statistics1. N=8/machine. 
 Mean SD Min. Max. 
SBE     
     SU area (ac) 5.12 0.56 4.30 5.70 
     SMH / SU 15.71 1.82 13.58 18.73 
     Delay time (hrs) / SU 0.96 0.53 0.43 1.70 
     PMH / SU 14.75 1.81 12.07 17.30 
     Utilization (%) 93.88 3.46 87.65 97.41 
     SMH / ac 3.10 0.49 2.43 3.90 
     PMH / ac 2.91 0.47 2.33 3.79 
     Ac / 10-hr day 3.30 0.53 2.57 4.12 
     Green tons / PMH 5.28 2.13 1.80 7.87 
     
FTM     
     SU area (ac) 5.27 0.51 4.50 6.10 
     SMH / SU 10.21 1.87 7.00 12.25 
     Delay time (hrs) / SU 0.91 0.57 0.00 1.58 
     PMH / SU 9.30 1.32 7.00 10.83 
     Utilization (%) 91.85 4.75 86.81 100.00
     SMH / ac 1.94 0.35 1.40 2.35 
     PMH / ac 1.77 0.27 1.37 2.13 
     Ac / 10-hr day 5.32 1.10 4.25 7.15 
     Green tons / PMH 11.66 6.60 2.17 23.77 

1SD=standard deviation, SBE=swing-boom excavator, FTM=flexible tracked mulcher, SU=subunit, 
SMH=scheduled machine hours, PMH=productive machine hours. 
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Table 4.10: Tenino shift-level productivity one-way ANOVA difference in means 
F and p values1. 
 F Value Pr > F Sig. Diff.
SU area (ac) 0.31 0.5858  
SMH / SU 35.48 <0.0001 √ 
Delay time (hrs) / SU 0.03 0.8545  
PMH / SU 47.39 <0.0001 √ 
Utilization (%) 0.95 0.3467  
SMH / ac 29.32 <0.0001 √ 
PMH / ac 34.73 <0.0001 √ 
Ac / 10-hr day 21.94 0.0003 √ 
Green tons / PMH 6.78 0.0208 √ 

1Sig. Diff.=significant difference between the machines at α=0.05, SU=subunit, SMH=scheduled 
machine hours, PMH=productive machine hours. 

 

In all significant categories, the FTM performed the prescription in less time 

than the SBE.  The drive-to-tree design of the FTM allowed it to travel faster 

throughout the stand and resulted in more acres treated per day.  For example, the 

FTM averaged 5.32 acres per 10-hr day versus 3.30 for the SBE.  This difference of 

2.02 acres per day or 61% may be of substantial importance for forest managers 

interested in treating large areas within limited schedules.  The wide-spacing 

prescription employed at the Tenino site allowed the FTM to maneuver between large 

overstory leave trees while removing many small understory trees per machine pass.  

Although tighter spacing requirements would likely favor the SBE due to the nature of 

machine design and resulting maneuverability advantage.  Tradeoffs due to the more 

productive FTM may include increased soil disturbance (Chapter 3). 

 

4.4.1.1.2 Effect of Stand Characteristics 

Tables 4.11 and 4.12 were constructed to examine the effect of stand 

characteristics on shift-level machine productivity.  Pearson correlation coefficients (r) 

were determined using NCSS for the productivity variable PMH per acre and the 

independent stand characteristic variables shown in the following tables.  Pre- and 

post-treatment characteristics and their differences (amount treated) were used as 
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independent variables.  For the SBE, 4 variables had correlation coefficients with 

PMH per acre that were >0.60.  The most highly correlated variables were: 1) pre-

treatment quadratic mean diameter (in) (QMD) (-0.79), and 2) post-treatment down 

woody fuel tons per acre (DWF) (0.65).  These results confirm initial assumptions 

indicating that as pre-treatment tree size increases, treatment time per acre decreases.  

The DWF correlation indicates that as surface fuel generation increases so does 

treatment time per acre.  In summary, the most important stand variables affecting 

SBE productivity are tree size and the amount of material treated as reflected with the 

DWF correlation.  Supporting this, the number of trees per acre treated was also 

correlated with productivity at 0.61.     
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Table 4.11: Tenino stand characteristics vs. SBE machine productivity 
descriptive statistics and correlation1. 
 Mean SD Min. Max. r 
Dependent variable      
     PMH per acre 2.91 0.47 2.33 3.79 1.00 
      
Independent variables      
     Pre-treatment      
          Trees per acre 447.45 232.33 132.68 817.01 0.61 
          ST green tons per acre 55.57 17.27 34.77 83.00 -0.30
          Stand density index 124.91 28.55 76.22 165.58 0.15 
          Basal area per acre (ft2) 64.41 16.05 41.33 91.21 -0.13
          Quadratic mean diameter (in) 5.62 1.56 3.59 7.56 -0.79
          DWF tons per acre 11.77 4.32 3.70 18.31 0.39 
          Shrub percent cover (%) 21.73 5.42 13.9 30.72 0.28 
     Post-treatment      
          Trees per acre 73.96 12.57 49.31 88.91 0.13 
          ST green tons per acre 40.39 14.60 21.81 61.42 -0.40
          Stand density index 66.88 17.34 43.57 97.7 -0.53
          Basal area per acre (ft2) 40.77 12.51 24.11 61.23 -0.47
          Quadratic mean diameter (in) 10.10 2.08 7.41 13.03 -0.46
          DWF tons per acre 34.93 10.02 17.96 44.11 0.65 
          Shrub percent cover (%) 3.88 1.19 2.50 5.83 -0.32
     Treated (Δ)      
          Trees per acre 373.49 231.28 43.77 736.42 0.61 
          ST green tons per acre 15.18 5.57 4.20 21.58 0.11 
          Stand density index 58.03 24.71 7.85 85.01 0.54 
          Basal area per acre (ft2) 23.63 8.85 4.35 33.16 0.44 
          Quadratic mean diameter (in) 4.47 1.74 1.17 6.21 0.16 
          Shrub percent cover (%) 17.85 5.44 11.40 27.15 0.35 
     Ground slope (%) 3.59 1.60 1.67 6.67 -0.49

1SD=standard deviation, r=Pearson correlation coefficient, PMH=productive machine hours, 
ST=standing tree, DWF=down woody fuel. 
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Table 4.12: Tenino stand characteristics vs. FTM machine productivity 
descriptive statistics and correlation1. 
 Mean SD Min. Max. r 
Dependent variable      
     PMH per acre 1.77 0.27 1.37 2.13 1.00 
      
Independent variables      
     Pre-treatment      
          Trees per acre 439.95 245.73 115.76 860.81 0.16 
          ST green tons per acre 59.21 16.04 42.23 92.71 0.73 
          Stand density index 128.56 36.78 84.24 186.97 0.74 
          Basal area per acre (ft2) 68.14 18.87 46.69 103.09 0.76 
          Quadratic mean diameter (in) 5.85 1.67 3.86 8.89 -0.05
          DWF tons per acre 13.60 5.88 9.29 27.68 0.01 
          Shrub percent cover (%) 21.34 3.87 15.62 26.28 0.02 
     Post-treatment      
          Trees per acre 58.86 12.85 40.72 75.23 0.50 
          ST green tons per acre 38.29 13.68 23.16 63.91 0.51 
          Stand density index 62.26 20.19 39.87 100.65 0.60 
          Basal area per acre (ft2) 39.12 13.73 23.86 64.83 0.56 
          Quadratic mean diameter (in) 10.96 1.46 8.95 13.33 0.26 
          DWF tons per acre 22.70 6.34 13.22 29.38 0.58 
          Shrub percent cover (%) 3.29 1.75 1.13 6.43 -0.32
     Treated (Δ)      
          Trees per acre 381.09 250.44 69.17 820.09 0.13 
          ST green tons per acre 20.91 12.02 3.69 41.48 0.39 
          Stand density index 66.29 33.91 32.72 127.19 0.44 
          Basal area per acre (ft2) 29.01 15.85 9.07 58.15 0.42 
          Quadratic mean diameter (in) 5.10 1.77 2.13 8.17 0.26 
          Shrub percent cover (%) 18.05 5.38 9.90 24.16 0.12 
     Ground slope (%) 3.35 1.01 2.17 4.83 -0.10

1SD=standard deviation, r=Pearson correlation coefficient, PMH=productive machine hours, 
ST=standing tree, DWF=down woody fuel. 
 

For the FTM, 3 variables had correlation coefficients >0.60.  The most highly 

correlated variables with PMH per acre were: 1) pre-treatment basal area per acre (ft2) 

(0.76), and 2) pre-treatment stand density index (0.74).  As opposed to the SBE 
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results, tree size (-0.05) and the number of trees treated per acre (0.13) were not good 

indicators of FTM productivity.  Productivity was better explained by stand density 

variables which indicated that as density increases so does time per acre.  Again, this 

result is likely due to machine maneuverability issues related to the drive-to-tree 

design of the FTM.  In dense treatment areas, more maneuvering and travel is required 

by the machine which therefore increases treatment time. 
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Figure 4.15: Tenino shift-level machine productivity (PMH/acre) versus trees per 
acre treated for each machine.  SBE=swing-boom excavator, FTM=flexible 
tracked mulcher, r=Pearson’s correlation coefficient. 

 

Trend lines shown in Figure 4.15 graphically explain the relationship between 

trees per acre treated and productivity for each machine.  Treatment intensity had little 

effect on FTM time per acre which consistently ranged from 1.5 to 2 hours per acre 

irrespective of trees per acre treated.  Treatment intensity had more of an effect on 
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SBE productivity with the trend line varying almost 1 hour per acre as trees per acre 

treated increased.   
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Figure 4.16: Tenino shift-level machine productivity (PMH/acre) versus 
percentage of basal area treated for each machine.  SBE=swing-boom excavator, 
FTM=flexible tracked mulcher, r=Pearson’s correlation coefficient. 

 

As for the number of trees per acre treated, the percentage of basal area treated 

had little effect on FTM productivity (Figure 4.16).  However, the relationship for the 

SBE was strong with a correlation coefficient of 0.70 and a trend line range of slightly 

more than 1 hour per acre.  This further highlights the different operating nature of the 

machines due to design with the FTM experiencing more difficulty due to dense stand 

conditions.  The SBE is affected more by treatment intensity and can maneuver more 

effectively through dense stand conditions. 
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4.4.1.1.3 Activity Sampling 

Results of the Tenino activity sampling study are shown in Figure 4.17.  A 

total of 2,880 activity sampling observations were recorded for each machine from 

videotape analysis.  The most frequent activity for the SBE was mulching shrubs at 

30.6% of delay-free time.  The FTM spent the majority of delay-free time mulching 

down trees at 39.2%.  Chi-square tests of independence detected significant 

differences between machines for 4 of the 5 activities observed.  Mulching standing 

trees was the only activity in which the machines did not differ significantly 

(p=0.8011).  These results again reflect the contrasting design and operating nature of 

the machines.  The SBE spent significantly more time positioning its head and 

mulching shrubs.  This is due to the swing-boom nature of the SBE and the fact that 

shrub mulching is an independent activity for the machine.  For example, in many 

cases, the FTM mulched down trees in combination with treating shrubs and surface 

fuel, whereas shrub mulching by the SBE was commonly an independent activity.  

The FTM spent significantly more time traveling and mulching down trees than the 

SBE.  The result confirms initial observations as the FTM must travel to each tree 

treated and all effective mulching occurs on the surface.  Mulching standing trees for 

the FTM consisted of essentially “felling” trees in preparation for mulching, whereas 

the SBE initially treats trees from the top down and subsequently reduces residual 

piece size once on the surface.        
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Figure 4.17: Tenino activity sampling percentage of delay-free time for each 
activity and machine.  P-values are results from chi-square tests of independence 
between machines.  N=16 hrs/machine, SBE=swing-boom excavator, 
FTM=flexible tracked mulcher. 
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4.4.1.2 Treatment Costs 

To estimate Tenino treatment costs, shift-level productivity results (green tons 

per PMH) were inputted into AHA spreadsheets for each machine/subunit 

combination.  After combining productivity with green tons per acre treated, machine 

utilization, and operating costs, treatment costs per green ton and acre were calculated 

for each subunit.  Cost projections for the Tenino SBE and FTM subunits are listed in 

Tables 4.14 and 4.15, respectively.  A cost summary and ANOVA of significant 

differences between the machines is reported in Table 4.13.   

 
Table 4.13: Mean (SD) Tenino treatment cost per subunit for each machine and 
combined cost irrespective of machine.  Values in the same row with different 
superscripts are significantly different (p<0.05)1. 
 SBE FTM Combined 
Treatment cost    
     $/green ton 24.97a (14.83) 27.74a (28.11) 26.35 (21.76) 
     $/acre 311.39a (49.81) 348.89a (57.79) 330.14 (55.60) 

1SD=standard deviation, SBE=swing-boom excavator, FTM=flexible tracked mulcher. 
 

Mean treatment cost per green ton was estimated to be $24.97 for the SBE and 

$27.74 for the FTM.  ANOVA indicated no significant difference between the two 

means (F=0.06, p=0.8092).  Cost per ton by subunit for the SBE ranged from $13.92 

to $58.72, whereas the range for FTM costs was $8.35 to $93.09.  Subunits with the 

highest cost per ton projections were those that contained a large proportion of 

understory shrubs and relatively few trees per acre treated.  In this case, machine 

productivity per unit volume was low, and therefore, costs were distributed over fewer 

tons treated.  After combining all subunits, irrespective of machine, overall treatment 

cost averaged $26.35 per green ton treated.   

Costs per acre were generated by multiplying costs per ton by the number of 

tons per acre treated in each subunit.  Average treatment cost per subunit was 

estimated to be $311.39 per acre for the SBE and $348.89 for the FTM with no 

significant difference detected (F=1.93, p=0.1862).  Costs per acre ranged from 
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$246.62 to $399.45 for the SBE and $260.53 to $414.07 for the FTM.  When all 16 

subunits were combined, average cost per acre was projected to be $330.14.      

Although productivity between the machines was significantly different (2.02 

acres per day or 61% higher for the FTM), contrasting operating costs allowed 

treatment costs per ton and acre to be comparable.  Operating costs for the SBE 

averaged $70.65 per SMH whereas average costs for the FTM were $135.98 per SMH.  

This difference of 92% is largely due to machine purchase price.  New prices were 

used for each machine and were $168,000 for the SBE and $493,750 for the FTM.  In 

addition, due to operator inexperience, an additional crewmember (spotter) was 

necessary for the FTM that also increased hourly costs.  Had the spotter not been 

required, average treatment costs for the FTM would have been reduced to $26.12 per 

green ton and $328.49 per acre.   

 

 



Table 4.14: Auburn Harvesting Analyzer cost projections for the Tenino SBE subunits. 

Non-commercial Mechanical Fuel Reduction -- Tenino Stand  Machine = SBE Warm Springs, OR
TREE REMOVAL INFORMATION GENERAL INFORMATION

Subunit Trees/Ac Green tons/Ac Acres SMH per Day    = 10 Move Time (Hours)= 4
1 408.56 12.83 4.34 Days per Week  = 5 Move Rate ($/mile)= 3
2 534.73 14.81 4.96 Weeks per Year = 50 Move Distance (Miles)= 100
3 238.75 21.58 4.41 SMH per Year   = 2500 Distance home (Miles)= 30
4 232.43 14.41 5.65 Support:
8 736.42 20.58 4.94 Pkups 1 0.5  $/mi. Interest Rate= 0.1
12 580.53 13.64 5.66 Foreman: 2500  $/mo. Size of entire tract (acres)= 41.02
14 212.72 19.39 5.49 Overhead: 2000  $/mo.
16 43.77 4.20 5.58 Spotter 0 2100  $/mo.

MACHINE PRODUCTIVITY MACHINE COST
Subunit Green tons/PMH Initial Cost($)= 168,000

1 3.38 Pay. Life(Yrs)= 5
2 4.50 Mon. Pmt($)= 3,569.50
3 7.87 I&T(%Initial)= 0.05
4 5.67 F&L($/PMH)= 13.68
8 6.90 M&R($/PMH)= 10.02
12 4.49 Labor($/SMH)= 20.00
14 7.62 Labor OH (%)= 40
16 1.81 % of Work day = 100%

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 3.38 94.41 3.19 20.49 22.37 28.00 70.87 $22.21 $284.89
Support Pickup, Foreman, and Overhead $7.99 $102.51
Moving 4 hours spent moving men & equipment to tract $0.94 $12.04

Subunit 1 Totals $31.13 $399.45

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 4.50 95.27 4.29 20.49 22.58 28.00 71.07 $16.57 $245.43
Support Pickup, Foreman, and Overhead $5.95 $88.06
Moving 4 hours spent moving men & equipment to tract $0.81 $12.04

Subunit 2 Totals $23.33 $345.54

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 7.87 87.65 6.90 20.49 20.77 28.00 69.27 $10.05 $216.78
Support Pickup, Foreman, and Overhead $3.70 $79.81
Moving 4 hours spent moving men & equipment to tract $0.56 $12.04

Subunit 3 Totals $14.30 $308.63

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 5.67 96.83 5.49 20.49 22.95 28.00 71.44 $13.01 $187.48
Support Pickup, Foreman, and Overhead $4.64 $66.92
Moving 4 hours spent moving men & equipment to tract $0.84 $12.04

Subunit 4 Totals $18.49 $266.44

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 6.90 90.23 6.22 20.49 21.38 28.00 69.88 $11.23 $231.06
Support Pickup, Foreman, and Overhead $4.10 $84.32
Moving 4 hours spent moving men & equipment to tract $0.59 $12.04

Subunit 8 Totals $15.91 $327.43

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 4.49 92.35 4.15 20.49 21.89 28.00 70.38 $16.96 $231.30
Support Pickup, Foreman, and Overhead $6.14 $83.81
Moving 4 hours spent moving men & equipment to tract $0.88 $12.04

Subunit 12 Totals $23.98 $327.15

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 7.62 95.35 7.26 20.49 22.60 28.00 71.09 $9.79 $189.78
Support Pickup, Foreman, and Overhead $3.51 $68.07
Moving 4 hours spent moving men & equipment to tract $0.62 $12.04

Subunit 14 Totals $13.92 $269.90

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 1.81 95.95 1.73 20.49 22.74 28.00 71.23 $41.13 $172.74
Support Pickup, Foreman, and Overhead $14.72 $61.84
Moving 4 hours spent moving men & equipment to tract $2.87 $12.04

Subunit 16 Totals $58.72 $246.62

Average Cost per Subunit = $/Ton $/Acre
$24.97 $311.39
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Table 4.15: Auburn Harvesting Analyzer cost projections for the Tenino FTM subunits. 
Non-commercial Mechanical Fuel Reduction -- Tenino Stand  Machine = FTM Warm Springs, OR

TREE REMOVAL INFORMATION GENERAL INFORMATION
Subunit Trees/Ac Green tons/Ac Acres SMH per Day    = 10 Move Time (Hours)= 4

5 286.89 6.70 4.80 Days per Week  = 5 Move Rate ($/mile)= 3
6 210.33 21.27 4.50 Weeks per Year = 50 Move Distance (Miles)= 100
7 337.74 3.69 5.70 SMH per Year   = 2500 Distance home (Miles)= 30
9 820.09 41.48 5.30 Support:
10 693.63 25.34 6.10 Pkups 1 0.5  $/mi. Interest Rate= 0.1
11 352.92 28.80 5.10 Foreman: 2500  $/mo. Size of entire tract (acres)= 42.20
13 277.96 21.80 5.10 Overhead: 2000  $/mo.
15 69.17 18.22 5.60 Spotter 1 2100  $/mo.

MACHINE PRODUCTIVITY MACHINE COST
Subunit Green tons/PMH Initial Cost($)= 493,750

5 4.59 Pay. Life(Yrs)= 5
6 9.99 Mon. Pmt($)= 10,490.73
7 2.18 I&T(%Initial)= 0.05
9 23.77 F&L($/PMH)= 21.88
10 14.27 M&R($/PMH)= 30.10
11 14.10 Labor($/SMH)= 20.00
13 11.12 Labor OH (%)= 40
15 13.30 % of Work day = 100%

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 4.59 100 4.59 60.23 51.98 28.00 140.22 $30.52 $204.48
Support Pickup, Spotter, Foreman, and Overhead $7.84 $52.50
Moving 4 hours spent moving men & equipment to tract $2.31 $15.47

Subunit 5 Totals $40.66 $272.45

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 9.99 92.00 9.19 60.23 47.83 28.00 136.06 $14.80 $314.84
Support Pickup, Spotter, Foreman, and Overhead $3.92 $83.30
Moving 4 hours spent moving men & equipment to tract $0.73 $15.47

Subunit 6 Totals $19.45 $413.61

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 2.18 87.88 1.91 60.23 45.68 28.00 133.91 $70.06 $258.52
Support Pickup, Spotter, Foreman, and Overhead $18.83 $69.50
Moving 4 hours spent moving men & equipment to tract $4.19 $15.47

Subunit 7 Totals $93.09 $343.49

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 23.77 90.24 21.45 60.23 46.91 28.00 135.14 $6.30 $261.37
Support Pickup, Spotter, Foreman, and Overhead $1.68 $69.63
Moving 4 hours spent moving men & equipment to tract $0.37 $15.47

Subunit 9 Totals $8.35 $346.47

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 14.27 88.44 12.62 60.23 45.98 28.00 134.21 $10.63 $269.42
Support Pickup, Spotter, Foreman, and Overhead $2.85 $72.27
Moving 4 hours spent moving men & equipment to tract $0.61 $15.47

Subunit 10 Totals $14.09 $357.16

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 14.10 86.81 12.24 60.23 45.13 28.00 133.36 $10.90 $313.87
Support Pickup, Spotter, Foreman, and Overhead $2.94 $84.73
Moving 4 hours spent moving men & equipment to tract $0.54 $15.47

Subunit 11 Totals $14.38 $414.07

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 11.12 91.60 10.18 60.23 47.62 28.00 135.85 $13.34 $290.80
Support Pickup, Spotter, Foreman, and Overhead $3.53 $77.06
Moving 4 hours spent moving men & equipment to tract $0.71 $15.47

Subunit 13 Totals $17.58 $383.33

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 13.30 97.87 13.02 60.23 50.88 28.00 139.11 $10.68 $194.68
Support Pickup, Spotter, Foreman, and Overhead $2.77 $50.38
Moving 4 hours spent moving men & equipment to tract $0.85 $15.47

Subunit 15 Totals $14.30 $260.53

Average Cost per Subunit = $/Ton $/Acre
$27.74 $348.89
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4.4.2 Biddle Pass 

As for the Tenino stand, the difference between pre- and post-treatment stand 

measurements determined the number of trees, standing green tons, and density 

removed during treatment.  As indicated in Table 4.16, SBE subunits contained 

substantially more trees (251.8) and basal area per acre (39.53 ft2) than FTM subunits.  

For comparison, the SBE removed 35% of the pre-treatment trees per acre versus 30% 

for the FTM.  Although a spacing prescription was not used at Biddle Pass, this result 

indicates similarity in the treatment intensity between SBE and FTM subunits.  Actual 

treatment intensity was determined by the number of pre-treatment standing dead trees 

<10-inches DBH that averaged 255.42 per acre for the SBE subunits and 159.72 per 

acre for the FTM subunits.  Average DBH of trees targeted for treatment in SBE 

subunits was 5.44 inches and 5.68 inches for FTM subunits.    

 
Table 4.16: Biddle Pass stand density and biomass statistics1. 
 Pre-treatment Treated Residual 
SBE    
     Trees per acre 1005.41 351.87 653.54 
     Green tons per acre 180.07 41.67 138.40 
     Basal area per acre (ft2) 227.96 67.49 160.46 
     Stand density index (SDI) 490.61 151.71 338.89 
         
FTM    
     Trees per acre 753.61 227.50 526.11 
     Green tons per acre 140.87 25.77 115.10 
     Basal area per acre (ft2) 188.43 46.66 141.77 
     Stand density index (SDI) 399.09 104.05 295.04 

1Number of observations = 4-SBE, 3-FTM. 
 

 

 

 

 

 



 233

4.4.2.1 Machine Productivity 

4.4.2.1.1 Shift-level 

Descriptive statistics from the Biddle Pass shift-level productivity study are 

shown in Table 4.17 along with one-way ANOVA results in Table 4.18.  Results 

indicate statistically significant differences between the machines in all productivity 

categories except machine utilization.   

 
Table 4.17: Biddle Pass shift-level productivity descriptive statistics1. N=4-SBE, 
3-FTM. 
 Mean SD Min. Max. 
SBE     
     SU area (ac) 5.45 1.28 4.20 6.60 
     SMH / SU 22.05 3.34 19.08 25.40
     Delay time (hrs) / SU 1.38 0.50 1.07 2.12 
     PMH / SU 20.67 3.13 18.02 24.27
     Utilization (%) 93.77 1.77 91.34 95.54
     SMH / ac 4.11 0.37 3.76 4.54 
     PMH / ac 3.86 0.37 3.44 4.29 
     Ac / 10-hr day 2.45 0.22 2.20 2.66 
     Green tons / PMH 10.87 2.46 8.19 13.79
     
FTM     
     SU area (ac) 4.73 0.78 4.10 5.60 
     SMH / SU 30.86 2.48 28.00 32.33
     Delay time (hrs) / SU 3.72 1.60 2.00 5.17 
     PMH / SU 27.14 1.17 26.00 28.33
     Utilization (%) 88.16 4.46 83.98 92.86
     SMH / ac 6.59 0.73 5.77 7.17 
     PMH / ac 5.81 0.67 5.06 6.34 
     Ac / 10-hr day 1.53 0.17 1.40 1.73 
     Green tons / PMH 4.48 1.90 2.52 6.31 

1SD=standard deviation, SBE=swing-boom excavator, FTM=flexible tracked mulcher, SU=subunit, 
SMH=scheduled machine hours, PMH=productive machine hours. 
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Table 4.18: Biddle Pass shift-level productivity one-way ANOVA difference in 
means F and p values1. 
 F Value Pr > F Sig. Diff.
SU area (ac) 0.72 0.4342  
SMH / SU 14.53 0.0125 √ 
Delay time (hrs) / SU 8.01 0.0367 √ 
PMH / SU 11.13 0.0206 √ 
Utilization (%) 5.47 0.0664  
SMH / ac 35.77 0.0019 √ 
PMH / ac 24.92 0.0041 √ 
Ac / 10-hr day 35.15 0.0019 √ 
Green tons / PMH 13.80 0.0138 √ 

1Sig. Diff.=significant difference between the machines at α=0.05, SU=subunit, SMH=scheduled 
machine hours, PMH=productive machine hours. 

 

In contrast to the results from Tenino, the SBE performed the prescription in 

less time than the FTM at Biddle Pass.  The swing-to-tree design of the SBE allowed 

it to maneuver more effectively throughout the stand and resulted in more acres treated 

per day.  The SBE averaged 2.45 acres per 10-hr day versus 1.53 for the FTM or a 

difference of 0.92 acres per shift.  The 60% increase in productivity is partially due to 

2.34 hours less delay time per subunit for the SBE.  The lack of FTM operator 

experience often led to frustration due to maneuverability problems associated with 

the drive-to-tree design and individual-tree selection prescription.   

The number of green tons treated per PMH was also significantly lower for the 

FTM (4.48 vs. 10.87 for the SBE).  This result reiterates the lower productivity of the 

FTM.  The machine treated fewer trees and green tons per acre than the SBE and 

required more time leading to the significant difference in productivity.  The lower 

productivity of the FTM is directly a result of maneuvering difficulty due to 

silvicultural prescription requirements and operator inexperience.  This highlights the 

need for appropriately matching machines to prescriptions and stand conditions that 

will most effectively utilize machine functions and operator ability.      
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4.4.2.1.2 Effect of Stand Characteristics 

Due to the low number of observations, extreme variation, and the fact that 

subunit 8 was not treated due to mechanical failure, no reliable linear associations 

between stand characteristics and machine productivity were detected.  However, pre-

treatment, post-treatment, and treated stand characteristics are reported for each 

machine in Tables 4.19 and 4.20.   

 
Table 4.19: Biddle Pass pre-treatment, post-treatment, and treated stand 
characteristics descriptive statistics for the SBE subunits1. 
     Mean SD Min. Max. 
Pre-treatment     
          Trees per acre 1005.41 271.26 630.00 1268.33 
          ST green tons per acre 180.07 30.46 159.11 225.24 
          Stand density index 490.61 56.93 433.07 569.28 
          Basal area per acre (ft2) 227.96 29.59 209.28 272.15 
          Quadratic mean diameter (in) 6.87 0.95 6.04 7.98 
          DWF tons per acre 19.85 4.79 15.70 26.09 
     Post-treatment     
          Trees per acre 653.54 195.38 377.50 830.00 
          ST green tons per acre 138.40 26.28 111.74 174.34 
          Stand density index 338.89 43.79 297.53 399.20 
          Basal area per acre (ft2) 160.46 23.29 139.97 193.96 
          Quadratic mean diameter (in) 7.27 1.21 6.30 8.89 
          DWF tons per acre 47.86 14.42 39.49 69.40 
     Treated (Δ)     
          Trees per acre 351.87 77.00 252.50 438.33 
          ST green tons per acre 41.67 8.80 32.90 20.90 
          Stand density index 151.71 16.50 135.54 170.08 
          Basal area per acre (ft2) 67.49 8.10 60.49 78.19 
          Quadratic mean diameter (in) 0.40 0.34 0.16 0.91 
     Ground slope (%) 5.64 2.39 3.00 8.75 

1SD=standard deviation, ST=standing tree, DWF=down woody fuel. 
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Table 4.20: Biddle Pass pre-treatment, post-treatment, and treated stand 
characteristics descriptive statistics for the FTM subunits1. 
  Mean SD Min. Max. 
   Pre-treatment     
          Trees per acre 753.61 119.03 620.00 848.33 
          ST green tons per acre 140.87 26.93 110.05 159.84 
          Stand density index 399.09 51.38 340.54 436.66 
          Basal area per acre (ft2) 188.43 31.66 152.05 209.78 
          Quadratic mean diameter (in) 6.96 0.95 6.19 8.02 
          DWF tons per acre 22.04 8.22 14.57 30.85 
     Post-treatment     
          Trees per acre 526.11 150.35 352.5 613.33 
          ST green tons per acre 115.10 21.22 94.06 136.50 
          Stand density index 295.04 37.67 267.57 337.99 
          Basal area per acre (ft2) 141.77 17.35 126.24 160.50 
          Quadratic mean diameter (in) 7.33 1.18 6.36 8.64 
          DWF tons per acre 32.50 12.84 20.29 45.90 
     Treated (Δ)     
          Trees per acre 227.50 44.23 180.00 267.50 
          ST green tons per acre 25.77 11.19 15.99 37.98 
          Stand density index 104.05 46.00 60.97 152.50 
          Basal area per acre (ft2) 46.66 22.92 25.81 71.21 
          Quadratic mean diameter (in) 0.37 0.23 0.17 0.62 
     Ground slope (%) 10.50 5.29 4.50 14.50 

1SD=standard deviation, ST=standing tree, DWF=down woody fuel. 
 

4.4.2.1.3 Activity Sampling 

Results from the Biddle Pass activity sampling study are shown in Figure 4.18.  

A total of 1,440 activity sampling observations (8 hours) were recorded for each 

machine from videotape analysis.  The most frequent activity for the SBE was 

mulching down trees at 45.7% of delay-free time.  The FTM also spent the majority of 

delay-free time mulching down trees at 54.4%.  Due to the sparse nature of understory 

shrubs at Biddle Pass, mulching shrubs required an insignificant amount of time and 

was therefore not recorded as an activity.  Chi-square tests detected significant 

differences between machines for each of the 4 activities observed.  As expected, these 
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results reiterate the contrasting design and operating nature of the machines.  The SBE 

spent significantly more time positioning its head and mulching standing trees.  This is 

due to the boom swing required by the SBE and the fact that the machine initially 

processes trees from the top down.   
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Figure 4.18: Biddle Pass activity sampling percentage of delay-free time for each 
activity and machine.  P-values are results from chi-square tests of independence 
between machines.  N=8 hrs/machine, SBE=swing-boom excavator, FTM=flexible 
tracked mulcher. 

 

As for the Tenino site, the FTM spent significantly more time traveling and 

mulching down trees than the SBE.  The result highlights the additional stand travel 

required by the FTM that can possibly lead to more soil disturbance, especially 

displacement.  Again, due to the individual-tree selection prescription, most of the 

FTM travel time was spent maneuvering between leave trees.  Since the SBE treats 

trees from the top down, less stand travel and time spent mulching down trees is 

required.  The SBE spent 14.55% more time mulching standing trees than the FTM 
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that resulted in significantly less time mulching down trees since residual piece size 

was closer to prescription requirements upon reaching the forest floor.     

 

4.4.2.2 Treatment Costs 

To estimate Biddle Pass treatment costs, shift-level productivity results were 

inputted into AHA spreadsheets for each machine/subunit combination.  After 

combining productivity with green tons per acre treated, machine utilization, and 

operating costs, treatment costs per green ton and acre were calculated for each 

subunit.  Cost projections for the Biddle Pass SBE and FTM subunits are listed in 

Tables 4.22 and 4.23, respectively.  A cost summary and one-way ANOVA significant 

differences between the means is reported in Table 4.21.   

 
Table 4.21: Mean (SD) Biddle Pass treatment cost per subunit for each machine 
and combined cost irrespective of machine.  Values in the same row with 
different superscripts are significantly different (p<0.05)1. 
 SBE FTM Combined 
Treatment cost    
     $/green ton 21.67a (7.30) 50.98a (22.66) 34.23 (21.06) 
     $/acre 945.42a (494.67) 1,163.02a (122.88) 1,038.68 (375.38)

1SD=standard deviation, SBE=swing-boom excavator, FTM=flexible tracked mulcher. 
 

Mean treatment cost per green ton was estimated to be $21.67 for the SBE and 

$50.98 for the FTM.  ANOVA indicated no significant difference between the two 

means (F=6.21, p=0.0550) at α=0.05.  However, at α=0.10 a significant difference 

was present.  Cost per ton for the SBE ranged from $13.50 to $30.64, whereas the 

range for FTM costs was $32.80 to $76.37 with a coefficient of variation of 44%.  The 

few number of observations and high variation led to the lack of a detectable 

significant difference at α=0.05.  Given the variation, treatment of more subunits 

would have been necessary to gain additional statistical power.  For cost accuracy to 

the nearest $5 per green ton and 95% confidence, 79 subunits would have been 

necessary for the FTM.  Such a treatment and sampling intensity was unrealistic due to 
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budget and time constraints.  After combining all subunits, irrespective of machine, 

overall treatment cost averaged $34.23 per green ton treated.   

Costs per acre were generated by multiplying the estimated costs per ton by the 

number of tons per acre treated in each subunit.  Average treatment cost per subunit 

was estimated to be $945.42 per acre for the SBE and $1,163.02 for the FTM with no 

statistically significant difference detected (F=0.53, p=0.4989).  Costs per acre ranged 

from $479.31 to $1,559.79 for the SBE and $1,021.83 to $1,245.90 for the FTM.  

When all 7 subunits were combined, irrespective of machine, average cost per acre 

was predicted to be $1,038.68.   

Although the SBE was 60% more productive than the FTM at Biddle Pass, 

costs per acre between the machines was comparable.  This is due to variation in the 

number of green tons per acre treated between the machines.  Operating costs for the 

FTM were substantially higher averaging $135.17 per SMH vs. $70.73 per SMH for 

the SBE.  However, the FTM treated an average of 15.9 less green tons per acre and as 

a result the high costs per ton were assigned to fewer tons, making costs per acre 

comparable to the SBE.  Had the FTM averaged the same number of treated tons per 

acre as the SBE (41.67) and maintained its average productivity rate of 4.48 tons per 

PMH, FTM treatment costs per acre would have averaged $2,095.23.  However, 

subunits were randomly assigned to each machine without consideration of treatment 

intensity.  More subunits per machine would have been necessary to reduce variation 

and gain more precise estimates of cost.   

 

 



Table 4.22: Auburn Harvesting Analyzer cost projections for the Biddle Pass SBE subunits. 

Non-commercial Mechanical Fuel Reduction -- Biddle Pass Stand  Machine = SBE Warm Springs, OR
TREE REMOVAL INFORMATION GENERAL INFORMATION

Subunit Trees/Ac Green tons/Ac Acres SMH per Day    = 10 Move Time (Hours)= 4
1 345.00 50.90 4.20 Days per Week  = 5 Move Rate ($/mile)= 3
2 438.33 47.37 6.49 Weeks per Year = 50 Move Distance (Miles)= 100
3 371.66 35.51 6.63 SMH per Year   = 2500 Distance home (Miles)= 30
6 252.50 32.90 4.45 Support:

Pkups 1 0.5  $/mi. Interest Rate= 0.1
Foreman: 2500  $/mo. Size of entire tract (acres)= 21.78
Overhead: 2000  $/mo.
Spotter 0 2100  $/mo.

MACHINE PRODUCTIVITY MACHINE COST
Subunit Green tons/PMH Initial Cost($)= 168,000

1 3.38 Pay. Life(Yrs)= 5
2 4.50 Mon. Pmt($)= 3,569.50
3 7.87 I&T(%Initial)= 0.05
6 5.67 F&L($/PMH)= 13.68

M&R($/PMH)= 10.03
Labor($/SMH)= 20.00
Labor OH (%)= 40
% of Work day = 100%

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 3.38 94.41 3.19 20.49 22.38 28.00 70.88 $22.21 $1,130.41
Support Pickup, Foreman, and Overhead $7.99 $406.69
Moving 4 hours spent moving men & equipment to tract $0.45 $22.69

Subunit 1 Totals $30.64 $1,559.79

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 4.50 91.34 4.11 20.49 21.66 28.00 70.15 $17.06 $808.19
Support Pickup, Foreman, and Overhead $6.20 $293.78
Moving 4 hours spent moving men & equipment to tract $0.48 $22.69

Subunit 2 Totals $23.74 $1,124.66

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 7.87 95.54 7.52 20.49 22.65 28.00 71.15 $9.47 $336.14
Support Pickup, Foreman, and Overhead $3.39 $120.48
Moving 4 hours spent moving men & equipment to tract $0.64 $22.69

Subunit 3 Totals $13.50 $479.31

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 5.67 93.78 5.32 20.49 22.24 28.00 70.73 $13.30 $437.51
Support Pickup, Foreman, and Overhead $4.79 $157.74
Moving 4 hours spent moving men & equipment to tract $0.69 $22.69

Subunit 6 Totals $18.78 $617.93

Average Cost per Subunit = $/Ton $/Acre
$21.67 $945.42
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Table 4.23: Auburn Harvesting Analyzer cost projections for the Biddle Pass FTM subunits. 

Non-commercial Mechanical Fuel Reduction -- Tenino Stand  Machine = FTM Warm Springs, OR
TREE REMOVAL INFORMATION GENERAL INFORMATION

Subunit Trees/Ac Green tons/Ac Acres SMH per Day    = 10 Move Time (Hours)= 4
4 235.00 23.34 5.58 Days per Week  = 5 Move Rate ($/mile)= 3
5 180.00 15.99 4.07 Weeks per Year = 50 Move Distance (Miles)= 100
7 267.50 37.98 4.52 SMH per Year   = 2500 Distance home (Miles)= 30

Support:
Pkups 1 0.5  $/mi. Interest Rate= 0.1
Foreman: 2500  $/mo. Size of entire tract (acres)= 18.51
Overhead: 2000  $/mo.
Spotter 1 2100  $/mo.

MACHINE PRODUCTIVITY MACHINE COST
Subunit Green tons/PMH Initial Cost($)= 493,750

4 4.61 Pay. Life(Yrs)= 5
5 2.52 Mon. Pmt($)= 10,490.73
7 6.31 I&T(%Initial)= 0.05

F&L($/PMH)= 21.88
M&R($/PMH)= 31.36
Labor($/SMH)= 20.00
Labor OH (%)= 40
% of Work day = 100%

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 4.61 87.63 4.04 60.23 46.66 28.00 134.89 $33.36 $778.74
Support Pickup, Spotter, Foreman, and Overhead $8.90 $207.83
Moving 4 hours spent moving men & equipment to tract $1.51 $35.27

Subunit 4 Totals $43.78 $1,021.83

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 2.52 92.86 2.34 60.23 49.45 28.00 137.68 $58.79 $940.20
Support Pickup, Spotter, Foreman, and Overhead $15.37 $245.85
Moving 4 hours spent moving men & equipment to tract $2.21 $35.27

Subunit 5 Totals $76.37 $1,221.31

Function
Tons UT Tons -------------------Cost per SMH----------------------- Cost Cost
/PMH (%) /SMH Fixed Oper Labor Total $/Ton $/Acre

Mulching 6.31 83.98 5.30 60.23 44.72 28.00 132.95 $25.08 $952.67
Support Pickup, Spotter, Foreman, and Overhead $6.79 $257.97
Moving 4 hours spent moving men & equipment to tract $0.93 $35.27

Subunit 7 Totals $32.80 $1,245.90

Average Cost per Subunit = $/Ton $/Acre
$50.98 $1,163.02
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4.5 Conclusions 

Based on this analysis, the following conclusions can be drawn in regards to 

the five research questions addressed in the study.   

Question 1: What level of productivity and cost, per unit volume and area, can be 

expected from the machines? 

At the Tenino study site, shift-level productivity results indicated that the SBE 

can treat and average of 3.30 acres per 10-hr day with the FTM averaging 5.32 acres.  

In terms of green tons, the SBE treated 5.28 tons per PMH and the FTM treated 11.66 

tons.  Due to the wide spacing prescription and drive-to-tree design, the FTM was able 

to effectively maneuver between large leave trees and resulted in a 61% increase in 

production (acres) over the SBE.  Although the FTM was substantially more 

productive than the SBE, treatment costs were comparable between the machines.  

Costs per green ton were estimated to be $24.97 for the SBE and $27.74 for the FTM.  

Through AHA analysis, costs per acre were predicted to average $311.39 for the SBE 

and $348.89 for the FTM.  The larger purchase price and resulting operating costs for 

the FTM offset its additional productivity.  Also, due to operator inexperience, the use 

of a spotter for the FTM increased operating costs.  It is unclear as to whether the 

additional crew member had an effect on productivity.      

At Biddle Pass, shift-level productivity reports indicated that the SBE can treat 

an average of 2.45 acres per 10-hr day with the FTM averaging 1.53 acres.  In units of 

volume, the SBE treated 10.87 tons per PMH and the FTM treated 4.48 tons.  The 

difference in productivity is explained by machine design and silvicultural prescription 

requirements.  Due to the individual-tree selection prescription and swing-to-tree 

design, the SBE was able to more effectively maneuver through the dense stand 

swinging its boom to target trees.  The FTM encountered significant maneuverability 

problems accelerated by operator inexperience that led to frustration and delays.  

Although anticipated, it is unclear as to whether a more experienced operator would 

have reduced maneuverability problems.  Costs per green ton were estimated to be 

$21.67 for the SBE and $50.98 for the FTM.  Through AHA analysis, costs per acre 
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averaged $945.42 for the SBE and $1,163.02 for the FTM.  Even though costs per ton 

were substantially higher for the FTM, the reduction in the number of green tons 

treated allowed costs per acre to be comparable to that of the SBE.     

Question 2: What stand characteristics are important for predicting machine 

productivity? 

At the Tenino site, 4 stand characteristic variables for the SBE subunits had 

correlation coefficients with PMH per acre that were >0.60.  The variables displaying 

the strongest linear relationships were the pre-treatment quadratic mean diameter, and 

the post-treatment down woody fuel tons per acre.  These correlations indicate that as 

pre-treatment tree size increases, treatment time per acre decreases and as surface fuel 

generation increases so does treatment time per acre.  The percent of basal area treated 

was also highly correlated with SBE productivity at 0.70.  In summary, the SBE is 

most affected by treatment intensity and trees size and can maneuver effectively 

through dense stand conditions without compromising productivity. 

For the FTM at Tenino, 3 variables had correlation coefficients >0.60.  The 

variables producing the highest Pearson correlation coefficients were the pre-treatment 

basal area per acre, and the pre-treatment stand density index.  Tree size and treatment 

intensity were not good indicators of FTM productivity.  Productivity was better 

explained by stand density variables which indicated that as pre-treatment density 

increases so does time per acre.  In dense treatment areas, especially those with high 

basal areas, more maneuvering and travel between leave trees is required by the 

machine which therefore increases treatment time.  Interestingly, trees per acre treated 

and the percent of basal area treated had little effect on FTM time per acre with 

correlations of 0.13 and 0.15, respectively.  This finding indicates that the intensity of 

treatment is not the most important factor determining FTM productivity.  Therefore, 

based on the correlation results, it appears that wider spacing requirements favor the 

FTM due to its drive-to-tree design and associated maneuverability problems around 

leave trees. 
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For the Biddle Pass study site, no reliable linear associations between stand 

characteristics and machine productivity were detected.  This is partially due to the 

low number of subunits treated per machine, extreme variation, and the fact that 

subunit 8 was not treated due to mechanical failure.  Given the high coefficients of 

variation for machine productivity and stand characteristic variables, significantly 

more subunits would have been necessary to detect reliable linear trends.  Therefore, 

based on the data collected, it is unclear as to which stand characteristic variables are 

most important for predicting treatment time.  Although, based on observations, it is 

hypothesized that stand density and treatment intensity within the individual-tree 

selection prescription had the most significant effect on machine productivity.  Given 

the differences in machine design, the FTM experienced significant maneuverability 

difficulty whereas the SBE was able to swing its boom around leave trees and avoid 

excessive stand travel.           

Question 3: Are statistically significant differences in productivity and cost present 

between the two machines? 

One-way ANOVA results from the Tenino shift-level study indicate 

statistically significant differences (α=0.05) between the machines in SMH per subunit 

and acre, PMH per subunit and acre, acres treated per 10-hr day, and standing green 

tons treated per PMH.  For each productivity variable displaying significant 

differences, the FTM performed the prescription in less time than the SBE.  Delay 

time and resulting machine utilization were not determined to be significantly different 

between the machines.       

At Tenino, both treatment costs per green ton and acre were comparable 

between the machines.  Based on AHA results and one-way ANOVA, no statistically 

significant differences were detected between the machines for either cost variable.  

Even though productivity was significantly higher for the FTM, its higher initial 

purchase price and operating costs allowed treatment costs to be similar between the 

machines.  Treatment intensity was also comparable between the machines which 

aided our ability to accurately estimate costs per acre. 
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For the Biddle Pass study site, results indicate statistically significant 

differences between the machines in all productivity categories except machine 

utilization.  As opposed to the Tenino results, the SBE performed the prescription in 

less time than the FTM in all categories.  The swing-to-tree design of the SBE allowed 

it to maneuver more effectively through the dense stand conditions and resulted in 

significantly less treatment time.  In terms of cost, no significant differences were 

detected between the machines for either cost per green ton or acre.  Even though 

average cost per ton was estimated to be over 2 times higher for the FTM, the wide 

range of values and resulting high coefficient of variation made significant differences 

undetectable.  Costs per acre were comparable between the machines but also 

contained considerable variation resulting in no significant difference.  Treatment of 

additional subunits would have been necessary to gain more precise cost estimates and 

detect significant differences.  In addition, the mechanical failure of the FTM led to 

the exclusion of subunit 8 from the study that further reduced our ability to detect 

differences. 

Question 4: What activities comprise the productive time of each machine? 

 Through videotape analysis, machine activities were classified into 5 delay-

free categories: 1) positioning head, 2) traveling, 3) mulching shrubs, 4) mulching 

down trees, and 5) mulching standing trees.  Each of the 5 categories was used at 

Tenino.  Due to the sparse nature of understory shrubs at Biddle Pass, only 4 

categories were appropriate.  Inevitably, additional machine activities exist that could 

better explain more detailed operating patterns.  However, for this study, the 

categories used provided the best opportunity for consistent identification.  Adding 

more categories would likely require the interval between observations to be extended, 

resulting in fewer observations per hour.         

Question 5: Are there statistically significant differences in the time spent performing 

productive activities between the machines? 

 At Tenino, statistically significant differences between the machines were 

detected for 4 of the 5 activity categories.  The SBE spent significantly more time 
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positioning its head and mulching shrubs.  The FTM spent more time traveling and 

mulching down trees.  Interestingly, no significant difference was detected for 

mulching standing trees.  The categories with significant differences were expected 

and are a result of machine design and subsequent operating pattern.  The mulching 

standing trees activity was comparable between the machines due to the fact that the 

activity was recorded for the FTM when the machine was “felling” or preparing the 

tree for mulching on the ground.  For example, trees too large for the machine to push 

over directly required initial mulching while standing.  After the tree was weakened 

enough to fall, the FTM then performed the remainder of mulching on the forest floor. 

 For the Biddle Pass study site, statistically significant differences between the 

machines were detected for each of the 4 activity categories.  The SBE spent 

significantly more time positioning its head and mulching standing trees.  The FTM 

spent more time traveling and mulching down trees.  These results follow a similar 

pattern as observed for the Tenino stand with machine design determining the 

operating pattern.  However, at Biddle Pass, the SBE spent significantly more time 

mulching standing trees than the FTM.  This is due to the fact that the average 

diameter of treated trees at Biddle Pass was larger and therefore required additional 

time to treat from the top down.  The majority of treated trees at Tenino were in the 1-

4 inch diameter class and were often felled directly without mulching from the top 

down; therefore, resulting in less time which was comparable to that of the FTM. 

 

4.5.1 Summary 

Results from this study establish baseline information on the newest approach 

to mechanically reducing forest fuels.  Two different non-commercial machine designs 

were compared in controlled trials that provided insight on the relative strengths and 

weaknesses of each machine.  Results suggest that the FTM is more productive when 

treating areas that utilize wide spacing prescriptions due to the drive-to-tree operating 

design and maneuverability problems.  The SBE has the ability to more effectively 

maneuver throughout dense stand conditions swinging its boom around leave trees.  
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As a result, this machine will be more productive when individual-tree selection or 

narrow spacing prescriptions are employed.  Cost results showed no significant 

difference in either cost per ton or acre between the machines at the Tenino site.  Even 

though the FTM was significantly more productive, a higher initial purchase price and 

resulting operating costs allowed treatment costs to be similar between the machines.  

At Biddle Pass, variation in stand conditions and productivity estimates reduced our 

ability to detect significant differences.  However, mean cost per acre estimates were 

comparable between the machines. 

These results highlight important tradeoffs that should be considered when 

selecting equipment for forest fuel reduction treatments.  Non-commercial machines 

provide no ability for fiber removal or utilization and should be considered a 

management investment into the fire resiliency of a stand.  Productivity, cost, machine 

effectiveness, and site impacts must each be considered to ensure success from both an 

economically and ecologically sustainable perspective.  For example, this study found 

that the most productive machine may not be the most cost-effective machine.  Other 

studies in progress are examining the soil disturbance and fire altering effectiveness of 

the treatments.  These combined factors will provide more comprehensive information 

to forest managers charged with implementing such prescriptions.        

It is important to note that this study investigated one machine in each of two 

broad categories of equipment design: 1) drive-to-tree, and 2) swing-to-tree.  This 

approach was taken to build baseline information for each design category.  To gain 

more precise estimates of productivity and cost, future studies should investigate 

multiple machines within a design category over a range of stand and prescription 

requirements.  In addition, the FTM was a prototype machine with less than 200 hours 

of operating time and even less performing thinning prescriptions.  Although 

unproven, a more experienced operator may have resulted in less variation in 

estimates, especially at Biddle Pass.  Further studies designed to compare the 

performance of multiple operators would provide insight on the relationship between 

operator experience and resulting productivity and cost. 
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Productivity estimates were generated from operator supplied shift-level forms 

that are only as accurate as the data provided.  To establish more detailed information 

on machine operating patterns and economic feasibility, future studies should 

investigate machine productivity using detailed time and motion studies.  Such an 

approach could be useful for establishing productivity estimates in terms of time per 

tree for a series of time elements.  Producing regression models from elemental time 

studies will provide the forest manager with information that could be distributed 

throughout a proposed silvicultural prescription and used to make more informed 

decisions concerning machine performance over a range of alternatives.  Given the 

lack of available productivity and cost information concerning non-commercial fuel 

reduction, there is a great opportunity for further research in the area.      
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5.0 CREATING FIRE RESILIENT LANDSCAPES IN OREGON: 
SIMULATING MECHANICAL FUEL REDUCTION TREATMENT 
EFFECTIVENESS 
 

M. Chad Bolding, Loren D. Kellogg, Chad T. Davis1

 

5.1 Abstract 

Shifting fire regimes, partially due to a decade of fire suppression, have created 

a heightened awareness of wildfire hazard and the role that silvicultural treatments can 

play in altering fire behavior.  Forest managers, especially in the Western U.S., are 

now commonly charged with implementing forest fuel reduction thinning 

prescriptions.  Mechanical fuel reduction is often regarded as the most efficient 

method to change forest fuel structure and produce more fire resilient landscapes.  

Non-commercial fuel reduction employing masticating/mulching machines represents 

the newest and most understudied technology to alter fire behavior.  To date, no 

comprehensive studies have been conducted to assess machine performance in regards 

to economics, site disturbance, and fire altering effectiveness.  Therefore, this paper 

reports machine performance and potential future fire behavior results from two non-

commercial forest fuel reduction machines operating in contrasting forest types and 

fuel loading conditions in central Oregon.  The machines compared were: 1) a swing-

boom excavator with a rotary disc mulching head (SBE), and 2) a drive-to-tree 

flexible tracked hydrostatic mulcher (FTM).  Through the comparison of machines 

and simulation of potential fire behavior in a designed experiment, new operational 

knowledge concerning the effectiveness of non-commercial fuel reduction is 

established.  Results indicate that the machines were equally successful in meeting 

trees per acre targets in a wide spacing prescription.  However, when individual-tree 

selection was required the FTM was slightly more effective.  The FTM produced 
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significantly smaller residual surface fuel that led to marginally lower surface fire 

intensity.  Fire behavior simulation indicated that the prescribed non-commercial 

treatment increased some metrics of fire severity immediately following treatment.  

Although as time since treatment increased, fire effects became more similar to those 

predicted for a whole-tree removal scenario.  This study will aid forest managers in 

their ability to select equipment and design effective silvicultural prescriptions for 

non-commercially treating forest fuels.  Results also provide insight into the 

capabilities and limitations of two contrasting machine designs when performing 

identical silvicultural prescriptions. 

 

5.2 Introduction 

Forested landscapes, specifically in the Western U.S., have changed greatly 

since European settlement.  Many pre-settlement forests were characterized by a large 

mature overstory with a sparse and mostly open understory (Weaver 1959).  It has 

been reported that these conditions occurred largely due to frequent burning by 

indigenous people, which aided their survival (Kimmerer and Lake 2001).  In years 

since European settlement, human impact on forest structure and composition is 

evident (Harvey et al. 1995, Brose et al. 2001).  Two of the many impacts from 

anthropogenic influence are fire exclusion, and more recently, reduced active 

management involving timber harvesting.  Each of these factors has caused public 

lands in the U.S. to become severely overstocked with small stagnant trees.  USFS 

(2005a) reported that at least 28 of a total 236 million acres of forest land in the 15 

western states could benefit from fuel reduction treatments.  O’Laughlin and Cook 

(2003) indicated that National forests in the U.S. are on average 50 percent denser 

than forests in any other ownership.  Overall, forests in the Pacific Northwest region 

contain more live tree biomass than any other U.S. region (Woodall et al. 2006).  In 

addition, as with any disturbance, stress caused by overcrowding can decrease vigor 

and make forests more susceptible to pest or insect infestation (Karsky 1992).     
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Small trees, tightly spaced in the understory of mature forests, inherently 

increase wildfire hazards.  The small trees promote fire spread and provide a ladder for 

surface fires to reach the overstory crown and often result in catastrophic, stand-

replacement wildfires.  Laverty and Williams (2000) report that fire suppression 

activities have caused public lands to over-accumulate shrubs and small trees that 

“reduce ecosystem diversity, health, resiliency, and fuel conditions for unnaturally 

intense fires”.  These effects are particularly important for stands with histories of 

frequent low-intensity fire.  The over accumulation of small trees and understory 

vegetation has changed these fire regimes from low intensity to high severity allowing 

crown fires to occur in forest types not historically prone to such occurrences (Mutch 

et al. 1993, Brown et al. 2004).  Crown fires burn elevated canopy fuels that generally 

have higher moisture content and lower bulk density than surface fuels (Scott and 

Reinhardt 2001).  These fires are often stand-replacing in nature and can be 

characterized as passive, active, or independent (Van Wagner 1977). 

Active crowning is the most severe form of crown fire and can have a 

significant and detrimental impact on the forest resource, not to mention risks to the 

environment, housing, and human life (Butry et al. 2001, Prestemon et al. 2002).  The 

2003 southern California wildfires consumed over 3,300 homes and surrounding 

structures (Graham et al. 2004).  This catastrophic event has drawn much public 

attention to the issue of fuel management (Keeley et al. 2004).  Fitzgerald (2002b) 

reported that the following resources are especially at risk of catastrophic fires: 

“watersheds and drinking water, habitat for fish and wildlife, soils and soil stability, 

old-growth and wilderness areas, homes and communities, and commercial timber”.  

The size and extent of wildfires may also have an effect on recreation demand 

(Hesseln et al. 2004), forest industry employment (Keegan III et al. 2004b), and the 

overall human community (Kumagai et al. 2004a). 

 Given the current forest health and wildfire hazard situation on many forests in 

the Western U.S., the research community must address sustainable methods of 

modifying vegetation structure to produce more fire resilient landscapes.  There is 
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ample opportunity and much interest in employing pre-commercial thinning that could 

alleviate the overstocking problem along with wildfire hazard.  Such a proactive 

approach to fuel management may produce less monetary and environmental cost than 

fire suppression and stand replacement (Lynch 2004).  With these observations, it is 

imperative that small and large-scale fuel reduction activities be investigated in 

attempts to protect the forest resource along with its associated assets, both market and 

non-market (Mason et al. 2006).  To effectively accomplish fire altering objectives, 

treatments must be designed adhering to the basic principles of fire behavior and 

resilience.  For example, Brown et al. (2004) reported four factors that are necessary to 

establish fire resilience: 1) reduce surface fuels, 2) increase height to live crown, 3) 

decrease crown density, and 4) retain large trees of resistant species.  Hollenstein et al. 

(2001) define fire resilience as “a stand’s ability to survive fires without permanent 

loss of functional or structural elements.”  Forests treated to these specifications will 

have characteristics that limit fire intensity and promote the resistance to mortality 

(Brown et al. 2004). 

Prescribed fire has been used in the past as an attempt to reduce understory 

vegetation and the amount of small trees and litter present on the forest floor fueling 

wildfires.  This valuable management tool has received much criticism due to smoke 

management liability issues and the possibility for fire escape into severely 

overstocked stands which can become uncontrollable and cross property boundaries 

(USFS 2005a, Hesseln 2000).  In addition, the expanding wildland urban interface 

(WUI) (Berry et al. 2006, Berry and Hesseln 2004), public trust (Winter et al. 2002, 

Winter et al. 2004, Kumagai et al. 2004b), and timing issues (Yoder and Blatner 2004) 

bring new and significant challenges to the use of prescribed fire for fuel management.  

However, given these difficulties, Miller and Landres (2004) report an expected 

moderate increase in prescribed fire for fuel management applications.  
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5.2.1 Harvesting Small Trees 

To alleviate or reduce fire hazards, several mechanized alternatives exist for 

forest managers.  The most common, and typically productive approach, is that of 

harvesting small trees with mechanical systems (Bolding et al. 2003).  Traditional 

mechanical harvesting systems are designed to fell and extract merchantable sized 

trees into products for sale, i.e. pulpwood, sawlogs, etc.  Little research has been 

published on the harvesting of small non-merchantable stems that commonly 

contribute to wildfire hazards.  Most studies have investigated traditional logging 

operations or limited field trials of purpose-built equipment (eg. Brown and Kellogg 

1996, Coulter et al. 2002, Drews et al. 2001, Matzka 2003).  The knowledge 

deficiency concerned with harvesting small trees is most pronounced in the areas of 

system productivity, costs, soil disturbance, and fire behavior effects (McIver et al. 

2003).   

Forest managers currently have a small information pool for making sound 

decisions of harvesting equipment selection and silvicultural treatment effectiveness 

for fuel reduction activities (USFS 2005a).  There are numerous limitations and 

knowledge gaps for managers to select, plan, and implement appropriate technologies 

to meet sustainable forest management goals.  Once treatment prescriptions are 

established, important combined factors including mechanical system cost, soil 

disturbance, and the projected fire behavior benefits must be assessed.   

As the need and justification for vegetation manipulation through thinning of 

overstocked stands has grown, commercial systems have been used to harvest small-

diameter, non-merchantable trees.  However, the majority of mechanized logging 

equipment is designed to fell and extract trees large enough to produce revenue.  

These machines are typically not configured to efficiently fell, process, and extract 

small trees.  In economic terms, mechanical thinning incurs problems due to the fact 

that harvesting small stems is expensive and the resulting wood product has low value, 

producing high harvesting costs per unit or area (Watson et al. 1986, Bolding and 
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Lanford 2005).  Also, few cost and productivity estimates have been assigned to 

mechanical fuel reduction systems (Bolding and Lanford 2001, Coulter et al. 2002).   

Traditional commercial logging systems can provide significant benefits for a 

fuel reduction treatment.  For managers with objectives of producing a profit from 

operations, commercial systems may be able to do so.  In a fuel reduction thinning, 

merchantable stems can be processed into products and the resulting logging slash 

(limbs, tops, and foliage) could be removed from the site at the same time to further 

reduce fuel loads.  Merchantable products could be transported for sale and previously 

non-merchantable material could be chipped (Bolding and Lanford 2005) or bundled 

(Murphy et al. 2003) as fuelwood.  By gaining revenue from the sale of products, 

often the high costs of harvesting small trees can be recovered and sometimes even 

produce a profit (Keegan III et al. 2004a). 

 

5.2.2 Non-commercial Forest Fuel Reduction 

Non-commercial fuel reduction activities can be defined as operations with an 

end goal of changing forest fuel structure without extracting fiber.  These systems 

represent the newest and most under-studied technologies for mechanical fuel 

reduction.  To date, there has been practically no comprehensive research to study 

such machinery in a fuel reduction treatment.  Studies, which have been completed, 

have failed to reach the literature or have been small-scale equipment trials to build 

baseline knowledge of the technology.   

In contrast to commercial treatments, non-commercial ones do not actually 

remove trees from the forest.  Graham et al. (2004) stated that these treatments “utilize 

machines to rearrange, compact, or otherwise change fire hazard without reducing fuel 

loads.”  There has recently been a surge of new technologies designed solely for non-

commercial treatments or modified machine attachments designed for installation on 

existing equipment.  Often known as masticating or mulching, no matter the 

equipment design, the methodology chops, grinds, or chips small-diameter understory 

trees and slash with a goal of redistributing ladder and/or surface fuel composition into 
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finer fuels.  With this approach, no fuel is actually removed from the forest, but when 

small trees are converted into finer fuels, wildland fires should burn less intensely, and 

the possibility of stand replacement crown fires should be reduced.  Hartsough (2004) 

reported that “mastication uses horizontal or vertical axis flails or cutters to chop small 

diameter trees and brush in the understory”.  USFS (2004) indicated that “converting 

20 tons per acre of understory biomass into small pieces should produce a uniform 

layer about 1-inch deep across the stand”.  A unique benefit of the masticating 

technology is its capability to treat down dead material.  Effective mastication of down 

logs and slash may prevent surface fires from smoldering and prolonging effects of 

scorch to the base of standing trees.   

Most purpose-built non-commercial machines consist either of small skid 

steering rubber-tired or tracked carriers equipped with a front or rear mounted 

masticating/mulching head.  Also, traditional flexible tracked drive-to-tree skidding 

machines are being tested with masticating/mulching heads.  Attachments also exist 

for traditional rubber-tired drive-to-tree machines or excavator based swing-boom 

machines.  However, these systems are commonly limited to areas with gentle slopes 

(Graham et al. 2004).   

Current non-commercial systems do not have the ability to extract trees from 

the forest and should be considered as a management investment into the fire 

resiliency of a stand.  In most cases, these systems require economic subsidy for 

justification.  System performance, along with costs, and silvicultural treatment 

effectiveness for non-commercial systems are largely unknown.  USFS (2005a) 

reported a broad range treatment cost to be $100 to $1,000 per acre.  Recent inquiries 

of equipment manufacturers have yielded estimated treatment costs of $300 to $600 

per acre.  No known numbers have been reported on residual stand damage, soil 

disturbance impacts, or the size and composition of the resulting masticated fuel.  This 

lack of information builds upon the frustration faced by forest managers charged with 

designing and implementing fuel reduction activities. 
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5.2.3 Research Questions 

 This paper reports machine performance and potential future fire behavior 

results from two non-commercial forest fuel reduction machines operating in 

contrasting forest types and fuel loading conditions in central Oregon.  The specific 

research questions addressed were as follows: 1) How effective is each machine in 

completing the silvicultural prescriptions?, 2) What is the distribution of residual 

down woody fuel piece sizes produced by each machine, 3) Are there statistically 

significant differences in residual piece sizes between the machines, 4) Does the use of 

non-commercial mechanical forest fuel reduction systems improve fire resiliency at 

the stand level?, and 5) What are the effects of mastication versus whole tree removal 

for altering fire behavior over time? 

 

5.3 Methods 

5.3.1 Study Sites and Silvicultural Prescriptions 

This study was conducted on two sites in central Oregon: 1) Tenino, and 2) 

Biddle Pass.  Each site is located on the Confederated Tribes of the Warm Springs 

Indian Reservation (WSIR) approximately 20 miles west of Warm Springs, Oregon.  

The WSIR covers over 1,000 square miles in the Deschutes River Drainage with the 

west boundary lying near the summit ridge of the Cascade Mountains.  The Metolius 

and the Deschutes Rivers make up the southern and eastern boundaries.  The WSIR 

lies mostly in Jefferson and Wasco counties and includes small portions of Linn, 

Clackamas, and Marion counties.  The sites were chosen by the landowner who was 

interested in gaining more information on machine performance and fire altering 

benefits of non-commercial forest fuel reduction operations.   
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5.3.1.1 Tenino 

5.3.1.1.1 Site Characteristics 

The Tenino study site is approximately 80 acres and consists primarily of 

ponderosa pine (Pinus ponderosa) (30-120 years old) with excessive understory 

regeneration.  Site conditions include gentle slopes averaging 3.5% (min 1.5%, max 

6.5%), an aspect of 40º, and elevation of 2,800-3,000 feet.  In addition to the 

ponderosa pine, there are a few Douglas-fir (Pseudotsuga menziesii), western juniper 

(Juniperus occidentalis), and incense-cedar (Calocedrus decurrens) scattered 

throughout.  Some ponderosa pine is naturally regenerating in the openings.  Areas of 

older regeneration are in clumps up to two acres.  The other two components of the 

stand are sapling/pole and small saw-log groups.  The stand has been partially 

harvested numerous times (1923, 1942, 1960, 1986, and 1999), removing most of the 

overstory ponderosa pine and leaving a dense understory of young, clumpy ponderosa 

pine.  Damage caused by the western pine beetle (Dendroctonus brevicomis), 

mountain pine beetle (D. ponderosae), and the pine engraver (Ips pini), as well as 

wounding incurred during harvesting have affected many of the residual trees.  

Western dwarf mistletoe (Arceuthobium campylopodum) has also infected about 2% 

of the ponderosa pine.  The stand has a relatively dense, young understory in clumps 

that are beginning to feel the effects of competition.  The vertical structure is such that 

ladder fuels may cause a non-lethal fire to become catastrophic and stand replacing.   

Historically this stand was composed of uneven-aged groups of large-diameter 

trees (150-500 years old).  The groups of large trees were mostly in clumps of ¼ to 2 

acres.  Past harvesting opened the stand, creating the present day three-age, three-size 

class structure.  However, some areas are two-aged with poles and old growth.  The 

Tenino stand was created primarily through harvesting and fire exclusion rather than 

insects and wildfire.  Fire, which maintained ponderosa pine as a climax species, was 

excluded from the area in the early twentieth century.  The fire suppression policy has 

prevented periodic surface fires from preparing necessary seed beds for regeneration.  
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The exclusion of fire has also left the pole-size and seedling/sapling-size clumps 

overstocked and stagnated.     

The plant community within the Tenino stand is classified as PIPO/PUTR-

ARPA (ponderosa pine, bitterbrush (Purshia tridentata), and green-leaf manzanita 

(Arctostaphylos patula) (Marsh et al. 1987).  The overstory is almost purely ponderosa 

pine (99.4%) with a few other species scattered throughout.  Western juniper (0.5%), 

Douglas-fir (0.08%), and incense-cedar (0.02%) make up a very small portion of the 

stand.  Understory shrubs consist primarily of dense bitterbrush and green-leaf 

manzanita, ranging in age from 30-40 years old and height up to 5 feet. 

    A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  The total area cruised was 11.3 acres 

or 13.6% of the stand area.  Descriptive statistics from the stand exam are listed in 

Table 5.1 along with the diameter and basal area distributions in Figures 5.1 and 5.2.  

Post-treatment stand characteristics are shown in Figures 5.15-5.18.  

 
Table 5.1: Pre-treatment stand exam statistics (per 5-acre subunit). N=16. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 443.70 231.05 52 57.76 320.58-566.82 13 
Basal area/acre (ft2) 66.27 17.03 26 4.26 57.20-75.35 6 
SDI1 126.73 31.86 25 7.96 109.75-143.71 6 
QMD (inches) 5.74 1.56 27 0.39 4.90-6.57 7 

1The summation method for calculating SDI was used (Shaw 2000, Stage 1968). 
 

The current structure of the Tenino stand is a product of past harvesting and 

fire exclusion.  Overstory removal has allowed groups of small-diameter trees to 

restock group selection areas and become stagnated.  The stand is uneven-aged with 

an inverse J-shaped diameter distribution (Figure 5.1).  Ninety-five percent or 423 of 

the total trees per acre are in DBH classes ≤ 10 inches.  The remaining overstory 

consists of a few large-diameter trees greater than 10-inches DBH, approximately 20 

per acre.  Suppressed and co-dominant crown classes contribute the greatest number of 

trees.  The 10-inch DBH class contains 9.3 ft2 of basal area per acre, which is more 



 262

than any other class (Figure 5.2).  Large-diameter trees >20-inches DBH contain only 

12.1 ft2 of the total stand basal area per acre or 17%.     
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Figure 5.1: Total trees per acre for all species within the Tenino stand by 2-inch 
DBH classes.  Total = 445 TPA. 
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Figure 5.2: Basal area per acre (ft2) for the Tenino stand by 2-inch DBH classes.  
Total = 72.2 ft2 per acre. 
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5.3.1.1.2 Silvicultural Prescription 

The objective of the Tenino silvicultural prescription was to reduce the risk of 

catastrophic wildfire by mechanically masticating/mulching shrubs, standing dead and 

stagnated live trees, and redistributing down woody fuel into the 100-hr fuel category 

or less.  To establish greater fire resilience (Arena 2005), standing trees were thinned 

to 16 by 16 feet in the sapling/pole size clumps, less than 8-inches DBH.  In the 

greater than or equal to 8 to 12-inch DBH clumps, residual trees were spaced to 22-

feet.  No trees ≥ 12-inches DBH were treated.  Tree stumps were not left any lower 

than 2-inches or higher than 6-inches above the ground level, a boulder, or other 

unmovable object.  Tree species in order of leave preference were: 1) ponderosa pine, 

2) Douglas-fir, 3) incense-cedar, and 4) western juniper.  Leave tree characteristics 

were: 1) disease free, 2) dominant or co-dominant, 3) ≥ 30% live crown ratio, 4) dense 

crown, 5) good form with no forking, and 6) good terminal leader growth. 

All down woody fuel (whether from treated standing trees or existing down 

trees) was masticated to a residual size no greater than 3 inches in diameter by 3 feet 

in length.  The resulting masticated/mulched material was left no higher than 1 foot 

above the forest floor.  All live and dead shrubs taller than 6 inches above the ground 

surface were masticated throughout.  The 6 inch criterion was to ensure residual 

browse for wildlife. 

 

5.3.1.2 Biddle Pass 

5.3.1.2.1 Site Characteristics 

The Biddle Pass study site is approximately 40 acres with a large portion of 

dead and dying trees due to insect and disease attack.  The area is cold and wet with 

associated harsh conditions.  The average annual precipitation is 70 inches primarily in 

the form of snow.  Site conditions include gentle slopes averaging 8% (min 2%, max 

14%), an aspect of 207º, and elevation of 5,700-5,800 feet.  The plant community is 

classified as TSME-PICO/ABLA2 (mountain hemlock (Tsuga mertensiana), 

lodgepole pine (Pinus contorta), and subalpine fir (Abies lasiocarpa) (Marsh et al. 
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1987).  The overstory consists primarily of subalpine fir (62%) and lodgepole pine 

(28%) with a few other scattered species.  The remaining 10% is made up of mountain 

hemlock (8%), white bark pine (Pinus albicaulis) (1.5%), white fir (Abies concolor) 

(0.45%), and western larch (Larix occidentalis) (0.05%).  Understory shrubs are 

sparsely scattered throughout and consist primarily of big huckleberry (Vaccinium 

membranaceum Dougl.) and sticky currant (Ribes viscosissimum Pursh.). 

Biddle Pass is located in a conditional use area of the WSIR.  Historically, few 

logging entries have occurred due to the conditional use designation and low site 

productivity.  Presently the stand is suffering from an epidemic infestation of 

mountain pine beetle on the lodgepole pine that has lasted for approximately 10 years.  

Prior to the 1990’s the western spruce budworm (Choristoneura occidentalis) 

defoliated most of the mountain hemlock and subalpine fir.  As a result, dead-topped 

hemlocks and firs are scattered throughout the stand.  Lodgepole pine dwarf mistletoe 

(Arceuthobium americanum) has also infected about 15% of the lodgepole pine.  The 

standing dead and down fuel has greatly increased from the insect activity and has 

created a high-risk condition for wildfire to both the Biddle Pass and adjacent 

commercially managed stands.   

A stand exam was performed during the summer of 2004 to determine tree 

species, diameter, stems per acre, basal area, etc.  A line plot cruise was used with 38, 

0.1-acre fixed-radius plots placed systematically over the 40 acres.  Within each plot, 

all trees ≥ 5 feet in height (trees with a DBH) were measured and recorded.  The total 

area cruised was 3.8 acres or 9.5% of the stand area.  Descriptive statistics from the 

stand exam are listed in Table 5.2 along with the diameter and basal area distributions 

in Figures 5.3 and 5.4.  Post-treatment stand characteristics are shown in Figures 5.29-

5.31.   
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Table 5.2: Pre-treatment stand exam statistics. N=38. 
 Mean SD CV (%) SE 95% CI %SE 
Trees/acre 945.00 468.58 49 76.01 790.98-1099.02 8 
Basal area/acre (ft2) 214.65 55.64 26 9.03 196.36-232.94 4 
SDI 462.80 124.94 27 20.27 421.73-503.86 4 
QMD (inches) 6.78 1.19 17 0.19 6.38-7.17 3 

 

The current structure of the Biddle Pass stand is due to excessive mortality 

from insect attack and harsh climatic conditions.  Of the 945 trees per acre, 781 or 

83% are in DBH classes < 10 inches.  The majority of trees are in the 2-inch DBH 

class (268 per acre).  Eighty-one ft2 per acre or 36% of the basal area is contained in 

the 8 and 10-inch DBH classes.  During the stand exam 285 trees per acre (30%) were 

classified as either recent mortality or older dead.  This finding highlights the need for 

treatment to improve stand health and reduce the risk of catastrophic wildfire. 
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Figure 5.3: Total trees per acre for all species within the Biddle Pass stand by 2-
inch DBH classes.  Total = 945 TPA. 
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Figure 5.4: Basal area per acre (ft2) for the Biddle Pass stand by 2-inch DBH 
classes.  Total = 225.1 ft2 per acre. 
 

5.3.1.2.2 Silvicultural Prescription 

The objective of the Biddle Pass silvicultural prescription was to reduce the 

risk of catastrophic wildfire by mechanically masticating/mulching standing dead and 

diseased trees, and redistributing down woody fuel into the 100-hr fuel category or 

less.  Standing dead trees < 10-inches DBH were mechanically masticated.  Dead trees 

were defined as: 1) trees containing no remaining foliage, and 2) trees with all 

remaining foliage that is brown or red.  Standing trees containing a combination of 

green and brown foliage were not treated.  No standing trees ≥ 10-inches DBH, 

whether dead or alive, were treated.  No standing live trees of any size were 

intentionally treated.  All down woody fuel (whether from treated standing trees or 

existing down trees) was masticated to a residual size no greater than 3 inches in 

diameter by 3 feet in length.  The resulting masticated/mulched material was left no 
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higher than 1 foot above the forest floor.  In addition, all live and dead shrubs were 

masticated throughout.   

 

5.3.2 Fuel Reduction Machines 

Two non-commercial forest fuel reduction machines were selected for 

comparison.  Equipment details and specifications are as follows:   

Swing-boom excavator (SBE) (Figure 5.5) – The Caterpillar 315CL with a 

RDM 9044EX rotary disc mulching head is a tracked swing-boom hydraulic excavator 

with 23.62-inch wide triple grouser tracks and a 115 horsepower Caterpillar 3046T 

diesel engine.  The machine weighs 36,930-lbs, has a 29.86-ft boom reach, a 39.6 

gal/min hydraulic flow capacity, and produces an estimated 6.25 psi of ground 

pressure.  The mulching head (Figure 5.6) has a maximum 16-inch woody material 

processing capacity, weighs 1,800-lbs, and requires ≥ 30 gal/min of hydraulic flow.  

The 44-inch disc turns at a maximum 1,300 rpms and contains carbide teeth on both 

the bottom and outer edges.  The head also contains an outer shroud with opposing 

hammer teeth to assist in mulching.  The head is manufactured by Advanced Forest 

Equipment (http://www.advancedforest.com); Eugene, Oregon. 

During the study, all SBE subunits were treated by the same operator.  The 

operator had more than 1,000 hours of experience performing forest fuel reduction 

silvicultural prescriptions in several states throughout the Western U.S.  Due to the 

experience level, no trees were marked by the research team.  Operator selection of 

both trees and down woody fuel for treatment was used for all SBE subunits.  Periodic 

walkthrough exams were performed to ensure that prescription requirements were met.  

Any necessary modifications were then relayed to the operator.             
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Figure 5.5: Caterpillar 315CL swing-boom hydraulic excavator equipped with an 
Advanced Forest Equipment RDM 9044EX rotary disc mulching head. 
 
 

 
 
Figure 5.6: Advanced Forest Equipment RDM 9044EX rotary disc mulching 
head. 
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Flexible tracked hydrostatic mulcher (FTM) (Figure 5.7) – The Kootenay 

Manufacturing Company (KMC) 2100H with a front mounted Fecon Bull Hog 120H-

2 rotating drum mulching head is a flexible tracked rear engine drive-to-tree 

hydrostatic mulcher.  The KMC has a flexible track configuration with 4 moving cast 

steel road wheels and a Cummins 6BTA 174 horsepower diesel engine.  The machine 

weighs 28,700-lbs and has a Cummins QSL9-350 hydraulic motor that produces 350 

horsepower at 1900 rpms.  The Fecon Bull Hog mulching head (Figure 5.8) has an 

overall width of 99 inches with a working width of 85 inches.  The head weighs 5,300-

lbs and requires a minimum of 170 hydraulic horsepower and 85 gal/min of hydraulic 

flow for maximum efficiency.  The head has 48 fixed positioned double-carbide 

hammer teeth with a 300-500 hour life. 

 

 
 
Figure 5.7: KMC 2100H drive-to-tree flexible tracked hydrostatic mulcher 
equipped with a Fecon Bull Hog 120H-2 rotating drum mulching head. 
 
 



 270

 
 
Figure 5.8: Fecon Bull Hog 120H-2 rotating drum mulching head. 

 

As for the SBE, all FTM subunits were treated by the same operator.  It is 

important to note that the KMC/Bull Hog combination was a prototype machine with 

less than 200 hours of working time.  Therefore, the operator was relatively 

inexperienced with the machine prior to the study.  The machine had been used for 

clearing right-of-ways and installing defensible strips but no forest fuel reduction 

thinning prescriptions had been implemented.  In support, an additional crew member 

(spotter) was used to mark leave trees and any significant obstacles such as rock 

outcroppings or sensitive areas.  Along with the research team and landowner 

representatives, the spotter was trained on tree marking techniques and spacing 

guidelines.  Periodic walkthrough exams were performed to ensure that prescription 

requirements were met and any necessary modifications were then relayed to the 

operator and spotter.  Members of the research team inspected each subunit for 

prescription compliance before any further work.   
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5.3.3 Experimental Design and Data Collection 
 
5.3.3.1 Tenino 

The 80 acre stand was systematically divided into 16, approximately 5-acre 

subunits (min 4.3, max 6.1).  Eight subunits were randomly assigned to each machine 

to perform the silvicultural prescription and ranged from 4.3-6.1 acres with an average 

of 5.2 acres.  SBE subunits averaged 5.1 acres and FTM subunits averaged 5.3 acres 

(Figure 5.9). 
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Figure 5.9: Tenino site layout displaying machine assignments and subunit 
numbers. SBE=swing-boom excavator, FTM=flexible tracked mulcher. 

 

To assess the machine and fire altering effectiveness of the fuel reduction 

treatment, standing trees, understory shrub percent cover, and down woody fuel 

composition were recorded before and after treatment.  The difference between pre- 

and post-treatment stand characteristics was calculated and determined treatment 
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effects on stand structure, composition, and potential future fire behavior.  Fire 

behavior computer simulation of pre- and post-treatment stand conditions determined 

treatment effectiveness.   

Due to the patchiness of the stand, a strip cruise was used with two, 33-feet 

wide strips placed systematically in each of the subunits.  When appropriate, the strips 

were placed perpendicular to periodic variation to more accurately represent the 

characteristics of an entire subunit.  Within each strip, all trees ≥ 5 feet in height (trees 

with a DBH) were measured and recorded.  Measurements included DBH, total height, 

height to live crown, species, and mortality status.  Mortality status was divided into 3 

categories: 1) older dead, 2) recent mortality, and 3) live.  Older dead trees were 

defined as those containing no foliage and often showed signs of bark slippage.  Trees 

characterized as experiencing recent mortality were ones with all brown foliage.  If 

trees contained any green needles or leaves they were classified as live.   

On each cruise line, 3 plot centers for shrub and fuel measurements were 

equally spaced over the length, yielding 6 per subunit or 96 in total.  This approach 

was used to establish a representative sample of each subunit.  At each of the 96 plot 

centers, 4 random transect directions were established using a random number 

generator.  Possible azimuths ranged from 20-360° in 20° intervals, yielding 18 

possible directions (Figure 5.10). 

Shrub percent cover was measured on 2 of the 4 transects per plot center.  Each 

transect was 50-feet in length (Figure 5.11).  The total length of shrubs encountered 

divided by 50-feet determined the percent of shrub cover per transect.  One-hundred 

ninety-two transects were recorded during the survey totaling 9,600 feet in length.   
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Figure 5.10: Example subunit sampling diagram showing 6 plot centers and 24 
transects per subunit.  Note: drawing not to scale. 

 

 
Figure 5.11: Example shrub and fuel sampling diagram used during pre- and 
post-treatment data collection.  Note: drawing not to scale. 
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The remaining two transects were used to classify down woody fuel 

composition (dead surface fuel) using a line-intersect survey (Van Wagner 1968).  

Each transect was 50-feet in length.  Pieces of down woody fuel were classified by 

diameter using time lag fuel classes (Brown 1974).  Specifically, fuel classes were: 

1000-hr (>3 inches), 100-hr (1-3 inches), 10-hr (0.25-1 inches), and 1-hr (<0.25 

inches).  The number of pieces intersecting each transect were recorded and classified.  

One thousand hour fuels were recorded over the entire 50-ft transect length.  One 

hundred hour, 10-hr, and 1-hr fuels were recorded only at the last 6-ft of each transect 

(Figure 5.12).  This approach, adapted from Brown (1974), was used to ensure that the 

sampling area had not been disturbed as opposed to recording near the plot center 

where foot traffic was likely.  One-hundred ninety-two transects were recorded during 

the survey totaling 9,600-ft in length for the 1000-hr fuels and 1,152-ft for the other 

fuel classes.  Transect directions were located randomly for both pre- and post-

treatment measurements; therefore, sampling points were not in the same location, in 

most cases. 

  

Plot Center 
----------------------------------1,000-hr fuel, 50-ft ----------------------------------| 

|------------------------|
1, 10, & 100-hr, 6-ft 

Figure 5.12: Example fuel sampling diagram showing piece size classification 
locations.  Note: drawing not to scale. 
 
 

5.3.3.2 Biddle Pass 

The 40 acre stand was systematically divided into 8, approximately 5-acre 

subunits (min 4.1, max 6.6).  Four subunits were randomly assigned to each machine 

to perform the silvicultural prescription and ranged from 4.1-6.6 acres with an average 

of 5.0 acres (Figure 5.13).  SBE subunits averaged 5.4 acres and FTM subunits 

averaged 4.7 acres.  However, due to a machine mechanical failure, subunit 8 was not 
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treated by the FTM machine and was therefore removed from consideration in the 

study. 

As for the Tenino stand, standing trees and down woody fuel composition were 

recorded before and after treatment.  Due to the sparse nature of understory shrubs, 

percent cover was not measured at Biddle Pass.  The difference between pre- and post-

treatment measurements determined the machine treatment effect.  Within each 

subunit, fixed-radius plots were installed for tree measurement, ranging from 4-6, 0.1-

acre plots depending on subunit size.  A total of 38 plot centers were established.   

Within each plot, all trees ≥ 5 feet in height (trees with a DBH) were measured 

and recorded.  Measurements included DBH, total height, height to live crown, 

species, and mortality status (older dead, recent mortality, or live).  At each of the 38 

plot centers, 2 random transect directions were established for down woody fuel 

classification using a random number generator.  Possible azimuths ranged from 20-

360° in 20° intervals, yielding 18 possible directions (Figure 5.14). 
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Figure 5.13: Biddle Pass site layout displaying machine assignments and subunit 
numbers. Note: no treatment was performed in subunit 8. SBE=swing-boom 
excavator, FTM=flexible tracked mulcher. 
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Figure 5.14: Example subunit sampling diagram showing 6 plot centers and 12 
surface fuel classification transects per subunit.  Note: drawing not to scale. 

 

As for the Tenino study site, down woody fuel composition was measured 

using a line intersect survey (Van Wagner 1968).  Each transect was 50-feet in length.  

Pieces of down woody fuel were classified by diameter using time lag fuel classes 

(Brown 1974).  The number of pieces intersecting each transect were recorded and 

classified.  One-thousand-hour fuels were recorded over the entire 50-ft transect 

length.  One-hundred-hour, 10-hr, and 1-hr fuels were recorded only at the last 6-ft of 

each transect (Figure 5.12).  Seventy-six transects were recorded during the survey 

totaling 3,800-ft in length for the 1000-hr fuels and 456-ft for the other fuel classes.   

 

 

 

 



 277

5.3.4 Data Analysis 

5.3.4.1 Machine Performance 

To assess each machine’s success in meeting silvicultural prescription 

requirements, the variables of trees per acre and down woody fuel piece size 

distribution were analyzed pre- and post-treatment.  In addition, understory shrub 

percent cover was estimated for the Tenino site.  The difference between pre- and 

post-treatment values determined the number of trees and amount of surface fuel 

treated.  Target values were then calculated along with their deviations from post-

treatment conditions.  The absolute value of deviations determined each machine’s 

relative ability to perform the silvicultural prescriptions.  Deviations from the target 

values were calculated for each machine/subunit combination at Tenino and each 

machine/plot combination at Biddle Pass.  This approach yielded 8 observations per 

machine at Tenino.  For Biddle Pass, plot-level observations were 20 for the SBE and 

14 for the FTM.  One-way analysis of variance (ANOVA) was then used to detect 

significant differences in mean deviations between machines for each variable.  

Statistical analysis was performed at a significance level of α=0.05 using Number 

Cruncher Statistical Systems (NCSS) (Hintze 2001).   

Each machine’s ability to meet the surface fuel piece size criteria was 

evaluated for each study site.  The prescription specified that all surface fuel should be 

reduced to less than 3 inches in diameter corresponding to the 100-hr time lag fuel 

class or smaller.  Therefore, all residual pieces should be classified as 1-, 10-, or 100-

hr fuels.  The number of pieces per foot and tons per acre larger than the 100-hr class 

were assessed for each machine.  No specific criteria were established for other fuel 

classes. 

For the Tenino site, target trees per acre values were derived from prescription 

tree-spacing requirements.  No targets were estimated for shrub cover due to the 6-

inch height criteria specified in the prescription.  Percent cover data did not include 

height measurements; therefore, machine performance assessment for this portion of 

the prescription was not possible.  Due to the uneven-aged nature of the Tenino stand 
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and spacing guidelines that were based on tree size, the following formulas (Arena 

2005) were derived to calculate the target residual trees per acre in 3 diameter classes: 

1) <8-in DBH, 2) 8-12-in DBH, and 3) >12-in DBH. 

Target residual trees per acre <8-in DBH =  
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Target residual trees per acre >12-in DBH = { }preTPA 12>  

where: 

43560 = the number of ft2 per acre 

TPA>12pre = the number of trees per acre larger than 12-in DBH prior to treatment 

TPA8-12post = the number of trees per acre ≥8 but <12-in DBH following treatment 

π = pi (3.141592654) 

22 = the number of feet prescribed to space trees ≥8-in DBH 

16 = the number of feet prescribed to space trees <8-in DBH 

At Biddle Pass, target values were calculated for trees per acre and surface 

fuel.  Due to the sparse nature of understory shrubs, no target values or machine 

performance estimates were derived.  Trees per acre targets were classified into two 

categories: 1) dead trees <10 inches DBH, and 2) all other trees including all live trees 

and dead trees ≥10 inches DBH.  For example, residual targets were: 

Target residual dead trees per acre <10-in DBH = 0 

Target residual trees per acre for all other trees =  

(all live trees per acre + dead trees per acre ≥10 inches DBH). 

 

5.3.4.2 Silvicultural Treatment Effectiveness  

Pre, post, and whole-tree removal (TR) fire behavior characteristics were 

simulated using the Forest Vegetation Simulator (FVS) (Dixon 2002) and evaluated on 
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a 20-year planning horizon with 5-year assessment intervals.  Specifically, wildfire 

potential was evaluated using the Fire and Fuels Extension to the FVS (FFE-FVS) 

(Reinhardt and Crookston 2003).  Based on simulator output, one-way ANOVA was 

used to determine significant differences in fire effects between machines and 

treatments within a study site.  All tests were performed on a subunit basis using a 

significance level of α=0.05.  Due to contrasting stand conditions and silvicultural 

prescriptions, no fire behavior comparisons were made between study sites.   

Tenino simulation assumptions were based on the South Central Oregon / 

Northeastern California (SO) variant of the FVS (USFS 2005b).  This variant is used 

by WSIR personnel for other simulation projects in the ponderosa pine region of the 

forest.  Plant association PIPO/PUTR-ARPA, SDIMAX of 307, and site index 74 (base 

age 100) were used in the projections.  The biological SDIMAX for the Tenino area is 

409.  However, 75% of SDIMAX, or 307, was used during simulation to account for 

insect damage and other stress factors (Arena 2005). 

Biddle Pass simulation assumptions were based on the Westside Cascades 

(WC) variant of the FVS (Donnelly and Johnson 1997).  This variant encompasses the 

geographic area where the stand is located and is commonly used by WSIR personnel 

for simulation projects in high elevation conifer forests of the WSIR.  Plant 

association TSME-ABLA2, SDIMAX of 750 (Arena 2005), alpha ecoclass code 1 

(CAF211), and site index 46 (base age 50) were used in the projections. 

Data collected during both pre- and post-treatment measurements were used as 

simulation inputs to predict immediate and future potential fire behavior for: 1) the 

pre-treatment stand (control), and 2) the post-treatment stand (response).  For the 

Tenino site, a third scenario, whole-tree removal (TR), was examined that included 

thinning and removing trees according to prescription requirements.  In contrast to the 

post-treatment conditions that included the masticating/mulching of target trees and 

surface fuel, this treatment specifies felling and removing all target trees (bole, limbs, 

and tops).  The TR treatment provided insight into the fire behavior benefits of 

masticating/mulching versus tree removal which is similar to conventional pre-
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commercial thinning treatments.  The whole tree removal analysis was not performed 

for the Biddle Pass stand due to the infeasibility associated with such a treatment.   

Standing tree information, shrub percent cover, and down woody fuel 

characteristics were used as time-zero conditions to begin each simulation.  The 

Tenino TR scenario was created from post-treatment standing tree conditions and pre-

treatment shrub and surface fuel characteristics.  Since TR is a hypothetical stand, it 

was assumed that the surface fuel distribution would be the similar to the pre-

treatment stand prior to machine activity.  Without actually creating and sampling the 

stand, there is no sound information to justify modifying the fuel distribution 

characteristics.  Down woody fuel tons per acre calculations for each simulation were 

derived from field measurements and equations by Van Wagner (1968) and specific 

gravity estimates from Brown (1974).   

The immediate effects of the fuel reduction treatments for altering fire 

behavior were assessed by simulating fires (FFE keyword SIMFIRE) at 98th percentile 

weather and fuel moisture conditions through the pre, post, and TR stand conditions at 

the time of measurement.  The relative difference in resulting fire severity and 

subsequent mortality determined immediate effectiveness following treatment.  The 

following FFE output reports were used to assess fire effects for each simulation: 1) 

burn conditions report (keyword BURNREPT), 2) fuel consumption report (keyword 

FUELREPT), and 3) mortality report (keyword MORTREPT).  Temperature, wind 

speed, and fuel moisture input values were derived from historical 98th percentile 

weather data from the Remote Automated Weather Station (RAWS 2006) nearest to 

each study site.  RAWS station HeHe Butte (HHF03) was used to determine Tenino 

conditions and Metolius Arm (MEF03) was used for Biddle Pass conditions.  This 

approach, adapted from Raymond and Peterson (2005), was used to most accurately 

simulate weather conditions conducive to wildfire initiation.  Weather and fuel 

moisture inputs for each study site were defined as:   

• Tenino 

• Wind speed = 7 mph 
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• Temperature = 75º F 

• Fuel moisture (%) 

o 1-hr: 4, 10-hr: 4, 100-hr: 9, 1000-hr: 10, Duff: 35, Live: 50    

• Biddle Pass 

• Wind speed = 10 mph 

• Temperature = 78.5º F 

• Fuel moisture (%) 

o 1-hr: 2, 10-hr: 3, 100-hr: 6, 1000-hr: 8, Duff: 78, Live: 96 

To assess the fuel reduction treatment effectiveness over time, the pre, post, 

and TR stands, as described during measurement, were allowed to progress naturally 

without further treatment.  A potential fire report (keyword POTFIRE) was generated 

within FFE-FVS to assess the long-term fire altering effects of the treatment.  The 

following simulation output variables were analyzed at each assessment period (5 

years) for 20 years (2004-2024): 

• Flame length ― the potential flame length (ft) during 98th percentile 

weather conditions. 

• Potential fire type 

o (A) Active crown fire ― the fire moves through the stand burning 

all tree crowns (wind speed is greater than the crowning index) 

o (P) Passive crown fire ― some crowns burn as individual trees or 

groups of trees torch (wind speed is greater than the torching index 

but less than the crowning index) 

o (S) Surface fire ― crowns do not burn (wind speed is less than the 

torching index) 

• Torching index ― the 20-ft wind speed (mph) at which a surface fire is 

expected to ignite the crown layer.  Torching index depends on canopy 

base height, surface fuel, and fuel moisture (Hall and Burke 2006). 

• Crowning index ― the 20-ft wind speed (mph) needed to support an active 

or running crown fire.  Treatment alternatives producing the highest wind 
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speed are often considered to be the best approach for minimizing 

catastrophic fire.  Crowning index has been used as a surrogate for fire 

hazard in past studies (Fulé et al. 2004).  Fiedler et al. (2002) rated stands 

with crowning index values less than 25 mph as high hazard, 25-50 mph as 

moderate hazard, and greater than 50 mph as low hazard. 

• Potential mortality ― the potential tree mortality measured as the percent 

of basal area that would be killed as a result of fire. 

• Potential smoke ― the potential amount of particulate matter smoke 

emissions (tons per acre) less than 2.5 microns in diameter. 

 

5.4 Results and Discussion 

5.4.1 Tenino 

5.4.1.1 Machine Performance 

5.4.1.1.1 Trees Per Acre 

Pre-treatment, treated, residual, target residual, and the deviation from target 

trees per acre values are displayed in Figures 5.15-5.18 for each machine at the Tenino 

site.  In addition, one-way ANOVA p-values are reported for differences in mean 

deviations between machines.  Results for trees <8 inches DBH are shown in Figure 

5.15.   

The difference between pre- and post-treatment measurements indicated that a 

total of 360.6 and 364.1 trees per acre <8 inches DBH were treated by the SBE and 

FTM, respectively.  Based on target residual trees per acre calculations, the absolute 

value of average deviations from the target was found to be 36.9 for the SBE and 26.3 

for the FTM.  One-way ANOVA indicated no significant difference between the 

machines at α=0.05.  This result implies that the machines were equally successful 

when treating small trees.  However, the deviations indicate that each machine 

removed too few trees in the <8 inch DBH class.  The similarity in results between 
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machines suggests that each operator performed comparable treatments, although 

leaving more small trees per acre than desired, based on calculations. 
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Figure 5.15: Mean total trees per acre <8 inches DBH per subunit for each 
machine at the Tenino site.  Note: p-value indicates no significant difference in 
deviation between machines.  N=8/machine, SBE=swing-boom excavator, 
FTM=flexible tracked mulcher. 
 

From Figure 5.16, 29.0 and 19.6 trees per acre 8-12 inches DBH remained 

following treatment for the SBE and FTM subunits, respectively.  When compared to 

the target residual trees per acre of 33.1 for the SBE and 23.2 for the FTM, deviations 

averaged 13.6 trees per acre for the SBE and 14.9 for the FTM.  As for small trees, 

this difference was not statistically significant and suggests that the machines 

performed equally well in terms of treatment in the co-dominant crown classes.  In 

contrast to the <8 inch DBH category, deviations indicate that each machine treated 

more trees 8-12 inches DBH than were prescribed.     
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Figure 5.16: Mean total trees per acre 8-12 inches DBH per subunit for each 
machine at the Tenino site.  Note: p-value indicates no significant difference in 
deviation between machines.  N=8/machine, SBE=swing-boom excavator, 
FTM=flexible tracked mulcher. 
 

Due to management restrictions, no mastication of trees >12 inches DBH was 

prescribed.  This constraint preserved large trees to provide seed for natural 

regeneration and the prospect of future removal to generate revenue.  In terms of fire 

resiliency, large trees are best suited to survive wildfire (Brown et al. 2004).  Diameter 

limit requirements are common in Pacific Northwest ponderosa pine forests, especially 

those that experience harsh climates and resulting regeneration difficulty.  Given this 

approach, the target residual trees per acre >12 inches DBH was equal to the number 

per acre recorded during pre-treatment measurements.   

As shown in Figure 5.17, the SBE treated an average of 0.2 trees per acre >12 

inches DBH whereas the FTM treated 1.2.  At the subunit level, at least one tree larger 

than 12 inches DBH was treated in 4 of the 8 FTM subunits as compared to 1 of 8 

SBE subunits.  Even though ANOVA indicated no significant difference in deviation 

between machines, the SBE was consistently more accurate when treating trees near 
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the 12-inch diameter limit.  This result is likely due to operator experience since the 

SBE operator had over 1,000 hours of operating time performing similar prescriptions.  

In addition, due to the drive-to-tree design and resulting maneuverability problems 

experienced by the FTM, some trees > 12-inches DBH were damaged by the machine 

and subsequently masticated.      
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Figure 5.17: Mean total trees per acre >12 inches DBH per subunit for each 
machine at the Tenino site.  Note: p-value indicates no significant difference in 
deviation between machines.  N=8/machine, SBE=swing-boom excavator, 
FTM=flexible tracked mulcher. 
 

After combining all standing trees, an average of 373.5 and 381.1 trees per 

acre were treated by the SBE and FTM (Figure 5.18).  When all diameter classes were 

included, the target residual trees per acre were 49.9 for SBE subunits and 50.1 for 

FTM subunits.  This result indicates that target residual tree calculations were 

consistent throughout each subunit.  Average deviations from target values were 24.0 

and 25.3 for the SBE and FTM, respectively.  The difference of 1.3 trees per acre was 

not statistically significant between the machines.  This result indicates that the 
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machines performed almost identical treatments and were equally successful in 

meeting prescription requirements.  Although slightly fewer trees were treated than 

prescribed, the difference between machines is marginal and deviations are more 

likely due to prescription interpretation and tree measurement consistency. 
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Figure 5.18: Mean total trees per acre per subunit for each machine at the Tenino 
site.  Note: p-value indicates no significant difference in deviation between 
machines.  N=8/machine, SBE=swing-boom excavator, FTM=flexible tracked 
mulcher. 
 
 
5.4.1.1.2 Shrub Percent Cover 

Results from the Tenino shrub survey are shown in Table 5.3.  Mean pre-

treatment percent cover was 21.73% for SBE subunits and 21.34% for FTM subunits.  

During treatment, shrub cover was reduced to 3.88% and 3.29% for the SBE and FTM 

subunits, respectively.  ANOVA indicated no significant difference in percent cover 

treated between the machines (F=0.01, p=0.9424).  In addition, no significant 

difference was found in pre- or post-treatment estimates between the machines.  These 
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results suggest that subunits contained a comparable amount of shrubs prior to 

treatment and that each machine successfully met shrub removal requirements.  

However, it is difficult to compare machines in respect to the 6-inch height criteria, 

since shrub height was not measured following treatment.     

 
Table 5.3: Tenino shrub survey statistics (% cover per subunit)1. 
 Mean SD CV (%) SE %SE 
SBE      
     Pre-treatment 21.73 5.42 25 1.92 9 
     Post-treatment 3.88 1.19 31 0.42 11 
     Change (Δ) 17.85 5.44 30 1.92 11 
FTM      
     Pre-treatment 21.34 3.87 18 1.37 6 
     Post-treatment 3.29 1.75 53 0.62 19 
     Change (Δ) 18.05 5.38 30 1.90 10 

1Number of observations = 8 per machine, SBE = swing-boom excavator, FTM = flexible tracked 
mulcher. 
 
5.4.1.1.3 Surface Fuel 

Surface fuel results are displayed by distribution of piece sizes (Table 5.4) and 

tons per acre (Table 5.5).  Distribution is based on the number of pieces per 1-foot of 

transect and tons per acre calculations were derived from equations by Van Wagner 

(1968) and specific gravity estimates from Brown (1974).  One-way ANOVA 

differences between machines are also shown in Tables 5.4 and 5.5.  Mean tons per 

acre values for each time lag fuel class were used in fire simulations both pre- and 

post-treatment.  For the TR scenario, pre-treatment surface fuel characteristics were 

used for all simulations.    

From Table 5.4, as a result of treatment, the mean number of pieces per 1-foot 

of transect in SBE subunits increased for each of the time-lag fuel classes.  Overall, 

the total number of pieces per 1 foot of transect was increased by 11.6 pieces from the 

pre-treatment level of 2.9 pieces.  The largest contribution to the change was in the 1- 

hour fuel class (0-0.25 inches) at 9.8 pieces per 1-foot or 84% of the total change.  

Other contributions to the total increase were 0.12% for the 1000-hour class, 7% for 

the 100-hour class, and 9% for the 10-hour class. Although 1000-hour fuels increased 



 288

less than any other class, prescription requirements targeted no residual pieces larger 

than the 100-hour class.  This result indicates that the SBE did not accurately meet the 

target since 1000-hour pieces were increased. 

In FTM subunits, the average number of pieces per 1-foot of transect also 

increased for each fuel class.  The total number of pieces per foot was increased by 8.7 

or 282% from the pre-treatment level of 3.1 pieces.  As for the SBE, the largest 

contribution to the change was in the 1-hour fuel class at 7.9 pieces per 1-foot.  

Overall contribution to the total increase was: 1000-hour – 0.11%, 100-hour – 4%, 10-

hour – 6%, and 1-hour – 90%.  Similar to the SBE, results indicate that the FTM did 

not accurately meet the surface fuel target due to the increase in 1000-hour pieces.      

 
Table 5.4: Tenino down woody fuel distribution before and after treatment per 
subunit for each machine (number of pieces per 1-foot of transect) and difference 
in means one-way ANOVA F and p-values. N=8/machine1. 
 SBE FTM ANOVA 
 Mean (SD) Mean (SD) F Value Pr > F Sig. 
1000-hr      
    Pre-treatment 0.024 (0.014) 0.018 (0.005) 1.42 0.2528  
    Post-treatment 0.037 (0.010) 0.027 (0.010) 3.73 0.0738  
    Change (Δ) 0.014 (0.012) 0.010 (0.013) 0.36 0.5581  
100-hr      
    Pre-treatment 0.164 (0.104) 0.165 (0.059) 0.00 0.9769  
    Post-treatment 0.932 (0.420) 0.479 (0.190) 7.75 0.0146 √ 
    Change (Δ) 0.769 (0.439) 0.314 (0.205) 7.05 0.0188 √ 
10-hr      
    Pre-treatment 0.460 (0.203) 0.502 (0.165) 0.21 0.6531  
    Post-treatment 1.502 (0.574) 1.046 (0.251) 4.24 0.0587  
    Change (Δ) 1.042 (0.531) 0.544 (0.345) 4.96 0.0428 √ 
1-hr      
    Pre-treatment 2.276 (1.613) 2.420 (0.951) 0.05 0.8312  
    Post-treatment 12.045 (2.116) 10.300 (3.270) 1.60 0.2261  
    Change (Δ) 9.769 (2.209) 7.880 (3.828) 1.46 0.2468  
Total      
    Pre-treatment 2.924 (1.686) 3.104 (0.978) 0.07 0.7978  
    Post-treatment 14.519 (2.907) 11.851 (3.509) 2.74 0.1200  
    Change (Δ) 11.595 (2.977) 8.747 (4.065) 2.55 0.1323  

1SBE = swing-boom excavator, FTM = flexible tracked machine, SD = standard deviation,  
Sig. = significant difference between the machines at α=0.05. 
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One-way ANOVA indicated significant differences between the machines for 

the 100- and 10-hour fuel classes.  In both cases, the SBE created significantly more 

pieces per 1-foot than the FTM.  This result is likely due to machine design and 

operating nature.  The front mounted mulching head used by the FTM allowed the 

machine to inadvertently produce smaller piece sizes than the SBE.  The operating 

nature of the FTM required the machine’s head to stay in contact with the soil surface 

longer and often resulted in residual fuel being incorporated into the soil.  In many 

cases, this made fuel measurement difficult since only pieces on the soil surface were 

measured and may have led to fewer pieces recorded in the FTM subunits.  The 

swing-boom design of the SBE allowed the machine to only treat target pieces with 

minimal soil disturbance.  Therefore, all fuel produced by the SBE was on the soil 

surface and easily measured. 

As shown in Table 5.5, the mean number of tons per acre in the SBE subunits 

increased as a result of treatment for each fuel class with the exception of 1000-hour 

fuels.  One-thousand-hour fuels decreased from 5.5 to 3.8 tons per acre, which 

corresponds to silvicultural prescription requirements.  This is interesting since the 

number of pieces per 1-foot increased, suggesting that residual 1000-hour fuels were 

of smaller size following treatment.  Overall, the total tons per acre were increased by 

23.1 or 197% from the pre-treatment level of 11.8 tons per acre.  The largest addition 

to total surface fuel was in the 100-hour fuel class (1-3 inches) at 14.4 tons per acre or 

62% of the total addition.  Surface fuel increases in the other fuel classes were 3.6 tons 

of 10-hour fuels and 6.8 tons of 1-hour fuels. 

In FTM subunits, the average tons per acre also increased for each fuel class 

except 1000-hour fuels.  The FTM increased total tons per acre to 22.7 versus the pre-

treatment level of 13.6 tons per acre, a 67% increase.  One-hour fuels were increased 

the most (326%) whereas 100-hour fuels increased by 186% and 10-hour fuels 

increased 108%.  As for the SBE, the largest contribution to the total increase was in 

the 100-hour fuel class at 5.8 tons per acre.  Overall contribution to the total increase 

was: 1000-hour – -45%, 100-hour – 64%, 10-hour – 21%, and 1-hour – 60%.   
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Table 5.5: Tenino down woody fuel distribution before and after treatment per 
subunit for each machine (tons per acre) and difference in means one-way 
ANOVA F and p-values. N=8/machine1. 
 SBE FTM    
 Mean (SD) Mean (SD) F Value Pr > F Sig. 
1000-hr      
    Pre-treatment 5.540 (2.548) 7.045 (5.762) 0.46 0.5102  
    Post-treatment 3.842 (1.768) 2.951 (1.300) 1.32 0.2699  
    Change (Δ) -1.697 (1.966) -4.094 (6.500) 1.00 0.3352  
100-hr      
    Pre-treatment 3.042 (1.918) 3.106 (1.125) 0.01 0.9365  
    Post-treatment 17.410 (7.819) 8.899 (3.552) 7.86 0.0141 √ 
    Change (Δ) 14.367 (8.187) 5.792 (3.828) 7.20 0.0178 √ 
10-hr      
    Pre-treatment 1.602 (0.712) 1.752 (0.572) 0.22 0.6496  
    Post-treatment 5.255 (2.007) 3.654 (0.878) 4.27 0.0577  
    Change (Δ) 3.652 (1.852) 1.901 (1.205) 5.02 0.0417 √ 
1-hr      
    Pre-treatment 1.592 (1.125) 1.690 (0.664) 0.04 0.8359  
    Post-treatment 8.419 (1.480) 7.202 (2.288) 1.59 0.2274  
    Change (Δ) 6.826 (1.544) 5.512 (2.676) 1.45 0.2491  
Total      
    Pre-treatment 11.772 (4.317) 13.596 (5.883) 0.50 0.4912  
    Post-treatment 34.926 (10.024) 22.705 (6.343) 8.49 0.0113 √ 
    Change (Δ) 23.154 (11.599) 9.109 (10.836) 6.26 0.0253 √ 

1SBE = swing-boom excavator, FTM = flexible tracked machine, SD = standard deviation,  
Sig. = significant difference between the machines at α=0.05. 
 

One-way ANOVA indicated significant differences between the machines for 

the 100-hour, 10-hour, and total tons per acre classes.  In each class, the SBE 

generated significantly more tons per acre of surface fuel during treatment than the 

FTM.  This indicates that masticating/mulching treatments using the SBE will likely 

produce larger and more pieces of down woody fuel than treatment with a FTM and 

front mounted mulching head.  Again, this result is largely due to machine design and 

operating nature.  Treating surface fuel is an independent activity for the SBE as it 

swings its boom to each piece treated and can easily control residual piece size.  In 

contrast, the FTM must drive to each piece treated and mulches with its head 

contacting the soil surface.  In many cases the machine mulched surface fuel along 
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with shrubs and recently felled standing trees.  This operating condition resulted in 

residual fuel being incorporated into the soil which led to fewer pieces present on the 

surface for measurement.  Repeated machine travel also led to increased soil churning 

which mixed surface fuel into the topsoil.  Due to the concurrent treatment of surface 

fuel along with other activities, the FTM often had difficulty regulating residual piece 

size that resulted in smaller pieces than commonly produced by the SBE.    

 

5.4.1.2 Silvicultural Treatment Effectiveness 

The effectiveness of the Tenino fuel reduction treatment for altering future fire 

behavior was assessed using FFE-FVS.  Simulations were performed to examine both 

the immediate and long-term effectiveness of treatment.  Inputs into the simulator 

included standing tree information, shrub percent cover, and down woody fuel 

distribution, collected during field studies, for both pre- and post-treatment stand 

characteristics.  The additional whole tree removal scenario (TR) was generated from 

pre-treatment shrub and surface fuel characteristics.  TR standing tree information was 

generated based on post-treatment stand characteristics.  This simulation includes 

thinning as prescribed and performing whole-tree extraction.  This approach provided 

a basis of comparison for fire effects resulting from surface fuel generated during 

masticating/mulching.  In summary, Tenino simulations were: 

1. (Pre): pre-treatment standing tree, surface fuel, and shrub cover conditions 

without treatment (control), 

2. (Post): post-treatment stand conditions that included thinning by 

masticating/mulching standing trees and surface fuel as prescribed, and 

3. (TR): post-treatment standing tree characteristics with whole-tree removal 

instead of masticating/mulching and pre-treatment surface fuel and shrub 

cover conditions. 
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5.4.1.2.1 Immediate Effectiveness 

Immediate fire altering effectiveness of the treatment was assessed using FFE-

FVS simulations for the pre, post, and whole-tree removal (TR) stand conditions.  As 

described earlier, historic 98th percentile weather conditions, defined by wind speed, 

temperature, and fuel moisture were used as simulation inputs.  FFE keyword 

SIMFIRE was used to simulate fires for each stand and subunit/machine combination.  

Effectiveness, per subunit, was assessed through the difference in simulator output 

using a burn conditions report, a fuel consumption report, and a mortality report. 

Table 5.6 shows the average predicted fire behavior per subunit during time-

zero conditions for each simulated stand condition.  As a result of treatment the 

following variables were predicted to increase in all subunits: mid-flame wind speed, 

flame length, scorch height, and torching and crowning index.  In contrast, average 

smoke production and the percent of trees crowning decreased when compared to pre-

treatment predictions.  The expected fire type remained constant between pre- and 

post-treatment stand conditions for SBE subunits.  In FTM subunits, the probability of 

surface fires increased by 12.5% whereas the occurrence of passive crown fires 

decreased from 37.5% to 25.0%.  Results from the TR simulation indicate identical 

fire type probability as the mastication treatment in FTM subunits.  However, in SBE 

subunits whole-tree removal increased surface fire likelihood by 50%.  Active crown 

fires were not predicted for any subunit or simulation.     
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Table 5.6: Predicted behavior and effects of fires per subunit (immediately 
following treatment) for each machine and stand simulation at the Tenino study 
site. N=8/machine.   
 SBE FTM 
 Pre Post TR Pre Post TR 
Mid-flame wind (mph) 1.6 2.3 2.3 1.6 2.5 2.5 
Flame length (ft) 4.3 6.9 4.7 4.1 5.4 5.0 
Scorch height (ft) 25.0 48.2 27.6 23.2 34.1 30.2 
Torching index (mph) 5.6 5.9 11.5 7.5 9.5 12.8 
Crowning index (mph) 30.2 51.3 51.3 33.5 61.8 61.8 
Fire type       
     Surface (%) 37.5 37.5 87.5 62.5 75.0 75.0 
     Passive (%) 62.5 62.5 12.5 37.5 25.0 25.0 
Smoke (tons per acre)       
     <2.5 microns 0.12 0.11 0.08 0.13 0.10 0.10 
     <10 microns 0.14 0.13 0.10 0.15 0.11 0.12 
Trees crowning (%) 5.5 3.1 0.5 3.3 0.3 0.4 

 

The average change in fire behavior as a result of treatment (post-treatment – 

pre-treatment) for subunits treated by each machine and one-way ANOVA of 

significant differences between machines is displayed in Table 5.7.  Significant 

differences between machines were found for the variables: flame length, scorch 

height, and smoke production.  Both flame length and scorch height were increased 

significantly more in SBE subunits.  This result is likely due to the increased amount 

of surface fuel generated by the SBE.  Smoke production, in both particle size classes 

was decreased significantly more in FTM subunits when compared to areas treated by 

the SBE.  The additional soil scarification and smaller residual surface fuel in FTM 

subunits may explain the significant decrease.  Crowning index was substantially 

increased in subunits treated by each machine, although the difference between 

machines was not significant (p=0.1751).  The percent of trees crowning was slightly 

reduced in subunits treated by both machines (2.38% in SBE subunits vs. 3.00% in 

FTM subunits).  
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Table 5.7: Average change (Δ) in immediate fire behavior as a result of treatment 
(post-treatment – pre-treatment) per subunit for each machine and one-way 
ANOVA differences between machines at the Tenino study site. N=8/machine1.   
 SBE FTM    
 Post-Pre (Δ) Post-Pre (Δ) F p Sig. Diff.
Mid-flame wind (mph) 0.69 0.91 1.34 0.2666  
Flame length (ft) 2.51 1.28 16.48 0.0012 √ 
Scorch height (ft) 23.19 10.91 25.82 0.0002 √ 
Torching index (mph) 0.35 2.08 0.93 0.3517  
Crowning index (mph) 21.15 28.28 2.04 0.1751  
Smoke (tons per acre)        
     <2.5 microns -0.004 -0.034 9.04 0.0094 √ 
     <10 microns -0.005 -0.044 12.03 0.0038 √ 
Trees crowning (%) -2.38 -3.00 0.06 0.8119  

1SBE=swing-boom excavator, FTM=flexible tracked mulcher, Post=post-treatment, Pre=pre-treatment, 
Sig. Diff.=significant difference between the machines at α=0.05. 

 

Predicted surface fuel consumption for each machine/simulation is displayed in 

Figures 5.19 – 5.20.  In all subunits, total surface fuel consumption was greatest for 

the post-treatment stand (15.2 tons per acre in SBE subunits and 12.7 tons per acre in 

FTM subunits).  In SBE subunits, consumption was increased by 55% due to the 

masticating/mulching treatment and was predicted to decrease by 19% if whole tree 

removal had been performed.  Fuel consumption was constant between the pre-

treatment and tree-removal simulations for each fuel class displayed in Figures 5.19 

and 5.20 with the exception of duff.  The identical consumption values for the pre-

treatment and TR stands is due to using the same tons per acre simulation inputs for 

each stand.  Since TR is a hypothetical stand, it was assumed that surface fuel 

distribution would be the similar to the pre-treatment stand following whole-tree 

removal.   

For each surface fuel category >3 inches in diameter, consumption decreased 

due to treatment.  However, consumption increased substantially for fuel less than 3 

inches in diameter.  This pattern was consistent in subunits treated by each machine 

with an increase of 8.3 tons per acre in SBE subunits and 5.9 tons per acre in FTM 

subunits.  This finding is expected and directly related to silvicultural prescription 

requirements that specified residual fuel <3 inches in diameter.  The contribution of 
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this fuel class to the overall post-treatment consumption was 71% in SBE subunits and 

68% in FTM subunits.            
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Figure 5.19: Average surface fuel consumption in SBE subunits, by down woody 
fuel category, of a fire occurring during 98th percentile weather conditions in the 
pre, post, and TR stands. 
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Figure 5.20: Average surface fuel consumption in FTM subunits, by down woody 
fuel category, of a fire occurring during 98th percentile weather conditions in the 
pre, post, and TR stands. 
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Potential fire induced mortality was assessed for each stand and 

machine/subunit combination.  The pre- and post-treatment stands for each machine 

are compared in Figure 5.21 whereas results for the pre-treatment and TR stands are 

displayed in Figure 5.22.  From Figure 5.21, the percent of trees, basal area, and 

volume killed increased due to treatment in both SBE and FTM subunits.  The 

projected increase in basal area killed was 15% in SBE subunits and 5% in FTM 

subunits.  The increase in volume killed followed the same trend with increases of 

23% in SBE subunits and 10% in FTM subunits.  The increase in mortality due to the 

masticating/mulching treatment is directly related to the added surface fuel.  The 

largest increase in mortality was in the 10-20 inch DBH class for both machines (37% 

for the SBE and 28% for the FTM).  This is likely due to increased surface fuel near 

the base of large trees, prolonged smoldering, and scorch to the vascular cambium.  

Mortality increases due to treatment are more likely due to increased surface fire 

intensity than crowning, since the percent of trees crowning was predicted to decrease 

(Table 5.7).  These findings highlight the important role of surface fuel in fire 

behavior.  Fires occurring immediately following the non-commercial treatment 

during 98th percentile weather conditions were projected to produce adverse mortality 

effects with slightly more mortality in SBE subunits.              
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Figure 5.21: Fire induced mortality by tree size/density measure predicted to 
occur during 98th percentile weather conditions in the pre- and post-treatment 
stands for each machine. 
 
 

To further examine the role of surface fuel on projected fire behavior, the TR 

scenario was compared to the pre-treatment stand (Figure 5.22).  Interestingly, similar 

trends were found with the average mortality increasing in SBE subunits for diameter 

classes <10 inches DBH.  Due to whole-tree removal, mortality increased in FTM 

subunits in each diameter class displayed in Figure 5.22.  However, in terms of the 

percent of total basal area killed, an average 13% reduction was found in SBE subunits 

and 4% in FTM subunits.  Even though average mortality increased in some diameter 

classes, total basal area results indicate that a whole-tree removal scenario may 

produce marginally less mortality when compared to a fire in the pre-treatment stand 

conditions.       
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Figure 5.22: Fire induced mortality by tree size/density measure predicted to 
occur during 98th percentile weather conditions in the pre-treatment and tree 
removal stands for each machine. 

 

Potential fire induced mortality results immediately after treatment with all 

subunits combined (irrespective of machine), are displayed for the post-treatment and 

whole tree removal scenarios in Figure 5.23.  One-way ANOVA indicated significant 

differences (α=0.05) in mortality between the treatments in the 10-20 inch DBH class 

(p<0.0001), percent of basal area (p=0.0059), and percent of volume (p=0.0070).  For 

each significant variable, the tree removal scenario produced less potential mortality 

than the masticating/mulching treatment.  The largest difference between the 

treatments was in the 10-20 inch DBH class with 79% mortality predicted in the post-

treatment stand and 53% using whole tree removal.  This finding is also likely due to 

added surface fuel near the base of larger trees and increased surface fire intensity as 

discussed earlier.  Based on this analysis, it appears that as tree size increases so does 

the difference in potential mortality between the masticating/mulching treatment and a 
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more conventional whole-tree removal.  However, no significant difference was found 

between the treatments in the 20-30 inch DBH class which is likely due to the low 

number of trees in this class.     
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Figure 5.23: Average fire induced mortality and one-way ANOVA significant 
differences by tree size/density measure predicted to occur during 98th percentile 
weather conditions in the post-treatment and tree removal stands when all 
subunits are combined (irrespective of machine). 
 
 
5.4.1.2.2 Long-term Effectiveness 

Assessment of the long-term effectiveness for altering fire behavior in the 

Tenino stand was performed through the evaluation of FFE-FVS output for a 20-year 

period following treatment.  Five-year intervals were used to assess output from the 

potential fire report (POTFIRE) that included flame length, torching index, crowning 

index, fire type, potential mortality, and smoke production.  These values were 

predicted for potential fires occurring during historic 98th percentile weather 

conditions for each simulated stand. 
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From Table 5.8, surface fires were predicted for pre-treatment conditions 

beginning in 2009 in SBE subunits and 2014 in FTM subunits.  In post-treatment 

conditions, the likelihood of passive crown fire was reduced in each period when 

compared to pre-treatment conditions in FTM subunits.  In SBE subunits, crown fire 

potential was slightly reduced immediately following treatment, but was increased by 

12.5% in 2009.  For the TR simulation, fire type potential was identical to that 

predicted for post-treatment conditions in every assessment interval in FTM subunits.  

In areas treated by the SBE, the TR scenario reduced crown fire potential from post-

treatment predictions in years 2004 and 2009.  For all simulations, no subunits were 

projected to experience crown fire 10-20 years following measurement. 

Potential fire induced mortality, measured as the percent of basal area killed, is 

also shown in Table 5.8 for each machine, simulation, and assessment period.  

Potential mortality was predicted to decrease in each assessment period in the pre-

treatment simulation for both machines (SBE: 64.1%-30.3%, FTM: 50.0%-28.8%).  

Following the masticating/mulching treatment, the percent of basal area killed also 

decreased in each assessment period for all subunits.  However, more basal area 

mortality was predicted when compared to pre-treatment conditions in all periods 

except 2014 in SBE subunits.  In FTM subunits, post-treatment mortality exceeded 

pre-treatment levels in only two assessment periods.  The tree-removal scenario 

indicated lower levels of mortality than the masticating/mulching treatment in 2004 

and 2009 in SBE subunits and 2004 in FTM subunits.  For periods after 2009, 

mortality was almost identical for all subunits.        

Table 5.9 shows the average change in long-term fire behavior, per subunit, 

due to treatment.  In all subunits, the masticating/mulching treatment increased flame 

length in each assessment period.  The only significant difference between subunits 

treated by the two machines was in 2004 with significantly higher flame lengths in 

SBE subunits.  The difference between the machines minimized 5 years following 

treatment possibly due to surface fuel decomposition.  Torching index results indicate 

an average increase in all subunits immediately and 5 years after treatment.  However, 
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beginning in 2014, torching index values decreased as a result of treatment with the 

largest change in SBE subunits.  Crowning index was substantially increased by the 

treatment in all assessment periods for each machine.  Values were increased 

consistently more in FTM subunits, although the differences weren’t statistically 

significant.  The average percent of basal area killed increased in 4 of 5 periods in 

areas treated by the SBE, whereas, only 2 of 5 periods showed average increases in 

FTM subunits.       

 
Table 5.8: Predicted potential fire type and average mortality (% of basal area 
killed), evaluated in five periods, during 98th percentile weather conditions for 
both machines in the pre, post, and tree removal stands.   
  Assessment Period (year) 
 Potential Fire Type 2004 2009 2014 2019 2024

     Pre-treatment      
          Surface (%) 25 100 100 100 100 
          Passive (%) 75 0 0 0 0 
     Post-treatment      
          Surface (%) 37.5 87.5 100 100 100 
          Passive (%) 62.5 12.5 0 0 0 
     Tree removal      
          Surface (%) 87.5 100 100 100 100 

SBE1 
Subunits 

N=8 

          Passive (%) 12.5 0 0 0 0 
     Pre-treatment      
          Surface (%) 62.5 75 100 100 100 
          Passive (%) 37.5 25 0 0 0 
     Post-treatment      
          Surface (%) 75 87.5 100 100 100 
          Passive (%) 25 12.5 0 0 0 
     Tree removal      
          Surface (%) 75 87.5 100 100 100 

FTM2

Subunits 
N=8 

          Passive (%) 25 12.5 0 0 0 
 Potential Mortality (% BA)3      

     Pre-treatment 64.1 49.6 40.4 33.0 30.3 
     Post-treatment 76.5 50.8 38.3 34.9 31.5 

SBE1 
Subunits 

N=8      Tree removal 47.9 42.6 38.4 34.8 31.5 
     Pre-treatment 50.0 43.4 37.6 34.1 28.8 
     Post-treatment 55.4 40.9 36.5 32.6 29.3 

FTM2

Subunits 
N=8      Tree removal 46.5 40.9 36.5 32.9 29.3 

1SBE=swing-boom excavator, 2FTM=flexible tracked mulcher, 3BA=basal area. 
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Table 5.9: Average change (Δ) in long-term fire behavior and effects as a result 
of treatment (post-treatment – pre-treatment) per subunit for each machine and 
one-way ANOVA differences between machines at the Tenino study site. 
N=8/machine1.   
 SBE FTM   
 Post-Pre (Δ) Post-Pre (Δ) p Sig. Diff. 
Flame length (ft)     
     2004 2.38 1.25 0.0156 √ 
     2009 1.75 1.50 0.6185  
     2014 1.25 1.63 0.4556  
     2019 1.63 1.50 0.8178  
     2024 1.75 1.88 0.7942  
Torching index (mph)       
     2004 0.35 2.08 0.3517  
     2009 0.41 1.14 0.8509  
     2014 -2.75 -3.14 0.9535  
     2019 -11.51 -4.59 0.3538  
     2024 -18.58 -6.45 0.1698  
Crowning index (mph)       
     2004 21.15 28.28 0.1751  
     2009 22.19 29.64 0.1272  
     2014 22.33 30.14 0.0931  
     2019 22.29 29.91 0.0943  
     2024 21.80 28.99 0.0923  
Mortality (% BA killed)       
     2004 12.38 5.38 0.5108  
     2009 1.13 -2.50 0.6499  
     2014 -2.13 -1.13 0.8918  
     2019 1.88 -1.50 0.6285  
     2024 1.25 0.50 0.8954  

1SBE=swing-boom excavator, FTM=flexible tracked mulcher, Post=post-treatment, Pre=pre-treatment, 
Sig. Diff.=significant difference between the machines at α=0.05, BA=basal area. 

 

As shown in Figure 5.24, when all subunits were combined, irrespective of 

machine, average flame length was substantially higher in the post-treatment and tree-

removal simulations when compared to the pre-treatment stand.  The only significant 

difference in the post-treatment and TR simulations occurred in 2004, immediately 

following treatment, with the post-treatment stand experiencing significantly higher 

flame lengths.  These findings suggest that both the masticating/mulching and TR 

treatments would significantly increase flame length, from pre-treatment levels, 
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beginning in 2009 and continue throughout the 20-year assessment period.  The effects 

of increased surface fuel from the prescribed treatment appear to diminish 5 years 

following treatment with 95% confidence interval ranges similar to those from the TR 

simulation.  The sustained increase in flame length following treatment, relative to the 

untreated stand, can be explained by the added openness of the stands and subsequent 

increase in available wind and wind speed that exceeded the 7 mph simulation input.   
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Figure 5.24: Average flame length (ft) and 95% confidence intervals, per subunit 
(N=16), for potential fires evaluated in five periods for the pre, post, and TR 
stand conditions at the Tenino site. 
 

Average torching index values and 95% confidence intervals are displayed in 

Figure 5.25 for each assessment period and simulation.  The torching index is the wind 

speed necessary for torching of some trees to occur.  When all subunits were 

combined, no significant differences were found between the post-treatment and TR 

simulations at any assessment period.  After 2009, average pre-treatment values 

exceeded those from the treatment simulations (post and TR); although, the only 
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significant difference was detected at 2024.  These findings suggest that treatment 

only marginally increased torching index values immediately and 5 years after 

treatment.  This indicates that the minimal effect of treatment on torching probability 

diminishes 10 years after treatment and may produce adverse effects afterwards.     

Average crowning index values per subunit for each simulation are shown in 

Figure 5.26.  It is important to note that higher crowning index values indicate lower 

fire hazard.  Based on hazard ratings by Fielder et al. (2002), average crowning index 

for the stand without treatment was predicted to decrease slightly through time and 

enter the high hazard zone (<25 mph) by 2019.  The prescribed treatment and 

simulated TR scenario produced almost identical average crowning index values at 

each assessment period, ranging from 56.5 mph in 2004 to 49.7 mph in 2024.  This 

finding highlights the fact that surface fuel has little to no effect on crowning index.  

At each assessment interval, crowning index was significantly higher in the treatment 

scenarios (post and TR) than that predicted for the pre-treatment stand.  Averages in 

2004 and 2009 had 95% confidence intervals entirely above 50 mph which 

corresponds to the low hazard zone.  Beginning in 2014, all treatment confidence 

intervals included 50 mph with averages decreasing through time indicating a slight 

decline in treatment effectiveness.  This implies that additional treatments would be 

necessary to maintain crowning index averages in the low hazard zone following year 

2024. 
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Figure 5.25: Average torching index (mph) and 95% confidence intervals, per 
subunit (N=16), for potential fires evaluated in five periods for the pre, post, and 
TR stand conditions at the Tenino site. 
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Figure 5.26: Average crowning index (mph) and 95% confidence intervals, per 
subunit (N=16), for potential fires evaluated in five periods for the pre, post, and 
TR stand conditions at the Tenino site. Hazard zones reflect those from Fielder et 
al. (2002) with a low hazard zone >50 mph, moderate hazard between 25 and 50 
mph, and high hazard <25 mph. 
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Estimated average smoke production per subunit from potential fires for each 

simulation is shown in Figure 5.27.  Results indicate that smoke production from fires 

in pre-treatment stand conditions would be significantly higher in each assessment 

period when compared to the treatment scenarios.  For the post and TR simulations, 

95% confidence intervals overlapped in each of the 5 assessment periods, indicating 

no significant difference.  Averages were higher for the TR simulation in every period 

except 2004 when the masticating/mulching treatment produced slightly more smoke; 

although, the difference wasn’t statistically significant.  This result suggests that 

smoke production due to the surface fuel added during treatment diminishes as down 

woody debris decomposes which becomes apparent 5 years after treatment.    
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Figure 5.27: Average potential smoke production <2.5 microns (tons per acre) 
and 95% confidence intervals, per subunit (N=16), for potential fires evaluated in 
five periods for the pre, post, and TR stand conditions at the Tenino site. 
 

Average potential fire induced mortality and 95% confidence intervals, 

expressed as the percent of basal area killed during 98th percentile weather conditions, 
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are shown in Figure 5.28 for each simulation and assessment period.  Results indicate 

that neither the masticating/mulching nor the TR treatment were effective for reducing 

potential mortality in periods beginning in 2009.  A consistent reduction in mortality 

was predicted through time even in pre-treatment conditions.  However, in 2004 

immediately following treatment, mortality from the post-treatment simulation was 

significantly higher than that predicted in a whole-tree removal scenario.  This finding 

is directly related to surface fuel and resulting fire line intensity.  Similar to other 

analyzed variables, the differences in post-treatment versus TR effects begin to 

diminish 5 years after treatment.  Based on these observations, given fires occurring 

during 98th percentile weather conditions, neither treatment significantly reduced 

potential mortality throughout the 20-year assessment period.  Had pre-treatment 

conditions been characterized by higher fire hazard, treatments would have likely been 

more successful for reducing potential mortality.   
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Figure 5.28: Average potential fire induced mortality (% of basal area killed) and 
95% confidence intervals, per subunit (N=16), for potential fires evaluated in five 
periods for the pre, post, and TR stand conditions at the Tenino site. 
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5.4.2 Biddle Pass 
 
5.4.2.1 Machine Performance 

5.4.2.1.1 Trees Per Acre 

As for the Tenino stand, pre-treatment, treated, residual, target residual, and 

the deviation from target trees per acre values are displayed in Figures 5.29-5.31 for 

each machine at the Biddle Pass site.  In addition, one-way ANOVA p-values are 

reported for differences in mean deviations between machines.  Results for dead trees 

<10 inches DBH are shown in Figure 5.29.   
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Figure 5.29: Mean dead trees per acre <10 inches DBH per plot for each machine 
at the Biddle Pass site.  Note: p-value indicates no significant difference in 
deviation between machines.  N=20-SBE, 14-FTM, SBE=swing-boom excavator, 
FTM=flexible tracked mulcher. 
 

The difference between pre- and post-treatment measurements indicated that a 

total of 158.0 and 100.7 dead trees per acre <10 inches DBH were treated by the SBE 

and FTM, respectively.  Since only dead trees <10 inches DBH were targeted for 

treatment, none should have remained after treatment.  Based on a target of zero 

residual trees per acre, the absolute value of average deviations from the target was 
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found to be 100.0 trees per acre for the SBE and 62.9 for the FTM.  Due to extreme 

variation between plots, one-way ANOVA indicated no significant difference between 

the machines at α=0.05.  This result implies that the machines were equally successful 

when treating small dead trees.  However, the deviations indicate that each machine 

removed too few targeted trees with the SBE leaving an average of 37.1 trees per acre 

more than the FTM.   

As shown in Figure 5.30, 579.5 and 475.7 trees per acre in the all-other class 

remained following treatment for the SBE and FTM plots, respectively.  All other 

trees were classified as all live trees and dead trees ≥10 inches DBH.  When compared 

to the target residual trees per acre of 784.0 for the SBE and 603.6 for the FTM, 

deviations averaged 204.5 trees per acre for the SBE and 127.9 for the FTM.  As for 

small trees, this difference was not statistically significant and suggests that the 

machines performed equally well in terms of avoiding trees not targeted for treatment.   
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Figure 5.30: Mean trees per acre (all other = all live trees and dead trees ≥10 
inches DBH) per plot for each machine at the Biddle Pass site.  Note: p-value 
indicates no significant difference in deviation between machines.  N=20-SBE, 14-
FTM, SBE=swing-boom excavator, FTM=flexible tracked mulcher. 
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Since no trees were targeted for treatment in the all-other class, deviations 

indicate that each machine inadvertently treated some live trees and dead trees ≥ 10 

inches DBH.  These results are interesting since the SBE was expected to be more 

effective when selecting trees while working in dense stand conditions due to its 

swing-to-tree design.  However, results show that the SBE was somewhat less 

effective than the FTM.  This is partially explained because of the extra crewperson 

(spotter) used by the FTM.  The spotter measured and marked target trees as well as 

planned operating patterns and travel corridors.  The additional support may explain 

the fact that fewer intended residual trees were treated.  Without the use of a spotter, 

the SBE operator made all tree selections from the machine cab and subsequently 

treated more trees that were borderline in terms of size and mortality status.  In 

addition, due to the large number of dead and dying trees and dense nature of the 

stand, mortality status was often difficult to determine without exiting the machine for 

a better view.  Had all target trees been marked prior to treatment, the difference in 

machine ability may have been more detectable.             

After combining all standing trees, an average of 362.5 and 228.6 trees per 

acre were treated by the SBE and FTM (Figure 5.31).  When all diameter classes were 

included, the target residual trees per acre were 784.0 for SBE subunits and 603.6 for 

FTM subunits.  Average deviations from target values were 136.5 and 87.9 trees per 

acre for the SBE and FTM, respectively.  The difference of 48.6 trees per acre was 

statistically significant between the machines (p=0.0447).  This result indicates that 

the FTM was significantly more successful in meeting target trees per acre 

requirements than the SBE.  Overall, both machines removed more trees than 

prescribed, which is explained by the inadvertent treatment of live trees and dead trees 

≥10 inches DBH.  The significantly higher deviation for the SBE may be due to 

difficulty associated with denser stand conditions.  For example, prior to treatment, 

SBE subunits averaged 1,042 trees per acre versus 767 in FTM subunits.  The 

difference of 275 trees per acre led to more difficulty with accurate tree selection from 

the machine cab and the subsequent treatment of trees outside the silvicultural 
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treatment.  Again, had target trees been marked, the SBE operator may have 

experienced less difficulty.  Also, the additional spotter used by the FTM likely 

contributed to increased accuracy within the prescription.     
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Figure 5.31: Mean total trees per acre (live and dead) per plot for each machine 
at the Biddle Pass site.  Note: p-value indicates a significant difference in 
deviation between machines at α=0.05.  N=20-SBE, 14-FTM, SBE=swing-boom 
excavator, FTM=flexible tracked mulcher. 
 
 
5.4.2.1.2 Surface Fuel 

Biddle Pass surface fuel results along with one-way ANOVA differences 

between machines are displayed by distribution of piece sizes (Table 5.10) and tons 

per acre (Table 5.11).  Mean tons per acre values for each time-lag fuel class were 

used in Biddle Pass fire simulations both pre- and post-treatment.   

From Table 5.10, the mean number of pieces per 1-foot of transect in SBE 

plots increased following treatment for each time lag fuel class except 1000-hour 

fuels.  One-thousand-hour fuels were decreased by an average of 0.009 pieces per 1-
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foot.  Overall, the total number of pieces per 1-foot of transect was increased by 7.9 

pieces from the pre-treatment level of 4.0 pieces.  The largest contribution to the 

change was in the 1-hour fuel class at 5.5 pieces per 1-foot or 70% of the total change.  

Other contributions to the total increase were 18% in the 100-hour class, and 12% in 

the 10-hour class. Although average 1000-hour fuels were decreased from pre-

treatment levels, prescription requirements targeted no residual pieces larger than the 

100-hour class.  This result indicates that the SBE did not accurately meet the target 

since 1000-hour pieces remained after treatment. 

 
Table 5.10: Biddle Pass down woody fuel distribution before and after treatment 
per plot for each machine (number of pieces per 1-foot of transect) and difference 
in means one-way ANOVA F and p-values. N=20-SBE, 14-FTM1. 
 SBE FTM ANOVA 
 Mean (SD) Mean (SD) F Value Pr > F Sig. 
1000-hr      
    Pre-treatment 0.042 (0.023) 0.037 (0.033) 0.26 1.6128  
    Post-treatment 0.032 (0.020) 0.017 (0.011) 6.86 0.0134 √ 
    Change (Δ) -0.009 (0.032) -0.020 (0.033) 0.86 0.3614  
100-hr      
    Pre-treatment 0.187 (0.226) 0.274 (0.360) 0.74 0.3964  
    Post-treatment 1.650 (0.840) 1.036 (0.622) 5.39 0.0268 √ 
    Change (Δ) 1.462 (0.903) 0.762 (0.712) 5.85 0.0214 √ 
10-hr      
    Pre-treatment 0.583 (0.403) 0.643 (0.513) 0.14 0.7073  
    Post-treatment 1.537 (0.637) 1.256 (0.839) 1.24 0.2739  
    Change (Δ) 0.954 (0.827) 0.613 (0.994) 1.19 0.2843  
1-hr      
    Pre-treatment 3.242 (1.915) 4.018 (2.183) 1.21 0.2803  
    Post-treatment 8.767 (2.624) 11.619 (5.166) 4.49 0.0420 √ 
    Change (Δ) 5.525 (2.614) 7.601 (5.872) 1.96 0.1706  
Total      
    Pre-treatment 4.054 (2.073) 4.972 (2.802) 1.21 0.2802  
    Post-treatment 11.987 (3.510) 13.928 (6.474) 1.27 0.2672  
    Change (Δ) 7.932 (3.716) 8.956 (7.398) 0.28 0.5980  

1SBE = swing-boom excavator, FTM = flexible tracked machine, SD = standard deviation,  
Sig. = significant difference between the machines at α=0.05. 
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In FTM plots, the average number of pieces per 1-foot of transect also 

increased for each fuel class except 1000-hour fuels.  The total number of pieces per 

foot was increased by 8.9 or 180% from the pre-treatment level of 5.0 pieces.  As for 

the SBE, the largest contribution to the change was in the 1-hour fuel class at 7.6 

pieces per 1-foot.  Overall contribution to the total increase was: 100-hour – 8%, and 

10-hour – 7%.  As for the SBE, results indicate that the FTM did not accurately meet 

the surface fuel target since 1000-hour pieces remained after treatment.      

One-way ANOVA indicated significant differences between the machines in 

the number of pieces added in the 100-hour fuel class with the SBE creating almost 

twice the number of pieces.  In addition, significant differences between machines 

were found in the average number of pieces recorded following treatment in the 1000- 

(p=0.0134), 100- (p=0.0268), and 1-hour (p=0.0420) classes.  In the 1000- and 100-

hour classes, the SBE left significantly more pieces per 1-foot than the FTM.  In 

contrast, the FTM left significantly more pieces in the 1-hour class.  These results 

highlight the differences in machine design and operating nature.  The front mounted 

mulching head used by the FTM resulted in more, small residual pieces.  Whereas, the 

swing-boom design of the SBE allowed the machine to only treat target pieces 

therefore reducing them only enough to meet prescription requirements.  However, the 

SBE left significantly more pieces larger than the 3 inch diameter specification.  

Overall, no significant differences were found between the machines in the total 

number of pieces (all fuel classes) per foot left or added.   

As shown in Table 5.11, the mean number of tons per acre in the SBE plots 

increased as a result of treatment for each fuel class with the exception of 1000-hour 

fuels.  One-thousand-hour fuels decreased from 12.3 to 4.2 tons per acre, which 

corresponds to silvicultural prescription requirements.  Overall, the total tons per acre 

were increased by 26.3 or 131% from the pre-treatment level of 20.1 tons per acre.  

The largest addition to total surface fuel was in the 100-hour fuel class at 27.3 tons per 

acre.  Surface fuel increases in the other fuel classes were 3.3 tons of 10-hour fuels 

and 3.9 tons of 1-hour fuels. 
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Table 5.11: Biddle Pass down woody fuel distribution before and after treatment 
per plot for each machine (tons per acre) and difference in means one-way 
ANOVA F and p-values. N=20-SBE, 14-FTM1. 
 SBE FTM ANOVA 
 Mean (SD) Mean (SD) F Value Pr > F Sig. 
1000-hr      
    Pre-treatment 12.345 (12.197) 11.685 (12.641) 0.02 0.8794  
    Post-treatment 4.243 (3.351) 2.604 (2.486) 2.41 0.1304  
    Change (Δ) -8.102 (11.510) -9.081 (11.656) 0.06 0.8096  
100-hr      
    Pre-treatment 3.495 (4.213) 5.104 (6.714) 0.74 0.3964  
    Post-treatment 30.756 (15.668) 19.306 (11.603) 5.39 0.0268 √ 
    Change (Δ) 27.261 (16.839) 14.202 (13.277) 5.85 0.0214 √ 
10-hr      
    Pre-treatment 2.039 (1.408) 2.247 (1.793) 0.14 0.7073  
    Post-treatment 5.373 (2.225) 4.389 (2.934) 1.24 0.2739  
    Change (Δ) 3.335 (2.892) 2.143 (3.474) 1.19 0.2843  
1-hr      
    Pre-treatment 2.266 (1.339) 2.808 (1.526) 1.21 0.2803  
    Post-treatment 6.128 (1.834) 8.122 (3.611) 4.49 0.0420 √ 
    Change (Δ) 3.862 (1.827) 5.313 (4.105) 1.96 0.1706  
Total      
    Pre-treatment 20.144 (12.491) 21.844 (17.322) 0.11 0.7413  
    Post-treatment 46.500 (18.504) 34.421 (18.551) 3.50 0.0704  
    Change (Δ) 26.356 (24.546) 12.577 (22.489) 2.78 0.1054  

1SBE = swing-boom excavator, FTM = flexible tracked machine, SD = standard deviation,  
Sig. = significant difference between the machines at α=0.05. 

 

In FTM plots, the average tons per acre also increased for each fuel class 

except 1000-hour fuels.  The FTM increased total tons per acre to 34.4 versus the pre-

treatment level of 21.8 tons per acre, a 57% increase.  One-hundred-hour fuels were 

increased the most (278%) whereas 10-hour fuels increased by 95% and 1-hour fuels 

increased 189%.  As for the SBE, the largest contribution to the total increase was in 

the 100-hour fuel class at 14.2 tons per acre.  Overall contribution to the total increase 

was: 1000-hour – -72%, 100-hour – 113%, 10-hour – 17%, and 1-hour – 42%.   

As for the number of pieces, ANOVA tests indicated significant differences 

between the machines in the number of tons per acre added in the 100-hour fuel class.  

The SBE added almost two times as much surface fuel >1 inch but <3 inches in 
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diameter as did the FTM (27.3 vs. 14.2 tons per acre).  Significant differences between 

machines were also found in the average number of tons per acre following treatment 

in the 100- and 1-hour classes.  In the 100-hour class, the SBE left significantly more 

tons per acre than the FTM (p=0.0268), whereas the FTM left significantly more tons 

per acre in the 1-hour class (p=0.0420).  Overall, no significant differences were found 

between the machines in the total number of tons per acre left (p=0.0704) or added 

(p=0.1054). 

 

5.4.2.2 Silvicultural Treatment Effectiveness

The effectiveness of the Biddle Pass silvicultural treatment for altering future 

fire behavior was also assessed using FFE-FVS.  Simulations were performed to 

examine both the immediate and long-term effectiveness of treatment.  Inputs into the 

simulator included standing tree information and down woody fuel distribution, 

collected during field studies, for both pre- and post-treatment stand characteristics.  

The whole tree removal scenario (TR) was not simulated for the Biddle Pass stand.  In 

summary, Biddle Pass simulations were: 

1. (Pre): pre-treatment standing tree and surface fuel conditions without 

treatment (control), and 

2. (Post): post-treatment stand conditions that included thinning by 

masticating/mulching standing dead trees <10 inches DBH and treating 

surface fuel as prescribed. 

 
5.4.2.2.1 Immediate Effectiveness 

As for the Tenino site, historic 98th percentile weather conditions from the 

nearest RAWS station, defined by wind speed, temperature, and fuel moisture were 

used as simulation inputs.  FFE keyword SIMFIRE was used to simulate fires for each 

stand and subunit/machine combination.  Effectiveness, per subunit, was assessed 

through the difference in model output using a burn conditions report, a fuel 

consumption report, and a mortality report. 
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Table 5.12 shows the average predicted fire behavior per subunit during time-

zero conditions for both pre- and post-treatment conditions.  As a result of treatment 

the following variables were predicted to increase in all subunits: mid-flame wind 

speed, flame length, scorch height, crowning index, and the percent of trees crowning.  

Average smoke production was predicted to increase in SBE subunits and slightly 

decrease or remain the same in FTM subunits.  The expected fire type (100% passive 

crown fire) remained constant between pre- and post-treatment stand conditions for all 

subunits.  This indicates that the treatment did not reduce the likelihood of crown fire 

in subunits treated by either machine. 

 
Table 5.12: Predicted behavior and effects of fires per subunit (immediately 
following treatment) for each machine and stand simulation at the Biddle Pass 
study site. N=4-SBE, 3-FTM1.   
 SBE FTM 
 Pre Post Pre Post 
Mid-flame wind (mph) 1.8 2.0 2.1 2.3 
Flame length (ft) 13.8 22.3 15.2 21.2 
Scorch height (ft) 86.6 148.2 92.8 134.2 
Crowning index (mph) 17.7 20.2 18.6 20.6 
Fire type     
     Surface (%) 0 0 0 0 
     Passive (%) 100 100 100 100 
Smoke (tons per acre)     
     <2.5 microns 0.37 0.40 0.34 0.33 
     <10 microns 0.43 0.47 0.39 0.39 
Trees crowning (%) 47.8 49.3 49.7 52.0 

1SBE=swing-boom excavator, FTM=flexible tracked mulcher, Pre=pre-treatment, Post=post-treatment. 
 

The average change in immediate fire behavior as a result of treatment (post-

treatment – pre-treatment) for subunits treated by each machine and significant 

differences between machines is displayed in Table 5.13.  Significant differences 

between machines were found for average scorch height and smoke production.  

Scorch height was increased significantly more (p=0.0352) in SBE subunits (61.60 ft) 

than FTM subunits (41.40 ft).  The average difference of 20.2 ft is likely due to the 

increased amount of surface fuel generated by the SBE.  In addition, changes in 

potential smoke production were significantly different between machines in both 
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particle size classes.  Interestingly, potential smoke was increased in SBE subunits and 

decreased in FTM subunits when compared to untreated predictions.  Changes in 

crowning index and the percent of trees crowning were marginal as a result of 

treatment, with no significant differences found between machines.  Average flame 

length was increased substantially in subunits treated by each machine (SBE: 8.53 ft, 

FTM: 5.97 ft), although the difference between machines was not statistically 

significant (p=0.0802) at α=0.05.   

 
Table 5.13: Average change (Δ) in immediate fire behavior as a result of 
treatment (post-treatment – pre-treatment) per subunit for each machine and 
one-way ANOVA differences between machines at the Biddle Pass study site. 
N=4-SBE, 3-FTM1.   
 SBE FTM    
 Post-Pre (Δ) Post-Pre (Δ) F p Sig. Diff.
Mid-flame wind (mph) 0.15 0.17 0.14 0.7210  
Flame length (ft) 8.53 5.97 4.79 0.0802  
Scorch height (ft) 61.60 41.40 8.20 0.0352 √ 
Crowning index (mph) 2.45 2.03 0.18 0.6902  
Smoke (tons per acre)      
     <2.5 microns 0.033 -0.010 56.30 0.0007 √ 
     <10 microns 0.040 -0.007 40.00 0.0014 √ 
Trees crowning (%) 1.50 2.33 0.06 0.8148  

1SBE=swing-boom excavator, FTM=flexible tracked mulcher, Post=post-treatment, Pre=pre-treatment, 
Sig. Diff.=significant difference between the machines at α=0.05. 

 

Predicted surface fuel consumption for each machine/simulation is displayed in 

Figures 5.32 – 5.33.  In all subunits, total surface fuel consumption was greatest for 

the post-treatment stand (43.0 tons per acre in SBE subunits and 34.5 tons per acre in 

FTM subunits).  Average consumption per subunit was increased by 58% in SBE 

subunits and 30% in FTM subunits due to treatment.  For each surface fuel category 

>3 inches in diameter, average consumption decreased due to treatment for both 

machines.  Similar to Tenino results, consumption increased substantially for fuel <3 

inches in diameter.  This finding was consistent in subunits treated by each machine 

with an average increase of 22.6 tons per acre in SBE subunits and 14.8 tons per acre 

in FTM subunits.  The contribution of this fuel class to the overall post-treatment 
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consumption was 66% in SBE subunits and 64% in FTM subunits.  This result 

suggests that the surface fuel silvicultural prescription specifying residual fuel <3 

inches in diameter was effective in reducing piece size and resulting fuel consumption 

during potential fires.   
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Figure 5.32: Average surface fuel consumption in SBE subunits, by down woody 
fuel category, of a fire occurring during 98th percentile weather conditions in the 
pre- and post-treatment stands at the Biddle Pass site. 
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Figure 5.33: Average surface fuel consumption in FTM subunits, by down woody 
fuel category, of a fire occurring during 98th percentile weather conditions in the 
pre- and post-treatment stands at the Biddle Pass site. 

 

Potential mortality from fires occurring immediately after treatment was 

assessed for each simulation and machine/subunit combination.  The pre- and post-

treatment stands for each machine are compared in Figure 5.34.  Results show 

practically no reduction in fire induced mortality during 98th percentile weather 

conditions due to treatment for subunits treated by either machine.  The largest 

difference between machines was in the 20-30 inch DBH class with FTM subunits 

predicted to experience lower levels of mortality (33% vs. 45% for SBE subunits).  

However, mortality during pre- and post-treatment conditions was constant for each 

machine, indicating no treatment effect.  As for trees <20 inches DBH, near 100% 

mortality was predicted for both basal area and volume in subunits treated by each 

machine, both pre- and post-treatment.  Based on simulator predictions, during the 

most severe weather conditions (98th percentile), the masticating/mulching treatment 



 320

was largely unsuccessful in reducing mortality for fires occurring immediately 

following treatment.  This finding indicates that significantly more trees should have 

been treated for an effect on potential mortality to occur.       
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Figure 5.34: Average fire induced mortality per subunit by tree size/density 
measure predicted to occur during 98th percentile weather conditions in the pre- 
and post-treatment stands for each machine at the Biddle Pass site. 
 
 
5.4.2.2.2 Long-term Effectiveness 

Assessment of the long-term effectiveness for altering fire behavior during 98th 

percentile weather conditions in the Biddle Pass stand was performed through the 

evaluation of FFE-FVS output for a 20 year period following treatment.  As for the 

Tenino stand, five-year intervals were used to assess output from the simulated 

potential fire report (POTFIRE) that included flame length, crowning index, fire type, 

potential mortality, and smoke production.   
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From Table 5.14, passive crown fire was predicted for all assessment periods, 

both pre- and post-treatment, for subunits treated by each machine.  This trend, 

established during immediate effectiveness analysis, persisted throughout the 20-year 

assessment period.  Therefore, the prescribed treatment did not reduce the likelihood 

of crown fire for any subunit or time period.     

Potential fire induced mortality, measured as the percent of basal area killed, is 

also shown in Table 5.14 for each machine, simulation, and assessment period.  As 

with fire type, potential mortality remained nearly constant over all periods and 

subunits.  Mortality was predicted to decrease marginally in 2024, but the change is 

largely insignificant in terms of fire effects.   

Table 5.15 shows the average change in potential long-term fire behavior per 

subunit (post-treatment – pre-treatment) due to treatment.  In SBE subunits, average 

flame length increased in assessment periods 2004, 2009, and 2014.  Beginning in 

2019, flame lengths were predicted to decrease due to treatment.  This is likely due to 

surface fuel treatment and subsequent decomposition that began to produce positive 

results 15 years after treatment.  The same trend was found in subunits treated by the 

FTM with favorable results beginning 5 years earlier, in 2014.  This finding is likely 

related to the smaller residual surface fuel piece size produced by the FTM as shown 

in Tables 5.10 and 5.11. 
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Table 5.14: Predicted potential fire type and mortality (% of basal area killed), 
evaluated in five periods, during 98th percentile weather conditions for both 
machines in the pre- and post-treatment stands.   
  Assessment Period (year) 
 Potential Fire Type 2004 2009 2014 2019 2024

     Pre-treatment      
          Surface (%) 0 0 0 0 0 
          Passive (%) 100 100 100 100 100 
     Post-treatment      
          Surface (%) 0 0 0 0 0 

SBE1 
Subunits 

          Passive (%) 100 100 100 100 100 
     Pre-treatment      
          Surface (%) 0 0 0 0 0 
          Passive (%) 100 100 100 100 100 
     Post-treatment      
          Surface (%) 0 0 0 0 0 

FTM2

Subunits 

          Passive (%) 100 100 100 100 100 
 Potential Mortality (% BA)3      

     Pre-treatment 99.0 99.0 99.0 99.0 98.8 SBE1 
Subunits      Post-treatment 99.0 99.0 98.8 98.8 98.3 

     Pre-treatment 99.0 99.0 99.0 99.0 99.0 FTM2

Subunits      Post-treatment 99.0 99.0 99.0 99.0 98.7 
1SBE=swing-boom excavator, N=4. 
2FTM=flexible tracked mulcher, N=3. 
3BA=basal area. 

 

Average crowning index was increased marginally due to treatment in all 

subunits with positive effects declining slightly through time.  The change in crowning 

index was higher in SBE subunits over all assessment periods, although no differences 

were statistically different between machines.  The average percent of basal area killed 

decreased in 3 of 5 periods in areas treated by the SBE, whereas, only 1 of 5 periods 

showed average decreases in FTM subunits.  However, changes in overall mortality 

were virtually non-existent over all periods and subunits indicating no positive effects 

due to treatment.           
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Table 5.15: Average change (Δ) in long-term fire behavior and effects as a result 
of treatment (post-treatment – pre-treatment) per subunit for each machine and 
one-way ANOVA differences between machines at the Biddle Pass study site. 
N=4-SBE, 3-FTM1.   
 SBE FTM  
 Post-Pre (Δ) Post-Pre (Δ) p 
Flame length (ft)    
     2004 8.53 5.97 0.0802
     2009 4.28 2.20 0.1341
     2014 0.83 -0.73 0.1565
     2019 -2.53 -2.57 0.9653
     2024 -4.10 -3.77 0.7217
Crowning index (mph)    
     2004 2.45 2.03 0.6902
     2009 2.45 2.03 0.6902
     2014 2.23 2.17 0.9538
     2019 2.23 2.17 0.9538
     2024 2.08 1.97 0.9121
Mortality (% BA killed)    
     2004 0.00 0.00 ― 
     2009 0.00 0.00 ― 
     2014 -0.25 0.00 0.4366
     2019 -0.25 0.00 0.4366
     2024 -0.50 -0.33 0.8090

1SBE=swing-boom excavator, FTM=flexible tracked mulcher, Post=post-treatment, Pre=pre-treatment, 
BA=basal area. 

 

When all subunits were combined, irrespective of machine, average flame 

length was predicted to be significantly higher, due to treatment, in 2004 (Figure 

5.35).  The trend persisted until 2019 when average flame lengths began to decline due 

to treatment, although the decline was not statistically significant with 95% confidence 

intervals overlapping during all periods except 2004.  This indicates that the effect of 

added surface fuel may begin to decline in 2014, although the trend is not conclusive.   
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Figure 5.35: Average flame length (ft) and 95% confidence intervals, per subunit 
(N=7), for potential fires evaluated in five periods for the pre- and post-treatment 
stand conditions at the Biddle Pass site. 
 

Average crowning index and 95% confidence intervals per subunit for each 

simulation are shown in Figure 5.36.  Based on hazard ratings by Fielder et al. (2002), 

average crowning index for each simulation was predicted to remain in the high 

hazard zone (<25 mph) over all assessment periods.  Although post-treatment 

crowning index was consistently higher when compared to the pre-treatment stand, 

results indicate no significant difference between the simulations for any period.  

Interestingly, within a simulation, crowning index remained constant for the 20-year 

period with slight variations in confidence limits.  Pre-treatment values were predicted 

to average 18.1 mph with post-treatment values averaging 20.3 mph.  The consistency 

of crowning index over time indicates that the stand will remain in the high hazard 

zone with little fluctuation due to treatment.  Based on this analysis, significantly more 

trees per acre would need treatment to move crowning index into the moderate hazard 

zone.          
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Figure 5.36: Average crowning index (mph) and 95% confidence intervals, per 
subunit (N=7), for potential fires evaluated in five periods for the pre- and post-
treatment stand conditions at the Biddle Pass site. Hazard zones reflect those 
from Fielder et al. (2002) with a low hazard zone >50 mph, moderate hazard 
between 25 and 50 mph, and high hazard <25 mph. 
 

Estimated average smoke production per subunit from potential fires for each 

simulation is shown in Figure 5.37.  Results indicate that average smoke production 

from fires during 98th percentile weather conditions would be slightly higher 

immediately after treatment and begin to decline by 2009.  The decline becomes 

statistically significant 10 years after treatment and continues through 2024.  This 

highlights other findings in that the effects of additional surface fuel may begin to 

diminish 5-10 years following treatment.  Without treatment, smoke production was 

predicted to increase over time, up to 0.50 tons per acre in 2024.  The 

masticating/mulching treatment kept potential smoke production fairly constant with 

averages for all periods <0.40 tons per acre.    
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Figure 5.37: Average potential smoke production <2.5 microns (tons per acre) 
and 95% confidence intervals, per subunit (N=7), for potential fires evaluated in 
five periods for the pre- and post-treatment stand conditions at the Biddle Pass 
site. 

 

 
5.5 Conclusions 

Based on this analysis, the following conclusions can be drawn in regards to 

the five research questions addressed in the study.   

Question 1: How effective is each machine in completing the silvicultural 

prescriptions? 

At the Tenino study site, results indicate that target residual trees per acre 

calculations were consistent throughout each subunit.  When all diameter classes were 

combined, average deviations from target values were 24.0 trees per acre for the SBE 

and 25.3 for the FTM.  One-way ANOVA indicated that the average deviation from 

target values between machines was not significantly different for any diameter class 

analyzed.  This finding implies that the machines performed almost identical 
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treatments and were equally successful in meeting trees per acre prescription 

requirements.  As noted earlier, due to an inexperienced operator, leave trees were 

marked in FTM subunits.  In SBE subunits, trees were selected solely by the operator, 

due to his experience level.  Tree marking and the use of an additional spotter in FTM 

subunits contributed to tree selection success and minimized the contrasting levels of 

operator experience prior to the study.  Even though slightly fewer trees were treated 

than prescribed, for both machines, the difference between machines is marginal and 

deviations are more likely due to prescription interpretation and tree measurement 

consistency.  It is also important to note that target trees per acre values were based on 

theoretical calculations and do not represent exact estimates of desired residuals.  

However, the procedure was used consistently for each machine/subunit combination 

and resulting deviations were comparable. 

As prescribed, shrub percent cover was also substantially reduced at the 

Tenino site.  Residual shrub cover was 3.88% for the SBE and 3.29% for FTM 

subunits.  Overall shrub cover was reduced 17.85% by the SBE and 18.05% by the 

FTM.  No significant differences were found between the machines which suggest that 

each was able to effectively mulch shrubs while performing the prescription.  Since 

shrub height was not measured after treatment, no comparisons were made regarding 

compliance with the 6 inch shrub height criteria.       

According to prescription requirements, no surface fuel larger than 3 inches in 

diameter should have remained following treatment.  At Tenino, neither machine 

successfully met this criterion.  For the SBE, 0.04 pieces per 1-foot of 1000-hour fuels 

were measured post-treatment.  Similarly, an average of 0.03, 1000-hour pieces per 1-

foot was estimated in FTM subunits.  The difference in means between machines was 

not statistically significant (F=3.73, p=0.0738).  Not only did 1000-hour pieces remain 

after treatment, the number of pieces increased beyond pre-treatment levels in both the 

SBE and FTM subunits.  However, the average 1000-hour piece size decreased for 

both machines and led to a reduction in the number of tons per acre in the 1000-hour 

class.  Had penalties been imposed for non-compliance of the piece-size constraint, 
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operators would have likely paid closer attention to residual piece size.  However, as 

piece size decreases, operating time increases.  The reduction in machine productivity 

versus penalties for non-compliance must be considered by contractors when planning 

treatment approaches.      

At Biddle Pass, when all trees per acre were combined, average deviations 

from target residual values were 136.5 trees per acre for the SBE and 87.9 for the 

FTM.  The difference between machines was statistically significant (p=0.0447).  This 

finding implies that the FTM was significantly more successful in meeting total target 

trees per acre requirements than the SBE.  However, no significant differences 

between machines were found for the other analyzed categories: 1) dead trees <10 

inches DBH (p=0.1960), and 2) all other – all live trees and dead trees ≥10 inches 

DBH (p=0.0923).  Considerable differences were detected in each category but 

extreme variation made significant differences difficult to detect.  For each category, 

average deviations from target values were higher for the SBE (dead trees <10 inches 

DBH: 37.1 trees per acre, all other: 76.6 trees per acre).         

Overall, at Biddle Pass, both machines removed more trees than prescribed, 

which is explained by the inadvertent treatment of live trees and dead trees ≥10 inches 

DBH.  The significantly higher deviation for the SBE may be due to tree selection 

difficulty associated with denser initial stand conditions.  Determining mortality status 

from the machine cab was difficult due to the range of mortality conditions throughout 

the stand.  For example, trees containing both live and dead foliage may have 

appeared totally dead from the machine cab.  The additional crewperson (spotter) used 

by the FTM likely contributed to increased tree selection accuracy.  Had target trees 

been marked prior to treatment, the SBE operator may have experienced less 

difficulty.  Therefore, when individual tree selection prescriptions are employed in 

dense stand conditions, we recommend intensively marking target trees in order to 

avoid operator confusion and possible prescription non-compliance.  However, the 

opportunity cost of additional labor must be considered in relation to the expected 

benefits.             
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Results from the surface fuel survey at Biddle Pass, similar to Tenino findings, 

indicate that neither machine was able to successfully meet the criterion of reducing 

all fuel to less than the 1000-hour fuel class.  For the SBE, 0.03 pieces per 1-foot of 

1000-hour fuels were measured post-treatment.  Similarly, an average of 0.02, 1000 

hour pieces per 1-foot was estimated in FTM plots.  The difference in means between 

machines was statistically significant (F=6.86, p=0.0134) with the SBE leaving 

significantly more 1000-hour pieces per foot than the FTM.  Even though 1000-hour 

pieces remained after treatment, the number of pieces decreased from pre-treatment 

levels in both the SBE and FTM plots.  As a result, the tons per acre of 1000-hour fuel 

also decreased for each machine.  

Question 2: What is the distribution of residual down woody fuel piece sizes produced 

by each machine? 

Following treatment of the Tenino stand, an average of 14.5 pieces of surface 

fuel per 1-foot remained in SBE subunits versus an average of 11.8 in FTM subunits.  

Piece size distribution in SBE subunits was: 1000-hour: 0.25%, 100-hour: 6.42%, 10-

hour: 10.34%, and 1-hour: 82.96%.  In FTM subunits the distribution was: 1000-hour: 

0.23%, 100-hour: 4.04%, 10-hour: 8.83%, and 1-hour: 86.91%.  In terms of tons per 

acre of surface fuel after treatment, SBE subunits averaged a total of 34.9 tons per acre 

versus 22.7 for the FTM.  Although the non-commercial treatment added a significant 

amount of surface fuel, results suggest that the FTM is capable of producing smaller 

pieces which may be beneficial for minimizing surface fire intensity.  Tons per acre 

distribution in SBE subunits were: 1000-hour: 11.00%, 100-hour: 49.85%, 10-hour: 

15.05%, and 1-hour: 24.10%.  In FTM subunits the distribution was: 1000-hour: 

13.00%, 100-hour: 39.19%, 10-hour: 16.09%, and 1-hour: 31.72%.      

At Biddle Pass, where initial surface fuel consisted of larger pieces, an average 

of 12.0 pieces of surface fuel per 1-foot remained in SBE plots versus an average of 

13.9 in FTM plots.  Piece size distribution in SBE plots was: 1000-hour: 0.27%, 100-

hour: 13.76%, 10-hour: 12.82%, and 1-hour: 73.14%.  In FTM plots the distribution 

was: 1000-hour: 0.12%, 100-hour: 7.44%, 10-hour: 9.02%, and 1-hour: 83.42%.  In 
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terms of tons per acre of surface fuel after treatment, SBE plots averaged a total of 

46.5 tons per acre versus 34.4 for the FTM.  Tons per acre distribution in SBE plots 

were: 1000-hour: 9.12%, 100-hour: 66.14%, 10-hour: 11.55%, and 1-hour: 13.18%.  

In FTM subunits the distribution was: 1000-hour: 7.56%, 100-hour: 56.09%, 10-hour: 

12.75%, and 1-hour: 23.60%.      

Question 3: Are there statistically significant differences in residual piece sizes 

between the machines? 

For the Tenino site, statistically significant differences between the machines 

were found in the number of residual pieces in the 100- and 10-hour fuel classes.  For 

these two classes, the SBE added significantly more pieces during treatment than the 

FTM.  However, the total number of pieces added was not significantly different 

between the machines (F=2.55, p=0.1323).  Significantly more tons per acre in the 

100- and 10-hour classes were also added by the SBE.  In contrast to the number of 

pieces, statistically significant differences were found in the total tons per acre added 

during treatment which highlights the relationship between piece diameter and weight.  

On average the SBE added 23.1 tons per acre versus 9.1 for the FTM (F=6.26, 

p=0.0253).  As discussed earlier, this result is partially due to the front mounted head 

design of the FTM and the subsequent mixing of surface fuel into the topsoil. 

Statistically significant differences between the machines were found in the 

number of post-treatment pieces in the 1000-, 100-, and 1-hour fuel classes at Biddle 

Pass.  In the 1000- and 100-hour classes, SBE plots averaged more pieces and in the 1-

hour class FTM plots contained more pieces, as expected.  The number of pieces 

added during treatment was only significantly different between the machines for the 

100-hour fuel class with significantly more pieces added by the SBE.  However, 

neither the total number of post-treatment pieces recorded (p=0.2672) nor the number 

added (p=0.5980) were significantly different between the machines.  In terms of tons 

per acre, significant differences between the machines were detected for the 100- and 

1-hour fuel classes following treatment.  The SBE left significantly more fuel in the 

100 hour class whereas the FTM left more fuel in the 1-hour class.  As for the number 
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of pieces added, tons per acre added were only significantly different between the 

machines for the 100-hour class.  The SBE added almost two times the amount of fuel 

in this class as did the FTM.  On average the SBE added 26.3 total tons per acre versus 

12.6 for the FTM.  Although the difference is substantial, no significant differences 

between machines were detected due to excessive variation.  For example, high 

coefficients of variation were found for each machine (SBE: 93%, FTM: 179%).  

More sampling plots and/or transects would have been necessary to decrease variation 

and gain additional statistical power. 

Question 4: Does the use of non-commercial mechanical forest fuel reduction systems 

improve fire resiliency at the stand level? 

 Based on FFE-FVS simulations immediately following treatment of the Tenino 

stand (2004), during 98th percentile weather conditions, the masticating/mulching 

treatment increased average mid-flame wind speed, flame length, and scorch height.  

Increases in these variables indicate elevated intensity of surface fires and resulting 

negative effects which can be attributed to the additional surface fuel added during 

treatment.  However, common indicators of fire hazard such as torching and crowning 

index were positively increased which suggests an average decrease in crown fire 

potential if surface fires were to occur.  Also, the average potential smoke production 

and the percent of trees crowning was decreased due to treatment.  Fire type 

predictions remained constant in areas treated by the SBE and a marginal decrease in 

crown fire potential was estimated for FTM subunits.  This finding is likely due to the 

increased soil scarification and smaller residual surface fuel in FTM subunits.  Surface 

fuel consumption was greatly increased due to treatment in all subunits with the most 

substantial increase for residual pieces <3 inches in diameter.  With respect to 

potential mortality, the percent of trees, basal area, and volume killed increased due to 

treatment in both SBE and FTM subunits.  The largest increase in mortality was in the 

10-20 inch DBH class and is likely related to increased surface fuel near the base of 

large trees.  Mortality increases are most likely due to increased surface fire intensity, 

since the percent of trees crowning was predicted to decrease.  These results highlight 
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the important contribution of surface fuel to potential fire effects.  At Tenino, the non-

commercial treatment approach led to adverse potential fire effects immediately 

following treatment, especially surface fire intensity.  However, crowning index was 

significantly increased which moved the stand from moderate hazard to low hazard as 

defined by Fiedler et al. (2002).  It appears that fires occurring immediately following 

treatment may burn more intensely as surface fires but overall crowning potential may 

be lessened due to the added stand openness, increased height to live crown, and 

decreases in crown closeness.        

 Analysis of the long-term fire altering effectiveness of the Tenino treatment 

indicates that crown fire potential was slightly reduced immediately and five years 

after treatment.  However, 10 years following treatment, surface fires were predicted 

for both pre- and post-treatment simulations.  Due to added surface fuel, flame length 

was predicted to be significantly higher, given post-treatment conditions, in all 

assessment periods.  Average torching index was slightly increased in 2004 and 2009, 

but began to decrease in 2014 and continued throughout the 20-year period.  A 

common measure of crown fire hazard, crowning index, was significantly increased in 

all periods, which transitioned the stand from moderate hazard to low hazard, based on 

previously established thresholds.  However, crowning index does not use surface fuel 

as a quantifier of risk and therefore may not accurately represent fire hazard in stands 

treated by masticating/mulching.  Average potential smoke production (tons per acre 

<2.5 microns) was significantly decreased, due to treatment, in all assessment periods.  

Arguably the most important indicator of treatment effectiveness, potential fire 

induced mortality, was not significantly altered in any assessment period.  The most 

substantial change was in 2004 when the non-commercial treatment produced higher 

average mortality.     

 Biddle Pass immediate effectiveness simulations indicate only marginal 

changes in fire behavior due to treatment.  Fire type potential remained constant at 

100% passive crown fire and the percent of trees crowning slightly increased.  Due to 

added openness and surface fuel, flame length and scorch height substantially 
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increased in subunits treated by both machines.  Average crowning index was only 

marginally increased due to treating dead trees <10 inches DBH (2.45 mph in SBE 

subunits and 2.03 mph in FTM subunits).  Average surface fuel consumption was 

increased in all subunits with the largest change in residual pieces <3 inches in 

diameter.  Potential mortality remained constant with 99% of basal area predicted to 

be killed for both the pre- and post-treatment conditions.  In summary, the Biddle Pass 

treatment provided no favorable fire resiliency effects when compared to pre-

treatment simulations immediately following treatment.  It appears that any benefits 

gained through the treatment of dead trees were offset by the effects due to added 

surface fuel.       

 In the long-term Biddle Pass effectiveness analysis, results indicate that over 

the 20-year assessment period only marginal changes in fire behavior were evident, 

similar to the immediate analysis.  In all subunits, fire type remained constant at 100% 

passive crown fire during all assessment periods.  Potential fire induced mortality also 

remained at detrimental levels decreasing only to 98.3% of basal area killed in SBE 

subunits 20 years after treatment.  However, some evidence suggests that the negative 

effects of added surface fuel may begin to subside over time.  For example, average 

flame length began to decrease as a result of treatment in 2019.  Potential smoke 

production followed the same trend, although beginning in 2009 with declines 

becoming statistically significant in 2014.  As mentioned earlier, these long-term 

effects of treatment are likely due to surface fuel decomposition and the fact that few 

pieces >3 inches in diameter remained after treatment (Tables 5.10 and 5.11).           

Question 5: What are the effects of mastication versus whole-tree removal for altering 

fire behavior over time? 

 At the Tenino site, a whole-tree removal simulation (TR) was used to assess 

the fire behavior effects of masticating/mulching versus a more traditional pre-

commercial thinning approach.  Immediately following treatment, fire type probability 

remained constant in FTM subunits with whole tree removal increasing surface fire 

likelihood by 50% in SBE subunits.  When all subunits were combined, significant 
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differences in potential mortality were detected in the 10-20 inch DBH class, percent 

of basal area, and percent of volume killed.  In each category, the TR treatment 

produced significantly less potential mortality than the masticating/mulching 

treatment.   

 With respect to long-term fire behavior, the TR and post-treatment simulations 

produced similar flame lengths in each period except 2004 when flame lengths were 

significantly lower due to a whole-tree removal scenario.  Average torching index 

values were slightly higher in the TR simulation for each period except 2024 with the 

difference between the treatments diminishing over time; however, no differences 

were statistically significant.  The percent of basal area killed during potential fires 

was also similar between the two simulations with the only significant difference in 

2004 when TR produced significantly lower mortality.  In summary, analysis of fire 

behavior variables indicates that the largest difference between the post and TR 

treatments was in 2004, immediately following treatment.  Potential fire effects 

between the treatments become more similar over time which can be attributed to 

surface fuel decomposition.  More research is necessary to determine if 

masticating/mulching treatments can provide favorable fire altering effects as time 

since treatment increases.  Results here suggest that non-commercial treatments may 

produce higher intensity surface fire initially, with adverse effects diminishing over 

time.  It is unclear if positive effects could be gained over a longer assessment period, 

when the initial surface fuel treatment may prove beneficial.            

 

5.5.1 Summary 

Results from this study establish baseline information on the most 

understudied approach to mechanically treating forest fuels.  The comparison of two 

non-commercial machine designs provided insight on the relative strengths and 

weaknesses of each machine.  In addition, fire behavior simulation revealed important 

information concerning potential fire effects from masticating/mulching versus no 

treatment and whole tree removal scenarios. 
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Results suggest that the machines were equally successful in meeting residual 

trees per acre requirements in the wide-spacing Tenino treatment with slightly fewer 

trees treated than prescribed.  In contrast, at the Biddle Pass site, the FTM was 

significantly more successful in meeting tree removal requirements and highlighted 

the importance of tree marking when working in tight individual-tree selection 

prescriptions.  In terms of down woody fuel, neither machine was successful for 

meeting prescription criteria of reducing all surface fuel to less than three inches in 

diameter.  Meeting this criterion has important machine productivity implications 

since more time is required to reduce surface fuel into smaller pieces and leads to 

decreased productivity and increased cost.  Without imposing penalties for non-

compliance, operators are likely to choose productivity over meeting exact 

prescription requirements.  In addition, due to the differences in head design, the FTM 

was able to produce significantly smaller pieces of surface fuel, although not required 

by the prescription. 

The smaller surface fuel piece size and additional soil scarification due to the 

drive-to-tree design of the FTM led to some fire behavior benefits including reduced 

surface fire intensity immediately following treatment.  However, few benefits were 

detected in relation to improving fire resiliency.  Immediately following treatment, 

potential fire effects were more severe or remained constant.  Some benefits emerged 

as time after treatment increased, although marginal.  In most cases, thinning 

understory or dead trees did not provide enough benefits to offset increased fire line 

intensity due to the surface fuel added during treatment.  The TR scenario was more 

effective for initially reducing fire effects; however, potential effects approached those 

predicted for the masticating/mulching treatment as surface fuel decomposition 

intensified.              

Non-commercial treatments do not adhere to the principles of fire resiliency as 

outlined by Brown et al. (2004).  The treatments do not actually remove fuel from the 

forest, and generate significant amounts of surface fuel.  Therefore, more 

comprehensive tree spacing prescriptions are necessary.  For non-commercial 
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approaches to be as successful as whole-tree removal treatments, more trees must be 

treated, height to live crown must be significantly increased, and crown closeness 

must be decreased.  Overall, results from this study indicate that non-commercial 

forest fuel reduction treatments may affect fire behavior in the following ways: 

 Surface fuel added during treatment will increase surface fire intensity and 

may lead to higher flame lengths and scorch heights.  Mortality may also 

occur in larger diameter classes due to smoldering caused by surface fuel 

accumulation near the base of trees. 

 More intense surface fires may increase torching probability until surface 

fuel decomposition is adequate to reduce fire line intensity. 

 However, active crowning likelihood can be successfully decreased if 

treatments adequately space residual trees so that the height to live crown is 

increased, crown closeness is decreased, and small-diameter classes (fire 

ladders) are adequately spaced away from dominant overstory trees. 

In summary, as with all computer generated results, it is important to note that 

simulator output used in this study was based on a wide array of assumptions and 

should be used cautiously.  To optimally quantify treatment effectiveness, studies of 

treated stand performance following wildfire are necessary.  In addition, this study 

investigated one machine in each of two broad categories of equipment design: 1) 

drive-to-tree, and 2) swing-to-tree.  This approach was taken to build baseline 

information for each design category.  To gain more precise estimates of machine and 

treatment effectiveness, future studies should investigate multiple machines within a 

design category over a range of stand and prescription requirements.   
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6.0 CONCLUSIONS 
 
 Results presented in this dissertation build information on the capabilities, 

limitations, and applicability of mechanical approaches to modifying forest fuel 

structure to reduce wildfire hazard.  Both integrated commercial (fuel reduction and 

commercial thinning, Chapter 2) and purely non-commercial fuel reduction systems 

(Chapters 3-5) were studied throughout Oregon while performing silvicultural 

prescriptions in various stand types and fuel loading conditions.  For each system 

studied, an integrated approach was taken to investigate: 1) soil disturbance, 2) 

productivity and cost, and 3) machine and silvicultural treatment effectiveness (Figure 

6.1).       

 

 

SSooiill  DDiissttuurrbbaannccee EEffffeeccttiivveenneessss  

TTrreeaattmmeenntt 
EEccoonnoommiiccss

Figure 6.1: The three overarching topic areas addressed in this dissertation. 
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 This study is the first of its kind to integrate an investigation of multiple 

decision making variables into a comprehensive study of mechanical forest fuel 

reduction activities.  Discoveries made in this dissertation provide baseline 

information on approaches to mechanically altering forest fuel and will facilitate 

decision making by forest managers, landowners, and scientists.  General conclusions 

and flowcharts of key findings for each overarching topic area are summarized in the 

following sections.  Flowcharts are designed to provide the forest manager with 

system selection information based on key variables in each topic area.  Each decision 

criteria variable is subdivided into 2-3 broad categories of common stand 

characteristics or prescription criteria.  The flowchart may be interpreted by beginning 

at the upper-left corner, locating an appropriate decision variable, proceeding through 

the suitable stand characteristics or prescription criteria and ending with a system 

selection recommendation.  System selection is based on those analyzed in this study 

and were defined as: 1) integrated commercial systems / whole-tree removal, 2) non-

commercial systems (swing-to-tree design), and 3) non-commercial systems (drive-to-

tree design).  However, Figure 6.4 (potential fire behavior) was constructed for only 2 

options: 1) integrated commercial systems, and 2) non-commercial systems.  Finally, 

based on study results and past experience, a summary of general advantages and 

disadvantages related to each mechanical system and topic area is presented in Table 

6.1.    

 

6.1 Soil Disturbance from Mechanical Forest Fuel Reduction 

 The following is a list of important considerations and key findings in relation 

to soil disturbance generated from mechanical forest fuel reduction activities.  Key 

variables of system selection consideration are also displayed graphically in Figure 

6.2.   

 Soils with high initial soil strength (either from past mechanical entries or inherent 

soil properties) are least likely to be significantly impacted during treatment. 
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 Treatments should be scheduled during periods when soil moisture is low to 

prevent possible compaction and deep disturbance such as rutting. 

 Treatments performed on soils with a high resistance to penetration and low soil 

moisture are unlikely to significantly affect soil physical properties. 

 Integrated commercial systems performing whole tree removal should utilize 

previously formed skid trails and travel corridors to minimize soil impacts. 

 Wide tree spacing prescriptions minimize the amount of maneuvering required by 

fuel reduction machines and therefore reduce soil churning and displacement 

caused by frequent turning.   

 Individual tree selection prescriptions require machines, especially drive-to-tree 

designs, to maneuver between leave trees often resulting in soil churning and 

displacement.  

 Prescriptions requiring both standing tree and surface fuel treatment will likely 

generate more soil disturbance than treatments targeting only standing trees.  This 

is due to the additional stand travel required to masticate/mulch shrubs and/or down 

woody debris.  In addition, surface fuel treatment often requires mulching heads to 

contact the soil surface, contributing to soil churning and displacement.   

 Drive-to-tree non-commercial machines commonly mulch target trees while 

simultaneously treating surface fuel, generating more soil disturbance than the top-

down approach to mulching used by swing-to-tree machines.   

 Swing-to-tree machines have the ability to treat surface fuel and target trees 

independently and can therefore better regulate head contact with the soil surface, 

further reducing soil disturbance. 

 As a result of the larger surface fuel piece sizes produced by swing-to-tree 

machines, a layer of down woody debris may be available to cushion machine 

travel and further minimize soil disturbance. 

 Experienced swing-to-tree machine operators may use the machine’s boom as 

support to reposition the tracks in a desirable direction.  This procedure minimizes 

abrupt turns and can be effective for reducing soil disturbance. 
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 Figure 6.2 graphically displays general soil disturbance findings and system 

selection recommendations in relation to 4 common decision criteria: 1) soil moisture 

content, 2) initial soil strength, 3) standing tree treatment prescription, and 4) surface 

fuel treatment prescription.  The recommended system(s) provide the best opportunity 

to minimize soil disturbance during fuel reduction treatments.  In some cases such as 

low soil moisture conditions, high initial soil strength, and wide tree spacing 

prescriptions, little difference between systems is expected.     

 

Soil Moisture

Initial
Soil Strength

Tree Rx
Criteria

1, 2, 3

1, 2

Wide Spacing

Individual Tree Selection

Machine / System Definitions
1 - Integrated Commercial Systems / Whole Tree Removal
2 - Non-commercial Systems (Swing-to-tree Design)
3 - Non-commercial Systems (Drive-to-tree Design) 

1, 2, 3Low

2Moderate

NoneHi

2Low

1, 2Moderate

1, 2, 3Hi

2Initially SparseShrub Treatment
Surface Fuel
Rx Criteria

2Residual Small Pieces

2, 3

2, 3Initially Dense

Down Woody Fuel Treatment

Residual Large Pieces

 
Figure 6.2: Flowchart of key findings related to the soil disturbance effects of 
mechanical forest fuel reduction. 
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6.2 Mechanical Forest Fuel Reduction Productivity and Costs 
 
 The following is a list of important considerations and key findings in relation 

to system productivity and cost when analyzing mechanical forest fuel reduction 

activities.  Key variables of consideration and equipment selection recommendations 

are also displayed graphically in Figure 6.3. 

 Integrated commercial systems (fuel reduction and commercial thinning) provide 

the opportunity to generate revenue through the utilization and sale of previously 

non-merchantable small diameter trees and slash material to cover all or a portion 

of fuel reduction treatment cost. 

 Based on results from the integrated commercial study, harvesting and processing 

non-merchantable trees increased total costs by $1,193 per acre and decreased 

profit by $969 per acre.  As observed, the integrated operation produced a net cost 

of $97 per acre.  From a biomass harvesting perspective, removing only the non-

merchantable portion of the stand would have resulted in a net cost of $969 per 

acre.  Thinning merchantable trees subsidized costs and decreased the net loss by 

$872 per acre. 

 If merchantable trees were not removed, the $969 per acre loss would have been 

cost prohibitive and infeasible without subsidy.  By integrating the harvesting 

system to include both non-merchantable and merchantable tree removal, the 

resulting net loss was lessened from $969 to $97 per acre.  These results indicate 

that more merchantable trees would have had to be removed to make a biomass 

harvesting approach profitable.  Removing more merchantable trees may have also 

been beneficial from a fire hazard reduction perspective as discussed in Chapter 2.   

 Non-commercial approaches to forest fuel reduction do not presently have the 

ability to extract trees for sale and generate revenue.  Therefore, these systems 

produce a total cost to the landowner and are justified only if future fire resiliency 

is improved.  In areas lacking fuelwood processing facilities, non-commercial 

treatments may be the most suitable approach for mechanically altering standing 

and/or surface fuel structure.   
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 Results from Chapter 5 highlight factors that affect the productivity and cost of two 

different non-commercial machine designs.  In the wide spacing prescription at 

Tenino, the FTM was approximately twice as productive as the SBE.  However, 

large differences in purchase prices and operating costs allowed overall treatment 

costs to be comparable between the machines with no significant differences found.  

At Biddle Pass, the individual tree selection silvicultural prescription favored the 

SBE.  The FTM incurred significant difficulty maneuvering through dense stand 

conditions which considerably reduced productivity.  Costs results, however, 

indicated similarity between the machines which is largely attributed to the 

differences in density and treatment intensity.   

 Tree size is an important factor to consider when selecting forest fuel reduction 

equipment.  The design of the FTM allowed it to operate more productively when 

treating small tightly spaced groups of trees (<8 inches DBH) since it is capable of 

treating multiple trees during a single machine pass.  As tree size increases, the 

FTM incurs difficulty due to the additional time required to “fell” prior to treating 

trees on the ground.  In contrast, the SBE was able to effectively treat larger trees 

due to its top down approach to masticating/mulching.   

 Most integrated commercial felling machines operate more productively when 

felling larger trees (>8 inches DBH) since the machines are designed to fell trees 

with merchantable value.  In addition, integrated commercial systems are not 

designed to treat and/or remove surface fuel.  Opportunities exist for down woody 

fuel removal, but a significant reduction in productivity and increase in cost would 

be incurred.  

 A unique ability of non-commercial machines is their ability to masticate/mulch 

down woody debris along with understory shrubs.  When treating areas with sparse 

shrub cover, the FTM is typically more productive due to its faster travel speed.  

Areas densely covered with shrubs are better suited to the swing-boom design of 

the SBE since it can treat a radius equal to its boom reach from a single machine 

position.   
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 Down woody debris can be effectively treated with either the SBE or FTM.  

However, since surface fuel treatment is an independent activity for the SBE, 

residual piece sizes can be more accurately regulated.  The FTM produces smaller 

residual pieces which may be more intensive than common piece size prescription 

criteria.     

 Figure 6.3 graphically displays general productivity and cost findings and 

system selection recommendations in relation to 5 common decision criteria: 1) 

biomass utilization potential, 2) initial stand density, 3) standing tree treatment 

prescription requirements, 4) size of trees targeted for treatment, and 5) surface fuel 

treatment prescription requirements.  The recommended system(s) provide the best 

opportunity to maximize machine productivity and minimize fuel reduction treatment 

cost.  Surface fuel treatment criteria were only evaluated for masticating/mulching 

systems since integrated commercial systems are not typically designed to treat shrubs 

and/or down woody debris.       
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Figure 6.3: Flowchart of key findings related to the productivity and cost of 
mechanical forest fuel reduction. 
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6.3 Potential Fire Behavior Following Forest Fuel Reduction Treatments 

 The following is a list of important considerations and key findings in relation 

to the expected fire behavior benefits following mechanical forest fuel reduction 

treatments.  Key variables of consideration are also displayed graphically in Figure 

6.4. 

 Findings from the integrated commercial study suggest some changes in fire 

behavior such as a reduction in flame length, scorch height, and smoke production.  

However, these changes were not enough to prevent a passive crown fire during the 

most severe weather. 

 The difference in potential fire induced mortality was only marginal between the 

pre- and post-treatment simulations, but differences related to weather were 

substantial.  For example, during moderate weather conditions, surface fires were 

predicted for both pre- and post-treatment stand characteristics. 

 Results from the integrated commercial all non-merchantable removal (ANM) 

scenario were almost identical to that of the post-treatment characteristics and 

indicated that reducing mortality during severe weather may not be attainable 

through a thinning from below approach. 

 Comprehensive treatments other than thinning from below are necessary to provide 

the best opportunity to reduce mortality from future wildfires. 

 Prescriptions based on merchantable diameter limits may not ensure future fire 

resiliency.  Therefore, non-merchantable biomass harvesting approaches, where 

only small trees are removed, are likely inadequate for successfully reducing 

catastrophic fire hazard, especially during severe weather conditions. 

 The removal of larger diameter trees (eg. >8 inches DBH), often containing 

merchantable value, will reduce crown closeness and subsequent crowning 

likelihood, and provide the potential to generate revenue.     

 The additional surface fuel generated from non-commercial treatments may 

increase surface fire intensity, scorch height, and torching probability immediately 

following treatment.  However, there is some evidence to suggest that these effects 
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may diminish as surface fuel decomposes.  This finding highlights the importance 

of post-treatment maintenance such as controlled prescribed fires after initial 

mechanical treatment. 

 Prescribed fires following non-commercial treatments are necessary to gain full 

treatment benefits and will decrease the likelihood of torching until surface fuel 

decomposition becomes prevalent.  However, fires should be scheduled during 

cool, moist conditions (Fall/Winter) to prevent the adverse effects predicted during 

98th percentile weather. 

 The drive-to-tree and front mounted head design of the FTM produced significantly 

more soil disturbance and scarification at the Tenino site when compared to the 

SBE.  Therefore, residual surface fuel pieces were smaller and more often mixed 

with topsoil.  As a result, areas treated by the FTM may require less post-treatment 

maintenance, such as prescribed fire, than those treated by swing-boom machines.  

However, tradeoffs such as increased soil impacts must be considered, as outlined 

in Chapter 3.      

 The Biddle Pass treatment which targeted the treatment of dead trees <10 inches 

DBH provided no favorable fire resiliency effects when compared to pre-treatment 

simulations immediately following treatment.  It appears that any benefits gained 

through the treatment of dead trees were offset by the effects due to added surface 

fuel. 

 More research is necessary to determine if masticating/mulching treatments can 

provide favorable fire altering effects as time since treatment increases.  Results 

suggest that non-commercial treatments may produce higher intensity surface fire 

initially, with adverse effects diminishing over time.  It is unclear if positive effects 

could be gained over longer assessment periods, when the initial surface fuel 

treatment may prove beneficial. 

 Figure 6.4 graphically displays general potential fire behavior findings and 

system selection recommendations in relation to 4 important decision criteria: 1) 

reducing surface fire intensity, 2) reducing smoke production, 3) reducing crowning 
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likelihood, and 4) post-treatment maintenance requirements.  Each of the 4 variables 

were analyzed in terms of time since treatment and included: 0 years (immediately 

following treatment), 5-10 years, and >10 years.   

 

Reduce Surface
Fire Intensity

Reduce Smoke
Production

2NecessaryPrescribed Fire
Post Treatment

Maintenance 1Desirable

1, 20Years Since Treatment

1, 2

1, 25 - 10

>10

10Years Since Treatment

1

15 - 10

>10

Reduce Crowning
Likelihood

1, 20Years Since Treatment

1, 2

1, 25 - 10

>10

Machine / System Definitions
1 - Integrated Commercial Systems / Whole Tree Removal
2 - Non-commercial Systems (Masticating / Mulching)

 
Figure 6.4: Flowchart of key findings related to potential fire behavior following 
mechanical forest fuel reduction treatments. 
 

 The recommended system(s) are expected to provide the best opportunity to 

minimize fire intensity following fuel reduction treatments.  Due to the minimal 

differences in SBE and FTM treatment effects, non-commercial masticating/mulching 

approaches were combined and compared with the potential effects following whole 

tree removal.  As indicated earlier, commercial and non-commercial treatments may 

be equally effective for reducing smoke production and crowning likelihood over all 
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assessment periods.  However, surface fire intensity and the need for post-treatment 

maintenance are expected to be accelerated by non-commercial treatments.   

 

6.4 Summary 

 Long-term stand management practices after an initial treatment (integrated 

commercial and/or non-commercial fuel reduction) must be better defined to identify 

and justify initial stand prescriptions.  Silvicultural strategies should be better linked to 

fire behavior and control objectives while also accounting for site disturbance, 

environmental factors, and harvesting system performance.  Strategies should also 

recognize the importance of long term stand trajectory, including structural and 

species diversity.  This integrated approach to forest operations research will create 

more viable and sustainable options for forest management decision makers.  Through 

multidisciplinary research, many factors controlling the success and applicability of 

management activities can be explored. 

 Based on research findings, operations analysis, and past experience, a 

summary of general advantages and disadvantages associated with each mechanical 

system, along with decision criteria variables investigated in this study, is presented in 

Table 6.1.  Plusses and minuses do not represent absolute certainty but serve as 

indicators of potential success from each system in accordance with the multiple 

objectives that are necessary to consider when prescribing mechanical forest fuel 

reduction treatments.  Minus signs do not necessarily suggest that a given system will 

produce adverse effects and should be interpreted as relative comparisons between 

alternatives.  Equipment selection will vary from site to site within a given set of goals 

and operational criteria.  Our intent is to provide the manager with general 

relationships that will affect operation success and viability in order to facilitate 

decision making when considering sustainable approaches to modify forest fuel 

structure and produce more fire resilient landscapes.  In addition, to provide a better 

understanding of treatment results, before and after photographs from the Tenino 

study site are displayed in Figure 6.5. 
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Table 6.1: Summary of advantages (+) and disadvantages (-) related to soil 
disturbance, productivity and cost, and effectiveness of mechanical forest fuel 
reduction treatments1. 
 IC Systems 

WT Removal1
NC Systems 
SBE Design2

NC Systems 
FTM Design3

Soil Disturbance    
Stand travel required – + – 
Topsoil displacement – + – 
Topsoil mixing – + – 
Soil moisture sensitivity – + – 
Potential compaction    
     Maneuvering / travel – + – 
     Prolonged vibration + – + 
Productivity and Cost    
Tight spacing / individual trees + + – 
Wide spacing + + + 
Biomass utilization potential + – – 
Capital expenditures – + – 
Acres treated per day + – + 
Personnel required – + + 
Operator expertise required + + – 
Tree size sensitivity – + – 
Effects of initial density + + – 
Surface fuel treatment – – + 
Machine & Treatment Effectiveness    
Down woody fuel treatment – + + 
     Piece size regulation – + – 
     Residual tons per acre + – – 
Shrub treatment – + + 
Surface fire intensity + – – 
Crowning potential + + + 
Smoke production + + + 
Follow-up Rx fire required + – – 

1IC=Integrated fuel reduction and commercial thinning, WT=Whole Tree. 
2NC=Non-commercial, SBE=Swing-boom excavator. 
3NC=Non-commercial, FTM=Flexible tracked mulcher. 
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Figure 6.5: Photographs taken from approximately the same positions before 
(left) and after (right) treatment in three locations at the Tenino study site. 
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