
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

AN ABSTRACT OF THE THESIS OF 

 
Jeff C. McCaulou for the degree of Master of Science in Applied Economics presented 

on February 27, 2014. 

 

Title:  Estimating a Juniper Biomass Supply from Private Rangelands:  The Impact of 

Distance and Biotic Factors on Costs 

 

 

 

Abstract approved: ______________________________________________________ 

Susan M. Capalbo 

 

 

Central Oregon has attracted attention as a potential location for a biomass 

industry based on a locally fixed source of western juniper (Juniperus occidentalis Hook) 

feedstock.  This study identifies a supply of juniper from private lands to determine how 

much of the available juniper is economically supplied at alternative prices if a market 

were to develop.  In light of the encroachment of juniper and its spillover costs, the 

potential benefits of removal may be multi-dimensional in terms of private benefits to 

landowners, as well as social benefits from water and habitat enhancement.  At current 

density, juniper on these private lands has negative impacts that diminish biodiversity, 

reduce forage grass and tie up water resources to some degree.  The difference in the 

value of cattle productivity resulting from the presence of juniper as well as any forgone 

net returns from the sale of juniper to the biofuel industry reflect the opportunity cost to 

the rancher. The supply curve for juniper as a biofuel source will shift in response to 

policy and economic factors.  For example, the Oregon Biofuel Producer tax credit and a 

federal wildlife enhancement program augment the acre level harvest costs, and thus shift 

supply.   



 
 

In this research, the components of cost are estimated. The average total cost for 

extraction, processing, and transporting the entire quantity is estimated to be 

approximately $120 -1bdt . On a per land acre basis the costs will vary by density. Because 

of limited road networks the available supply of juniper was limited by access --only 27 

percent of the juniper acres on private rangelands.  Thus in the absence of an improved 

road network, economically viable juniper to supply the biofuel market is limited.  Given 

the relatively low prices being discussed by the industry, the feasibility of supplying 

juniper at a scale needed for a biofuel facility is unlikely.  

The potential increases in cattle production due to juniper removal could reduce 

costs by 20 percent, but this is not likely to substantially increase the quantities supplied.  

Other possible shifters of the supply curve for juniper include subsidies, technological 

improvements in harvesting, and road building.  
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CHAPTER 1 

Introduction 

 
 

Native to the United States, western juniper (Juniperus occidentalis Hook) has 

expanded its range in the absence of historically limiting factors and become a concern of 

landowners, public lands management officials, and conservationists alike.  As a member 

of the coniferous plant genus Juniperus, of the cypress family Cupressaceae, western 

juniper is found in the arid regions of Oregon, Idaho, Nevada, California and 

Washington.   

Western Juniper acreage has increased by over 700 percent in Eastern Oregon in 

the past 60 years.   The expansion of western juniper reduces soil moisture, duration of 

seasonal stream flows, and ecosystem service production.  Previous attempts to utilize 

juniper for commercial scale endeavors have been thwarted by its difficulty to harvest 

and a lack of available markets.  An emerging biofuel technology, known as torrefaction, 

poses the possibility of a constant demand for juniper as a feedstock material.  A 

commercial torrefaction facility has been planned for the City of Prineville in Crook 

County, Oregon using western juniper and other feedstocks within a 40-mile radius.   

Crook County holds the highest concentrations of western juniper in the state at 

an estimated 3 million bone dry tons (bdt).  Private and public lands within a 40-mile 

buffer of Prineville contain stands of juniper that vary in location, accessibility, and 

quality in terms of tree volume and density.   
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1.1 Problem Statement 

The volume of juniper existing within this spatial market could support bioenergy 

development locally in response for increased demand from computer server farms for 

renewable energy if the prices offered justify the costs of extraction.  Existing coal fired 

power plants may be able to refuel using juniper biomass and remain a viable option for 

local needs; however, the costs associated with removal, aggregation, transportation, and 

utilization of the juniper has precluded additional attention from private investors to fund 

potential projects that rely on juniper as the primary feedstock. 

In the public debate concerning the feasibility of western juniper extraction for 

any end purpose, the question has centered on how much juniper could this region supply 

and at what prices.  Often, the sparseness of stands, rocky terrain, primitive roads, and 

large lower limbs restricting access to the bole of the tree have been cited as the main 

obstacles to supplying western juniper at a price that successfully competes with 

alternative fuels.   

 

1.2 Objectives 

The objective of this study is to quantify a supply of juniper from private lands to 

determine how much is economically available at alternative prices if a market were to 

develop.  The economic model assesses the viability of a market for juniper by taking 

into account some of the challenging issues associated with harvesting and transporting 

the product.  Marginal cost analysis will estimate prices for a domain of quantities that 

could be supplied.  In addition, this study also explores the potential impact of rangeland 
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improvements on supply.  The difference in the value of cattle productivity resulting from 

the presence of juniper as well as any forgone net returns from the sale of juniper to the 

biofuel industry reflect the opportunity cost to the rancher. The supply curve for juniper 

as a biofuel source will shift in response to policy and economic factors. 

Simulated forest operations that generate harvest costs from sources on less or 

equal to a 45 percent grade and ½ mile from roadside access.  The cost of transporting to 

a central processing facility located in Prineville reflects the spatial distribution of juniper 

on these private lands and the road infrastructure.  Geographic information systems (GIS) 

for road network analysis are applied to estimate the cost of transporting chipped juniper.  

Total costs are comprised of harvest costs at an acre level and transportation costs at an 

aggregated harvest unit level.  A simulation model designed to capture harvesting and 

transporting to a central location provides the information used to construct a supply 

curve for juniper.   

The supply curve at marginal cost provides an estimate of the quantities of juniper 

that would be supplied at alternative prices   Prospective biofuel developers have offered 

a flat rate for chipped and cleaned feedstock material of $50
-1bdt (HM3 Energy 2012).  

Using this rate as a proxy for the price of juniper feedstock, this study estimates the 

viability of a sustained supply of juniper.  
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1.3 Study Area and Scope 

Based on likely prices for juniper, the land owners are facing a set of choices 

regarding where to harvest and in what sequence to harvest quantities of juniper.  The 

decisions of where and when to harvest are influenced by the spatial density of material 

and the topography of the specific site.  Stand characteristics affect the productivity of 

machinery and thus the harvest costs.  The characteristics are captured by variables 

consisting of mean quadratic diameter and trees per acre, and were included in the model.  

The main descriptor of topography used in the model, is grade (percent slope of terrain).  

Anthropomorphic boundaries are used to filter all study area lands for those county land-

use planning zones where forest operations on private property could occur.  The 

decisions of where, in what order to harvest, and the distance to market are captured in 

the marginal cost curves.     

Biofuel technologies cause a reduction in weight within the supply chain from the 

harvest of the raw material to the intermediate biofuel input to the output product of 

electricity.  Transported water to the production facility is a byproduct of harvest and is 

volatilized in the creation of the intermediate product (biofuel).  The juniper cures in the 

field, left piled by the feller-buncher in a previous season, so as to reduce the transport of 

water; an unwanted component of freshly cut juniper that can equal up to 50% of the tree 

weight.  The location choice of the biofuel facility in Prineville represents the relative 

abundance of western juniper within its proximity.  

The study area is a 40-mile radius of Prineville.  A spatial market with a 40-mile 

radius is identified by the prospective company seeking to construct a biofuel facility in 
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Prineville (Oregon BEST 2012), which is typical for bio-refinery siting when assessing 

the distribution of local feedstocks (Jacobson et al. 2009 and Aden et al. 2002). 

The estimated costs represent an upper threshold when increases in cattle 

production and cost sharing are considered.  The ownership classification of non-timber 

industry, private forest (NIPF) property was used to filter for those properties capable of 

producing juniper for economic profit versus restoration; motivated by a potential 

increase in cattle production.  In this context restoration in a hydrologic or ecological 

sense may be an indirect result of the primary motivation for increased cattle production 

capacity through increases in forage yields.  

 

1.4 Thesis Organization 

This thesis contains seven chapters: the introduction, background, economics, GIS 

analysis, and forestry production simulation, results of the work, and conclusion.  Chapter 

two outlines the biological and ecological characteristics of western juniper, with an 

overview of the history, causes, and impacts of its expansion.   

Chapter three presents the economic theory that underlies the supply curve 

simulation.  Beginning with a literature review on efforts to quantify potential timber 

supply in a NIPF rangeland setting, this chapter lays out a framework for developing a 

supply curve for juniper.  The methods of cost aggregation and total, average and 

marginal costs are defined respectively in chapter 3.  

Chapter 4 covers the methods of GIS analysis used in this research.  This chapter 

identifies the harvestable space, the associated volumes and defines the distance metrics 
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by which the costs of the production operation are observed.  Features of road networking 

applications in GIS software are used to estimate skidding distance and trucking travel 

time.  Restrictions of variables such as terrain slope (grade) and lower limits for trees per 

acre and quadratic mean diameter are imposed upon the domain of collected values.  

Methods for discerning appropriate road surfaces and conditions are also a part of this 

analysis.  

The methods applied to simulate the forest operations used in this study are 

explained in the fifth chapter.  The rates of production for the specified machine 

combination are constructed using linear equations that depend on key variables 

generated from the GIS analysis in the preceding section.  Following the development of 

the harvest and transportation simulation model is an explanation of the costs applied to 

each component of the production scenario.  The variable costs of harvesting, 

transportation, and delay summations are then enumerated as well as the fixed move-in 

cost, and risk and profit components.  Finally, the machine rates of production are 

assessed. 

Chapter six reports results of simulating the quantity supplied for a set of possible 

prices.  How the Wildlife Habitat Incentive Program (WHIP) and average increases in net 

present value of cattle operations per acre of juniper treated may reduce the cost of 

encroachment is outlined in chapter six.  The results provide evidence that motivated by 

cattle production alone; juniper removal would not be viable at the prices offered by a 

biofuel industry.  
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In chapter seven, a conclusion and a short policy discussion is presented 

concerning the results and possible augmentations in land management and energy policy 

that may further enhance a viable biofuels industry in the region.  Potential sources of 

market failure are outlined, where juniper is undersupplied in the face of ecological social 

amenities resulting from encroachment.  Regarding the results of this thesis, in the 

context of a potential biofuels industry in the region, likely restoration and energy policy 

outcomes are discussed and followed by suggestions.  Chapter seven also covers 

limitations of this thesis and possible directions for further research. 
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CHAPTER 2 

Western Juniper Ecology and Biology 
 

 

Western juniper is a conifer tree that is found in the xeric lands of the Columbia 

Plateau and the Great Basin, both of which cover major expanses of the Western United 

States.  Lands that host this species are characterized by dry soil conditions, accelerated 

erosion, and minimal herbaceous and understory plant communities (Miller et al. 2005).  

Under these circumstances juniper out competes other species and has come to dominate 

in an age of fire suppression.  Although western juniper is a native species, its dramatic 

expansion since the 19
th

 century has been characterized as an encroachment upon both 

the biotic and abiotic local systems (Miller et al. 2005). 

Termed a submonoecious plant, western juniper exists in a single stem or multi-

stem tree.  The branches of juniper form a cone shape and are 13 to 34 feet tall when 

mature.  Average diameters for mature trees range from 13.7 to 27.6 inches (Miller et al. 

2005, citing Vasek 1966, Cronquist et al. 1972).  It takes 80 – 100 years for juniper to 

reach its maximum height.  For the first 10 years of a juniper’s life, most of its growth 

happens underground when developing its taproot (Miller et al. 2005, citing Kramer 

1990).  Lateral root development occurs later but ends up accounting for 65 percent of the 

total root mass for trees 30-35 years of age.    These lateral roots can span three times the 

height of the tree in some cases and equal the height in most.  In addition to vigorous 

growth, juniper roots can take hold in less than 12 inches of soil and permeate fractured 

basalt bedrock, which allows them to become established in rim rock and outcroppings 
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(Miller et al. 2005).  This slow growing species averages 1.18-1.58 inches 
-1yr  for the 

first ten years of its life.  In Central Oregon, dominant trees are found to grow 3.5 to 6.6 

inches 
-1yr  (Miller et al. 2005).  Conducive to competing for resources in these climates, 

the juniper has adapted such that early root development invests more in water and 

nutrient uptake and by limiting above ground growth makes it less susceptible to 

fluctuations in precipitation.  Even the presence of low density juniper stands can shorten 

a growing season for the understory through the uptake of water and in some cases 

reduce it by six weeks (Bates et al. 2000).   

     

2.1 Ecology 

The oldest known western juniper is east of Bend in Deschutes County, Oregon 

and is 1600 years old.  Evidence indicating the earliest natural record of western juniper 

dates to 6,600 years ago from pollen found in lake sediment (Miller et al. 2005, citing 

Bedwell 1973).   Western Juniper and a subspecies, Sierra juniper (J. occidentalis var. 

australis), can be found in Washington, Idaho, Oregon, California, and Nevada.  Soil 

types, wildlife, and plant communities vary greatly across the juniper zone, but much of 

the region’s precipitation amounts to 10 and 15 inches annually (Gedney et al. 1999).  

Tree stands are characterized as open and containing a diverse understory consisting of 

shrubs and grasses or are closed woodlands with sparse understory plant life.   

Western Juniper is found in places that receive only 7 inches of rainfall a year and 

up to as much as 20 inches of annual precipitation (Miller et al. 2005).  Elevations 

ranging from 600 feet above sea level to 8000 feet host juniper trees, but they are 
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predominantly found between 2,000 to 6,000 feet above sea level (Miller et al. 2000).  

Other trees coexisting with western juniper can include ponderosa pines, mountain big 

sagebrush, aspen, mountain mahogany, and willow living in forests, shrub-steppe, and 

riparian zones, but juniper is usually the only conifer occupying a site adjacent to 

ponderosa stands (Miller et al. 2005).   

Considered a long-lived species, western juniper stands existing before the 

settlement of the West are hundreds, and in some cases thousands of years old (Miller et 

al. 2005).  These pre-settlement stands only account for 10 percent of all junipers today 

except those in the Mazama Ecological Province.  In the John Day Ecological Province, 

old growth is thought to account for only five percent of all juniper (Miller et al. 2005).  

Old growth stands usually crowd rock outcrops and occupy shallow soil beds consisting 

of rock, clay, sand, or fine sediments.  A characteristic of these soils is the low production 

of vegetation, which results in limited accumulations of fire fuels.  Without fuel loads, 

fire events are thought to have been limited to a few trees and severe fires in old growth 

stands might occur once every 150 years (Miller et al. 2005).   

Over much of western juniper’s history its distribution and abundance have 

varied.  Miller et al. (2005) have classified juniper plant communities into two distinct 

ranges of age: pre-settlement and post-settlement.  The cut-off year between the two 

periods is identified as 1870.  The pre-settlement communities consist of old growth and 

the post-settlement communities are characterized by a state of expansion.  The cut-off 

date of 1870 represents that time when cattle were introduced and the fire regimes 

changed.  A majority of the western juniper woodlands came into existence in the last 
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130 years and in Eastern Oregon, those stands with 10 percent canopy cover were 

estimated at 456,000 acres in 1936 and 2.2 million acres in 1988 (Miller et al. 2005, 

citing Cowlin et al. 1942 and Gedney et al. 1999).  Western juniper now covers 9 million 

acres across Oregon, California, Nevada, and Idaho and is still expanding.  This acreage 

is considered to be predominantly in a transitional state from shrub-steppe to juniper 

woodlands.  Densities of trees in developed woodlands vary greatly from 32 trees 
-1acre

in dry locations and as much as 500 trees 
-1acre  in cool moist sites (Miller et al. 2005). 

 

2.2 The Impacts of Juniper Encroachment   

Typically, height and basal diameters have a negative relationship with density.  

A decline in shrub and herbaceous species is characteristic of western juniper dominance 

in a plant community.  The resulting impact is felt by bird species that use shrubs for 

nesting and diminished diversity of the community.  Western Juniper, when becoming 

dominant, begins suppressing understory growth in 45-50 years (Johnson 2005).  This 

time frame allows junipers to concentrate significant root mats near the surface of the 

soil, which makes establishment for other species difficult when resources such as water 

and soil nutrients are already limited (Miller et al. 2000).  The negative impact of juniper 

dominance increases from wet to dry sites (Miller et al. 2005).  Another effect of reduced 

understory development is the seedling establishment rate, where birds normally perch 

and deposit undigested seeds.  Researchers found that in Prineville, Oregon, shrub 

coverage in untreated juniper plots was 0.4 percent whereas in a neighboring plot that had 

been cut 18 years prior to the study shrub coverage was 9.4 percent (Miller et al. 2005, 
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citing Eddleman 2002).  With mountain big sagebrush specifically, Miller et al. (2000) 

found that when juniper reaches 50 percent of its maximum potential, sagebrush declines 

to 20-25 percent of its maximum potential.  The authors were careful to note that the 

increase in western juniper dominance does not mean that a constant decrease in 

herbaceous plants will occur, but rather that differing rates of decline are attributable to 

variations in soil depth and quality, precipitation, and specific species that comprise the 

plant community.   

The range of western juniper varies so greatly in soils, climate, and plant life that 

researchers do not report hydrologic responses to the presence of juniper in generalized 

terms.  Despite this, some comparisons can be made.  Juniper woodlands potentially 

intercept precipitation more so than shrub-steppe communities (Eddleman et al. 1994).  

Young et al. (1984), as cited in Miller et al. (2005), observed that precipitation reaching 

the ground beneath a mature western juniper was 30 percent at the trunk, 50 percent mid-

way between the canopy edge and the trunk, and 80 percent at the canopy edge.  It was 

estimated that out of 9.25 inches of precipitation, 42 percent was intercepted by the 

canopy.  Others found that in Central Oregon 74 percent of precipitation was intercepted 

(Miller et al. 2005, citing Eddleman 1986, and Larsen 1993). 

The management of rangeland plant communities for regions that receive less 

than 18 inches of precipitation annually has limited potential for increased stream flows 

(Hibbert 1983).  But, health of the watershed and erosion could be influenced by juniper 

removal.  Pierson et al. (2003) found that hillsides where western juniper had been 

removed experienced less runoff after thunderstorms, less frequently.  Sheet erosion on 
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hillsides with juniper created more than 275 pounds 
-1acre  of displaced sediment and 

those without juniper had no displacement.  Also, large thunderstorms creating rill 

erosion were 15 times greater on hillsides with juniper.  Miller et al. (2005) explains that 

much of the information circulating about the impact of western juniper on watersheds 

exists as anecdotal evidence where local observers noticed meadows, streams and springs 

becoming drier and the juniper stands increasing.  In 2008, Tim Deboodt conducted a 

paired watershed study that demonstrated significant impacts on the hydrologic functions 

of a watershed after the removal of western juniper less than 140 years of age.  At 

specific sites, increases in late season spring flow, ground water, and the relative 

availability of late season soil moisture were observed.    

In the post-settlement, transitional western juniper woodlands 83 bird species and 

23 species of mammals are found (Maser and Gashwiler 1978).  Some 12 species of birds 

are directly dependent on juniper berries and comprise the most influential group of seed 

disseminators.  But, Miller et al. (2000) assert that as western juniper comes to dominate 

plant communities, the structural diversity of wildlife declines as shrubs and herbs are 

diminished.  Wildlife dependent on mountain sagebrush, aspen, and other riparian plant 

communities will be forced to adjust as juniper encroaches and out-competes.  This may 

cause those populations to decline.  Low levels of juniper could be beneficial to wildlife, 

but dominance will result directly in decreasing plant community diversity, which will 

eventually cause a decline in both the diversity and abundance of wildlife populations 

(Miller et al. 2005).  If conditions are right, some stands of western juniper provide 

forage and cover for large herbivores.   Dense stands over five feet tall create ideal 
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thermal cover, but provide little nutritional sustenance (Leckenby et al. 1982).  Deer will 

graze juniper in the winter when other sources of food are limited.  There are no known 

species of wildlife that require dense western juniper habitat specifically (Miller et al. 

2005).  Old growth does provide necessary bird habitat as the deep cavities, characteristic 

of old growth bark, offer ideal nesting conditions.  Low densities of juniper in the shrub-

steppe communities do benefit avian and small mammal populations (Miller et al. 2005).   

Photographic evidence and pollen records collected from lake bottom sediment 

core samples provide the strongest evidence to support that western junipers have become 

increasingly prolific over the last 130 years.  It is thought that western juniper began 

expanding its range in the mid-19
th

 century and has been attributed primarily to 

anthropogenic factors (Miller and Wigand 1994, Knapp et al. 2001, Miller and Tausch 

2001).  There is also evidence that suggests that the end of the Little Ice Age in Oregon, 

ending in 1850, has contributed to juniper expansion as a result of warmer and wetter 

conditions (Miller et al. 2005, citing Johnson 2005).  When livestock grazing began in the 

1860’s fuel loads were reduced and thus reduced the fire severity, but also served to 

reduce competition to western juniper from grass and shrubs (Burkhardt and Tisdale 

1976). 

Miller et al. 2005 cite that western juniper began encroaching into aspen stands in 

the 1890’s.  Juniper in these stands are less than 130 years old.  In eastern Oregon, those 

stands with more than 10 percent canopy cover went from 456,000 acres in 1936 to 2.2 

million acres in 1988 (Cowlin et al. 1942 and Gedney et al. 1999).  These authors feel 

that if left unchecked western juniper could come to dominate an even more expansive 
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range, which would result in considerable impacts on soil resources, plant community 

structure, water, and wildlife habitat.  In the 1960’s, efforts were made to manage the 

western juniper encroachment by chaining and dozing methods.  Trees were uprooted 

with a chain or pushed over with mechanical equipment.  Beginning in the 1970’s 

chainsaws became the preferred method of western juniper removal (Miller et al. 2005).  

By the 1990’s prescribed burns were commonly administered as treatment.  Burning is 

cheaper than removing by mechanized equipment and does not require a follow-up 

treatment on juvenile trees.  But, burning poses a higher risk to potential property damage 

from rogue flames. 

Prior to European settlement, fire was the greatest limiting factor on the 

expansion of juniper into shrub and grass plant communities (Miller et al. 2005, citing 

West 1999, and Miller and Tausch 2001).  Supporting this is the presence of old growth 

usually found only in fire-safe places, younger stands growing in plant communities 

producing enough fuel to carry fires, and the beginning of the expansion.  These 

observations coincide with a reduction in fire.  Mean fire return intervals for preserved 

mountain big sagebrush communities range from 10 to 25 years, with large fires 

occurring every 38 years.  A mountain big sagebrush community lacking in pre-

settlement trees and dead wood has a mean fire return interval of 50-70 years.  As mean 

fire return intervals approach 70 years and beyond the likelihood increases that western 

juniper will establish and mature (Burkhardt and Tisdale 1976, Miller and Rose 1999).  

Fire frequency in these communities has declined since the late 19
th

 century (Miller and 
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Tausch 2001).  Late succession juniper woodlands usually lack the fine fuel and ladder 

fuels necessary to carry a fire intense enough to kill mature trees. 

 

2.3 A Short History on Attempts to Develop a Juniper Market 

Removal and management of western juniper was initially motivated to created 

more productive cattle land but in recent decades ecological restoration has been the 

primary goal.  Observed benefits of juniper removal have included an 8-10 fold increase 

in the productivity of forage (Miller et al. 2005, citing Young et al. 1985, and Vaitkus and 

Eddlemen 1987, Bates et al. 2000) and a lengthening of the season for green forage of 4-8 

weeks in the first several years following a juniper cut.  By scattering the slash of a cut, 

the seeding success of Central Oregon perennial grasses is enhanced when adequate 

moisture is available (Miller et al. 2005).  In 2004, the cutting of juniper and leaving it in 

the field was estimated to cost $36-$80 
-1acre  and in addition if trees were limbed and 

scattered, that cost rises to $250 
-1acre  (Miller et al 2005).  If cutting occurs, follow-up 

treatment is required to remove saplings.  Chadwick et al. (1999) estimated the follow-up 

to cost $60 to $200
-1acre .  When considering these prices Miller et al. (2005) suggest 

that economic endeavors in shrub-steppe communities encroached by western juniper are 

not productive enough at best to justify the removal of juniper and therefore will require a 

subsidy to balance the cost burden if lands are to be restored to a pre-settlement state.  

Species characteristics of juniper limit the feasibility of mechanized cutting due to 

prohibitive costs.  The volume per acre is comparatively low to other commercial tree 

species.  Large lower limbs hinder access to the trunk and primitive roads and rocky 



17 
 

terrain inhibit access to the stands.  Extremely fibrous bark also causes excessive wear on 

chipping and grinding machinery.  

Some western juniper has been harvested to produce a variety of goods such as 

firewood, chips, interior home décor, livestock bedding, and gin (Swan 1997).  Originally 

settlers used juniper for fence posts and firewood.  Recently juniper has been harvested in 

Northern California and Southern Oregon for biofuel used at the Honey Lake power plant 

in Wendell, California (Miller et al. 2005).  This material is produced by mechanical 

shears and whole tree chipping.  Fostered out of state regulatory changes, the Honey Lake 

power plant produces energy from juniper biomass to satisfy the California Renewable 

Portfolio Standard, which mandates energy production from alternative sources. 
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CHAPTER 3 

Economic Methodology 
 

    

3.1 Literature Review 

Lands that support western juniper are characterized by large expanses of bare 

ground and minimal soil moisture; these lands are also subject to high amounts of soil 

erosion.  Since juniper out-competes most other vegetation and reduces the soil moisture, 

it is considered by many landowners to be a liability in their management and uses of the 

land.  The presence of dense juvenile juniper stands also increase the risk of wildfire.  

Landowners often bear all the costs of juniper management which is motivated by 

increased cattle production, watershed enhancement, or forest fire fuels reduction. 

To my knowledge there has been no systematic analysis of sustainable harvest of 

this resource that captures the ecological peculiarities of juniper biomes, nor the 

production costs and spatial distribution of juniper within the region.  This study seeks to 

explore, both quantitatively and qualitatively, the economic viability of juniper for 

biofuels production.  It reflects the full costs associated with sustainable juniper 

production.  

While the specific benefit or cost of juniper for a private land owner depends 

upon the spatial and economic dimensions of his/her production setting, the biological 

literature strongly suggests an ecological degradation from juniper encroachment.  The 

ecological damage has not been valuated or quantified.  For decades land owners have 

tried to find appropriate markets for juniper but have not been successful (McNeel and 
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Swan 1994).  As a result, juniper stands have become the dominant backdrop in a region 

that is growing in human population and is trying to take action at the same time to 

protect the natural landscape.   

Wildfire threat interacts with the local populace in two ways.  First, as residential 

development moves out the acreage of juniper is spreading as well.  Mature stands of 

juniper offer no carrying understory load for a fire, but small dense juveniles, 

characteristic of the encroachment, are flammable.  This setting brings the fire from the 

wild rangelands into the neighborhoods where damage is costly.  Secondly, fire 

suppression over the last 100 years has contributed to the monoculture of juniper 

encroached areas.  Over this time, residents of the area have come to live in an 

environment dominated by this one species.  Thus there appears to be significant negative 

spillovers or externalities associated with the growth of juniper and the increase in the 

extent of encroachment on public and private lands.  

Forecasting quantities of timber supplied from NIPF lands has been the focus of a 

considerable volume of work.  Much of the material centers on contingency survey data 

for stated preferences regarding the market entry of the private, nonindustrial individual 

(Beach et al. 2005, Binkley 1981, Amacher et al. 2003, Conaway 2002, Kuuluvainen et 

al. 1996, and Vokoun et al. 2010).  A seminal document is Clark Shepard Binkley’s book 

Timber Supply from Private Forests (1981).  The author assumes that private, 

nonindustrial forests produce direct utility to the owner through non-consumptive 

amenity values such as recreation and solitude.  Preferences between timber consumption 

and non-timber consumption of forested parcels are expressed as tradeoffs between the 
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two uses of forested lands: timber and non-timber.  The quantity to be harvested is 

determined by balancing the value of the timber sale against those amenity values, which 

are categorized in the model as non-timber land outputs.  At the optimum, the marginal 

value from an additional unit of timber output equates to the marginal value of the 

foregone non-timber outputs (Binkley 1981).  Apart from how the landowner might value 

non-consumptive uses of juniper stands and forego those benefits, removal of the 

resource indicates potential increases in ecosystem services: herbaceous grasses, quail, 

mule deer, and elk.  The removal also signifies a reduction in the negative externalities 

associated with juniper encroachment such as erosion and low soil moisture.  In 

Binkley’s model, he uses empirical evidence to support a supposition that the non-

consumptive amenity values are a luxury good and that as exogenous income increases, 

so do preferences for those values (1981). 

To predict the market entry of NIPF owners Christine Conway (2002) uses the 

linkage of a probability of bid acceptance and the preferences and characteristics of the 

landowners and their land.  When the landowner receives a bid, if it is greater than the 

reservation price the decision will be made to harvest.  Significant variables in this study 

which determined the likelihood of a positive decision made to accept the bid were 

education, size of parcel, income, age, and the number of contiguous neighbors. 

      An interesting question relates to public versus private ownership:  are juniper 

stands that span across multiple ownership boundaries better managed to minimize the 

externalities as a collective group of landowners, rather than by individual efforts?  NIPF 

parcels can have many adjacent landowners which can compound the intricacies of 
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coordinating operations across property boundaries.  When determining forest 

management decisions, landowners will sometimes be required to cooperate in order to 

reduce wildfire threats and ecosystem restoration (Vokoun et al. 2010).  If landowners 

hold non-consumptive values or non-timber values for the forests on their land they could 

also value the forests on adjacent lands in the same fashion, which implies a spatial 

dependency of non-timber benefits accounted for in an individual’s utility (Vokoun et al. 

2010). 

There is an array of juniper management decisions and motivations that underlie 

observed or potential land management choices.  Surveys of private non-industry land 

owners have been conducted to model the management preferences toward commercial 

grade timber, but juniper has yet to be considered a commercial resource.  Western 

juniper forests span 14 eastern Oregon counties and comprising 3.6 million acres are the 

largest source of forest biomass next to the fuel treatment of over-stocked forestlands 

(OFRI 2006).  This makes the management and control of juniper encroachment a 

significant issue regarding the policy implementation of managing agencies.  Agencies in 

charge of reducing fire hazards on large acreages with limited budgets to do so draw on a 

concept that uses saw timber revenue to fund fuel reduction treatments (OFRI 2006).  

Management funding for private lands is allocated and viewed in a different way.  For a 

profit maximizer, those costs of biomass removal are evaluated at marginal or per unit 

costs (OFRI 2006).   

“They would compare the harvest cost per acre with and 

without biomass recovery and attribute all of the additional 

cost to the biomass rather than spreading it over the 

merchantable volume. For example, if a planned logging 
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job would cost $500/acre for merchantable volume and 

$900/acre including biomass removal, the incremental 

$400/acre (plus haul cost) would be compared against the 

market value of the biomass. Unless the landowner can at 

least break even on the biomass, or there are other 

objectives attained through biomass removal (e.g. timber 

stand improvement or fire risk reduction), the landowner 

would not be motivated to incur the loss of profit from 

biomass harvest.”   

Oregon Forest Resource Institute  

Testimony reported from NIPF stakeholders expressed that nonmarketable timber must 

pay its way off the land (OECDD 2007). 

 

3.2 Juniper Constraints on the Cattle Carrying Capacity 

Aldrich (2002) categorizes juniper as a negative externality for the cattle rancher 

and for ecosystem services.  Aldrich develops a quantitative framework for evaluating the 

optimal management practices for a ranch that has experienced juniper encroachment by 

evaluating the choices facing the rancher when choosing the optimal levels of juniper 

removal given the productivity potential of the land for herbaceous grass and the age of 

the juniper stands.  In her dynamic optimization model, juniper management interacts 

with the ranching production function by shifting the net marginal benefits positively by 

increasing the carrying capacity of the land for cattle production and ecosystem services 

like species habitat.  Increases in wild game and a reduction in erosion were also shown 

by the analysis as a result of profit driven management decisions.  In the Aldrich study, 

land owners paid the cost of juniper removal and were still motivated to treat encroached 

acres based on the resulting increased carrying capacity of the pasture grazing acres.  
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When 80 percent of the encroached acres were treated, average increases in annualized 

nominal gross margins were estimated to be nine percent.  She concludes that higher 

rancher profit and numerous increases to social benefits stem from the management of 

juniper encroachment. 

Assuming that most large parcels of private land in the study area are managed for 

cattle and that the dominant perception is that juniper is a cost or at least has no marketed 

value allows for an analysis of juniper harvest costs in the context of ranching.  Since this 

study is ex ante with regards to the source of demand from the biofuels producer, entry 

into the market will be motivated by the potential for increased profit through an easing 

of the constraints that juniper encroachment places upon the land for cattle production.  

By assuming that the land owner will follow-up with cutting and burning the juniper 

material too small for a harvesting operation, the harvesting activities on NIPF lands 

within the study area can then figure into cattle production supply increases and other 

improvements in negative environmental externalities. 

 

3.3 Model Selection 

From Binkley’s (1981) household production model for non-timber amenities, 

total outlay cannot exceed income and combinations of timber and non-timber outputs are 

limited to those which are technically feasible given the initial endowments of land.  For 

the individual land owner facing juniper management decisions:   

),( yrUMax
t
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where (r) is the non-timber land outputs and consumption and (y) is the net income 

available for consumption of non-land goods.  The variable (r) represents a function of 

(t), the amount of timber cut, and the quantity of land holdings (l).  This maximization 

problem is subject to an income constraint and a production constraint relating timber to 

non-timber land outputs through function g(t,l).  In Binkley’s model (1981), timber 

revenue enters into to the income constraint based on the stumpage price received 

multiplied with the quantity of timber cut and is the only income producing output from 

the forest land.  Grazing is allowed to enter the model if it only affects the exogenous 

income and not the level of amenities produced by the land.  Since cattle grazing and 

juniper are linked through the production of herbaceous grass this model cannot be used.  

There may also be additional land-based amenities that arise due to the removal of the 

juniper, which neutralizes a tradeoff decision between the marginal value of an additional 

unit of timber output and that of the non-timber outputs. 

In the context of one ecosystem that is capable of producing two outputs: 

herbaceous grass and juniper, joint production is an appropriate approach by which to 

examine the relationship between outputs (Baumgartner et al. 2001).  A model for joint 

production provides a framework for investigating economies of scope, characterizing the 

joint production relationship, and assessing the opportunity cost.  For the profit 

maximizing cattle rancher, juniper encroachment restricts the carrying capacity of the 

land as the ecological relationship between herbaceous grasses and juniper is embodied in 

the decisions guided by the firm’s objective function.  Aldrich (2002) shows that when 
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faced with juniper management opportunities the behavior of the ranching firm is to 

produce juniper.  As a result, the ranching operation internalizes the costs of juniper 

whether it’s harvested or not, i.e. the opportunity cost of not harvesting juniper as the 

foregone increase in the net present value of the ranching operation.  The cost of juniper 

encroachment is indirectly internalized when cattle production is constrained by it and 

directly internalized when resources are spent managing it.    But, there is also a social 

cost to juniper encroachment, not fully internalized by the cattle rancher, when 

biodiversity and groundwater are potentially reduced; both being public goods.  Since the 

reduction of the social amenities is not realized by the rancher, from a societal 

perspective, juniper is under-produced which results in a market failure for the 

production of juniper.  Discussed in section 3.5 Cost Shifters, one subsidy meant to 

correct this market failure to produce ecosystem services will be applied to costs of 

juniper production.   

Using the simulated cost data and knowing the potential herbaceous grass yields, 

juniper removal can be valued in terms of increased cattle production.  When proportions 

of cattle and juniper output shift, the effect of one upon the other is an interrelationship 

that is a characteristic feature of joint productivity (Carlson 1956).  Joint productivity 

requires that the total cost of the endeavor is less than would be if the outputs were 

produced independently (Carlson 1956).  If not considering the production of forage 

grasses with the removal of juniper, it would be more expensive.  But, while cattle 

production without juniper removal does nothing to the price of cattle, cattle either 
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becomes cheaper with juniper removal as ranchers buy less hay or lease less pasture or 

experience returns to scale when production increases with the same level of land input.     

The juniper being produced by the harvesting process is ready to use in the 

production of biofuel as it is a chipped product, which might be different than juniper 

produced as a result of land management decisions facing the cattle rancher.  Whether or 

not a contractor is included in the supply of juniper and takes additional steps toward 

supplying a biofuels firm, i.e. chipping and transporting, juniper is extracted none the less 

and ensures a response in the ecological production of herbaceous grasses.  An 

examination of juniper supply responses from cattle ranching, due to positive price 

signals from a biofuels firm, is outside the scope of this study.  Regional biofuel 

feedstock market data and an economic analysis of torrefaction production would be 

needed to understand input demand for juniper biomass.    

Land is a fixed input in this joint production setting, with varying conditions that 

also cause variations in output proportions between forage grass and juniper and would 

be allocated to the highest profit yielding output.  Assuming that juniper biomass 

received a positive price in a market for biofuel, private land holdings could be allocated 

between cattle and juniper production.  When considering the reported price of $50
-1bdt  

offered for juniper and the average total cost of $117
-1bdt , juniper would likely be 

considered a by-product of cattle ranching and would appear in the production function 

for cattle as a negative input.  Accounting methods consider an output a joint product 

when it is processed separately from the main output for a high market value.  An output 

is considered a by-product when it has a low value compared to the primary output.  
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Examples of by-products are sawdust and logging residue, when lumber-grade material is 

the primary output with the higher market value.  In this context, juniper can be 

considered a by-product of cattle ranching.   

Wossink and Swinton (2006) provide an appropriate production function for the 

simultaneous output of a marketable agricultural product Y and a non-marketed 

ecosystem service Z:  

  F(X,Y,Z:D)   0 , 

where X represents land and D is the associated biotic qualities that control the growth of 

juniper and grass.  The input of land is shared between cattle and juniper production.  A 

profit maximizing rancher will shift production by increasing cattle with an increase in 

juniper supplied.  The resulting costs will depend on that profitable mix of cattle and 

juniper, given input X.  If juniper is produced as a result of cattle production, the juniper 

supplied will be that quantity in joint-ness that maximizes the profit of a cattle ranch.  

With comprehensive cattle market data for the region, the joint productivity 

microeconomic concept could be used for assessing the extent to which there are 

economies of scope between cattle and juniper and the nature of the joint relationship in 

production: complementary, competitive, or supplementary. 

On site pasture forage is substitutable in practice with leased land, public land 

grazing permits, or farmed hay, but is assumed to be the primary feed source.  Potential 

grass yield is modeled as a function of annual precipitation, northern or southern 

exposure, riparian or upland location, and the dominant age of the present juniper stand.  

The fixed land input into the production function carries spatial characteristics that are 
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influential in both output quantities.  The biological nature of juniper encroachment is 

directional where grasses recede and juniper expands.  Cattle production is, in part, a 

function of grass, which is in turn a function of juniper.  In an effort to maximize 

ranching profits, assume that the production of cattle is maximized as juniper harvest 

increases.  Juniper and grass production have a negative relationship as they both require 

the fixed land input.  Since rangeland grass has no cost that accrues to the rancher, its 

value can be embodied in the technical productivity relationship between cattle and the 

land.  Hence, grass is an intermediary input in the land’s production of cattle and will be 

valued by the changes in land productivity in terms of cattle as a result of harvesting 

juniper. 

 

3.4 Model Assumptions 

The model assumes that a one-time cost of juniper harvest, as part of the variable 

costs of a cattle operation, shifts the production function for cattle in perpetuity, one firm 

employs one technology in the production of cattle and juniper, and that one firm owns 

all of the NIPF land within the study area.  To assess the costs of producing juniper 

biomass, each acre of juniper within the study area contains observations on bole volume, 

trees per acre, and quadratic mean diameter, which are used to determine the required 

machine time for each component of the operation.  With fixed hourly machine prices 

multiplied by the corresponding time requirement, the cost of each component is summed 

for each acre.  The harvest units partition the acreage into unique zones based on the 

location of the stand in relation to the road, a ½ mile distance restriction from an 
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accessible road, grades of 45 percent or less, and anthropomorphic boundaries delineating 

public and private property as well as land-use zoning where forest operations are not 

permitted.  These guiding parameters shape each harvest unit into a unique polygon with 

varying numbers of acres, juniper volume, and spatial characteristics of distance and 

grade.  Summing all acre observations of total cost and quantities provides each harvest 

unit with a subscript index j of a cost estimate, and i for the quantity produced. 

The total cost of each harvest unit is divided by its corresponding quantity of 

juniper that is produced:   

   
i

j

ij,
Q

TC
AC   

The average cost per harvest unit, for all units, is indexed by incremental magnitudes to 

form a series of total cost and quantity combinations from least to greatest to imply an 

effort on the part of the firm to minimize costs and maximize potential profits by 

harvesting those units first with the lowest average cost.  The study area is represented by 

a regional finite series A, where: 

  A = 
1141

1})(AC{ nnq   , 

represents the indexed harvest unit average costs for region A, as a function of quantity, 

while summing  fixed and variable costs vertically and quantity, indexed by the 

magnitude of harvest unit average cost, is summed horizontally in a similar fashion to 

M.E. Walsh’s approach to estimating a regional supply curve for a bioenergy crop 

(2000).  The indexed series is denoted by the range {AC(q)|q∊ℝ}, where the partial 
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summation of the indexed harvest unit j is the jth observation on total cost and the 

quantity i, is the ith partial summation within the domain: 
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The average and marginal costs of the regional total cost are derived numerically: 
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The harvest cost calculations per acre (variable costs), as a result of the estimated 

required machine time and the stand characteristics, is featured in the operations 

simulation methodology.  Included in that section is the approach by which fixed costs at 

the harvest unit level, variable move-in costs, and transportation costs are collected.    

 

3.5 Cost Shifters 

Assume that the production of increased forage results from juniper removal.  

Forage material will be valued by the amount of cattle it can support.  An animal unit is 

considered a mature cow at 1000 pounds and a six month old calf, according to the 

United States Department of Agriculture’s Natural Resource Conservation Service (Metz 

2007).  Daily intake of foraged food accumulates to 3 percent of the body weight and 

totals 30 pounds of air-dry material per day to equate to one animal unit day.  Therefore 

an animal unit month (AUM) on average equates to 915 pounds of air-dry forage.  
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Aldrich establishes a sustainable utilization of available forage supplies at 35 percent for 

riparian zones and 50 percent for upland areas (2002).  Potential yields specific to the 

John Day Ecological Province were sited from NRCS data based off of site descriptors: 

location (riparian versus upland), precipitation index (9” or 12” annual), and slope aspect 

(north versus south).  In the Aldrich study, potential yields ranged from 563 air-dry 

pounds 
-1acre  to 2000.  The reduced forage yield as a factor of juniper encroachment was 

estimated by assessing the age of the juniper stand as well as the slope aspect.  Northern 

facing slopes were expected to yield as little as 50 percent of the potential production at 

50 years and southern slopes could be reduced to only juniper and no measurable 

herbaceous grasses beyond 100 years.  Cattle are assumed to have feed requirements that 

are from a non-range/ non-pasture source for four winter months of the year when hay is 

provided.  The three outputs of the linear programming model of the Aldrich study were 

changes in the objective function, herd size, and how feed requirements are met when 

juniper management is undertaken.   

 Using Aldrich’s (2002) approach, a habitat suitability model based on the 

variables of aspect, regional precipitation zones, land cover, and stand age was 

constructed.  GNN data on the dominant stand age based on trees per acre and field 

record observations on age were downloaded and joined to the study area harvest units in 

a resampled 1 acre by 1 acre grid.  Annual rainfall averaged over a 30 year period was 

downloaded from the PRISM Climate Group webpage.  In ArcMap 10, this data was 

reclassified until all observations fit into either 9 to 12 inches of precipitation or 12 to 16 

inches.  Aspect was calculated with the ArcToolbox using the digital elevation model 
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data described in chapter 4, where it was used for processing the grade variable.  The 

aspect was reclassified until all observations were either of north or south distinction.  

GIS land cover data was obtained from the Oregon Geospatial Data Clearinghouse in grid 

format.  This dataset, from the Oregon National Heritage Information Center, contains 

observations on land cover types and ecological zones.  The land cover data was 

reclassified for the study area to display only the distinction between upland and riparian 

zones, where riparian zone observations counted as “riparian” and all other classes were 

reclassified as “upland”.  The aspect, precipitation, and land cover variables were 

assigned a binary code of either (1) or (2).  The grass data was joined and exported to 

Microsoft Excel, where it was further joined with the juniper data for the acre 

observations.  Using the potential yield table, developed by Aldrich (2002) from the U.S. 

Department of Agriculture’s Natural Resource Conservation Service Site Descriptions 

specific to the John Day Ecological Province, air-dry pounds per acre per year were 

calculated.   

Table 1: Potential Forage Yields 

 

 

 

 

Site Location 

Productivity Zone 

9-12” ppt 12-16”ppt 

North 

Slopes 

South 

Slopes 

North 

Slopes 

South 

Slopes 

Upland 1000 563 1218 940 

Riparian 2000 2000 2000 2000 

Reproduced from Alderich (2002) 

The dominant age observations were corresponded to the reduction percentages of 

herbaceous grass in the Yield Curve matrix developed by Gwendolyn Aldrich (2002).  

The percentage of reduction for south facing slopes declines until zero grass grows by the 
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age of 100 years and on north slopes the minimum reduction of 50 percent is reached by 

age 50 years.  The actual yield observations were then calculated as a product of the 

potential yield and the percentage reduction based on the age.  The opportunity cost, in 

terms of cattle production, is measured by the difference between the potential grass yield 

and the actual grass yield in the presence of juniper.  The per acre increase in grass was 

summed to the harvest unit level.  Each harvest unit observation on the increase in grass 

was divided by the number of pounds required annually to maintain one full grown cow 

of 1000 pounds.  Considering that rangeland pasture can be employed eight months of the 

year, and that one cow specified at this weight requires 915 pounds on average a month, 

an annual total of required feed is 7320 air-dry pounds.  The opportunity cost is a 

function of the increase in grass, given the specific feed requirements for the specific 

poundage of an animal unit: 

cP*
tRequiremen Feed

grassin  Increase
Costy Opportunit

c

j

j 







 ,   

where j is for the jth harvest unit and c specifies the weight of the animal unit.  The price 

for the 1000 pound cow came from weekly cattle sales on November 9
th

, 2013 in Moses 

Lake, Washington, published by the Agricultural Marketing Service of the U.S. 

Department of Agriculture (ML_LS795).  In this sales report, large feeder heifers of 900 

to 950 pounds sold on average for $95 dollars per hundred pounds of animal.  The 

opportunity cost per harvest acre reduces the total cost and shifts the regional supply. 

The opportunity cost assumes that the specific acres included in the study area are 

not commercially leased for grazing and as a result valuing grass production from 

rangeland pasture will not consider feed substitutions in the form of purchased hay, 
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public and private leased grazing acreages.  Since the potential yields are in annual units, 

the increased carrying capacity of a representative ranch, as modeled in Aldrich (2002), 

can be applied to increased grass production in terms of the rangeland pasture 

requirements of a cattle operation over an unspecified number of periods.   

Other possible shifters of supply will be factored into the total costs at the acre 

unit as a constant reduction as stipulated by the parameters of the featured program.  Both 

a cost share program for wildlife enhancement and a state biofuel subsidy will be 

considered as valid shifters of a regional juniper supply curve.  

In 2010 the greater sage-grouse (Centrocercus urophasianus; sage grouse) was 

placed on a federal list of candidate species for listing on the List of Endangered and 

Threatened Wildlife under the Endangered Species Act of 1973.  In Central Oregon, over 

700,000 habitat acres have been identified as priority areas for conservation efforts, 

where 53 percent of the historic sagebrush habitat has been lost to juniper encroachment, 

invasive weeds, infrastructure and residential development (USFWS 2013).  The Central 

Oregon administrative unit has lost more habitat and holds more private property than 

any other sage-grouse management zone.  There are over 900,000 acres in the total 1.8 

million acre Central Oregon area that are threatened (USFWS 2013).   

The Natural Resource Conservation Service of the U.S. Department of 

Agriculture has implemented incentive-based conservation initiatives that acknowledge 

the linkage between the health of future sage-grouse populations and sustainable 

ranching.  The intended outcome is to reverse negative sage-grouse population trends 

(USFWS 2013) by focusing on intact habitat.  WHIP (Wildlife Habitat Incentive 
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Program) is just one of the voluntary programs included in the sage-grouse conservation 

effort that provides cost sharing funds for the removal of juniper on private lands within 

designated areas.  Much of the study area overlaps with the historic range of habitat for 

the sage-grouse and contains acreage specifically identified by the Sage-Grouse Initiative 

as eligible for WHIP funds.  Eligible acres for the WHIP funds under the Sage-Grouse 

Initiative were not mapped for the current study.  Secured funding as a percentage of the 

juniper harvest costs represent an extreme upper bound that in reality would not be fully 

realized when some of the included acres most likely are not eligible.  Other acres in the 

study area might retain up to 75 percent of program cost sharing.  Due to the variability 

of climate, geological, and biological characteristics of the study area’s spatial extent, a 

high degree of uncertainty should accompany an interpretation of these results upon a 

supply curve for juniper. 

The State of Oregon’s Biomass Producer or Collector Tax Credit program extends 

eligibility certifications to individuals or private entities that produce biomass used in the 

production of biofuel within Oregon.  Western juniper qualifies as a source of biomass as 

defined in the Oregon Revised Statute 315.141 when derived from rangeland or forest 

woody debris.  The tax credit rate, under ORS 469.790, is $10 -1ton-dry .  Beginning in 

2007, 85 percent of biomass tax credits have been awarded to collectors of forest biomass 

(Nielsen-Pincus et al. 2011). 

In a region where the land is predominantly employed in the production of 

agricultural commodities, cattle, or biomass, all land based economic endeavors are 

interconnected by the variable productivity of the fixed regional space.  Although this 
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thesis seeks to characterize the economic structure of costs by identifying prices for 

available quantities resulting from the harvest of juniper, it is performed under the 

pretense that production of any form does not happen in a vacuum where current 

conditions of the rangeland are independent of other potential uses. 
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CHAPTER 4 

GIS Analysis 
 

 

The source of juniper biomass is spatially fixed.  If a market for juniper biomass 

were to exist, the location of the biofuel production facility is dependent upon where the 

input is distributed.  The biofuel production technology is assumed to operate in a fixed 

location as well.  It is expected that the relationship between cost and distance is positive.  

This dependency between the suppliers of the juniper input and the biofuel producer 

creates a spatial market.  To convey the distribution of accessible western juniper across 

anthropomorphic and NIPF ownership boundaries, on less than a 45 percent grade, a 

spatial analysis using geographic information systems is required.  Those 

anthropomorphic boundaries include a 40-mile buffer around the City of Prineville, 

counties, land ownership types, and county land-use ordinances.  This GIS analysis 

focuses on estimating the supply of juniper that could come from private lands and 

extracting the necessary spatial relationships inherent to the distribution for developing 

the variables used to further assess the machine effort necessary to harvest and transport 

the chipped juniper product to market.   

The extraction of juniper on public lands could be impeded by environmental 

impact assessments and thus add additional costs to an operation.  Extraction on public 

lands would also be motivated by ecological restoration and fire fuels reduction, which 

lends to production characteristics that distort economic indicators and conclusions.  

Therefore acres on private rangeland have been targeted, where increases in profit 
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primarily motivate land-use management decisions (Table 2).   It is assumed that the 

majority of private ownership on  

rangelands will be cattle ranching 

operations and minimal commercial 

timber company ownership.  Another 

reason for the focus on private lands is 

the driving impetus for the extraction of juniper.  While public land managers may 

remove juniper for ecological restoration, juniper harvest on private property could be 

motivated by the desire to increase the carrying capacity of a cattle operation through the 

increased production of herbaceous grasses or for entry into the input market of biofuel 

production as a feedstock supplier.                                                        

The study area is comprised of Jefferson, Crook, and Deschutes counties, with 

small portions of Wheeler and Wasco counties (Figure 1).  The 2000 census reported that 

the combined population of these three counties (Deschutes, Jefferson, and Crook) was 

153,558 persons. The major cities include Bend, Redmond, Prineville, and Madras.  This 

region is typically considered Central Oregon.  It is an area defined topographically by 

the Central Cascade Mountain Range in the west, which runs in a north-south orientation, 

and the Ochoco Mountains flank the eastern edge.   Central Oregon is home to two 

national parks: the Deschutes and Ochoco National Forests.  The local economies consist 

of tourism, cattle ranching, and agriculture.  

 

 

 

Ownership Class     Acres 

Public 1,546,149 

Private 

Individual/Company 

 1,670,835 

 Total      

3,216,984 

Table 2: Study Area Acreage 
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Figure 1: OR Counties That Contain the Inventory Study 

Area 
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4.1 Data  

I used spatially explicit vegetation data acquired from the Landscape Ecology, 

Modeling, Mapping, and Analysis (LEMMA) group; a collaborative research 

organization of the U.S. Forest Service’s Pacific Northwest Research Station and Oregon 

State University.  Interagency Mapping and Assessment Project regions 2, 3, 4 and 5 of 

Gradient Nearest Neighbor (GNN) grids were downloaded from the LEMMA website.  

GNN is a predictive mapping method that uses nearest neighbor imputation and direct 

gradient analysis to analyze Forest Service and Bureau of Land Management field plot 

data, remotely sensed data, and environmental data to model forest composition and 

structure (Ohmann and Gregory 2002).  The entire forested area of the Forest Inventory 

and Analysis plots are used, where a forested plot is 50 percent or more coverage of 

forest classes (GNN Ancillary Data).  Some of the vegetation parameters that are 

included in the output of the model consist of diameter at breast height, basal area, trees 

per hectare, and tree height for numerous tree and shrub species.   

Using a stepwise Canonical Correspondence Analysis, the LEMMA team applied 

field plot data as explanatory variables to create output values in eight-dimensional 

gradient space.  For each pixel, the nearest field plot is identified in eight-dimensional 

gradient space.  Euclidean distance is measured between the pixel and the field plot and 

axis scores are weighted by eigenvalues from Conical Correspondence Analysis 

coefficients.   

Microsoft Access database tables were acquired from LEMMA staff via email 

correspondence.  This database contains variables on numerous different plant species.    
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The tables were summarized by a forest class index identification attribute using a query 

based on juniper that filtered out all other species observations.  The forest plot index 

data ranges from the year 1990 to 2006.  A data table with volume, bole volume, 

biomass, trees per acre, and mean quadratic diameter observations was joined as an 

attribute table to a mosaic of the study area regions 2, 3, 4, and 5 in 32-bit signed integer 

format.   

 

4.2 Methodology  

Using county and city shapefiles available from the Oregon Geospatial Data 

Clearinghouse, a 40-mile buffer was centered on the City of Prineville, Crook County, 

Oregon.  The 40-mile buffer was used to clip all preceding layers into the extent of the 

study area.  To identify the appropriate space by which to measure juniper biomass that 

could be supplied from NIPF property, a filter was constructed that consisted of a 

framework of road surface classification, land ownership classification, and county 

enforced land-use zoning.   

The equipment used in the whole tree chipping operation, that is necessary for 

biomass harvest for biofuel production, restricts road usage by requiring a road surface 

suitable for the use of chip vans and lowboy trailers.  Personal correspondence with a 

knowledgeable source on juniper harvest stipulated that a walk-in distance of one half 

mile was the maximum distance (Kriege 2012).  Road layers obtained from the Bureau of 

Land Management (BLM) were queried and records containing aggregate and bituminous 

in the SURFACE attribute were exported.  Those records containing CNTY for county 
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designation in the OWNERDESG field were selected and exported.  The SURFACE, 

OWNERDESG, and a highways layer, also from the BLM, were merged to combine a 

road system suitable for the driving conditions necessary for the specified harvesting 

equipment.  This process created some non-contiguous road segments that included 

county designation or the targeted surface type for an observation, but was not 

consistently observed along all contiguous road segments.  These dangling road segments 

were deleted or linked to other roads through manual editing; aided by visual inspection 

using digital orthophoto quadrangles at 1:10,000 meter scale or closer.   The qualifying 

characteristics used to identify access roads were the visual recognition of gravel or a 

macadamized surface, reinforced shoulder edges, and a non-circuitous configuration 

compared to primitive, non-improved roads.  A 1/2 mile buffer was then created around 

the merged road layer to represent the equipment walk-in restriction.  Harvest cost 

analysis will not include yields from acreages without roadway access.   

The road buffer was clipped with a property ownership shapefile, also obtained 

from the BLM, to select for buffered areas matching privately owned property.  

Shapefiles containing county level land-use zoning ordinances were obtained from 

Jefferson, Crook, and Deschutes county GIS personnel.  Excluded from the analysis were 

zones that had residential lots less than 40 acres, urban, industrial, commercial, natural 

areas and parks.  Some agricultural zones were included, particularly in Crook County 

where some zones combined a mix of rangeland and irrigated farm land.  Small areas of 

Wheeler and Wasco County are included in the study area, but are defined by large 

expanses of open shrub-steppe rangeland and minimal juniper coverage.  The filter did 
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exclude all public property and those with specific land-use zone definitions for these 

areas were not considered in this study. 

The final result of the data filter produced areas on private property, where juniper 

biomass was available to harvest on no further than 1/2 mile from roadside access.  All 

zoning classifications included in the analysis allowed for forest operations. 

Percent grade is another restriction in the framework used to quantify available 

juniper biomass.  A 45 percent grade was established as the maximum on which 

simulated operations could extract trees in the harvest unit (Kriege 2012).  Digital 

elevation models from the US Geological Survey were obtained for the study area and 

processed for grade at a 1 arc second resolution.  An output raster from ArcGIS 10 Raster 

Calculator combined the GNN grid of biomass and the percentage grade grid for juniper 

biomass on less than or equal to cells of 45 percent grade.  This process was not 

conducted for the vegetation layer used in summary calculations for the data comparison 

with the Azuma et al. (2005) report.  All juniper biomass was included for this 

comparison.  CRM biomass estimates were used here to compare GNN modeling with a 

different inventory method.  In the precluding spatial analysis, bole volume from the 

ground to a 1.5 inch top was estimated in the units of cubic meters per hectare for each 

one acre pixel of mapped data.  Later, this material (minus that on greater than 45 percent 

grade) moves through production and is output as oven-dry, chipped material measured 

in short tons. 

A floating point grid containing kilograms per hectare values from pixels was 

partitioned by the polygons of the access-road-buffer layer to yield a summation of 
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biomass using a zonal statistics tool in ArcGIS 10 software.  The biomass sums, in 

kilograms per hectare units, were relativized to kilograms per pixel by multiplying output 

values by 0.09 and then converting them to short tons.   

 

4.3 Production Variables 

Harvest unit polygons were 

manually drawn at a 1:10,000 meter 

scale or closer, and were partially 

shaped by ½ mile road buffer 

(Figure 2).  The visual identification 

of the stand edge and public land 

boundaries also guided the 

placement and layout of harvest unit 

polygons.  Residential developments 

and spaces containing little or no 

juniper coverage were excluded.     

A point feature shapefile was 

created that allowed for the placement of landings at centralized locations with respect to 

the position of the stand, harvest unit boundaries and curves in the road.  Most harvest 

units have one corresponding landing and in some cases where harvest unit polygons 

encompass expansive acreage additional landings were assigned.  Some harvest units 

Figure 2: Harvest Unit Diagram 
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share landings, where the access road separates one area into two polygon units.  Gentle 

grades and straight road sections were also selected for, when placing landing points. 

The skidding distance variable was created with the ArcToolbox Path Distance 

Allocation tool.  The landings point 

shapefile was used as input 

to specify the source for     

all juniper removal as each 

pixel’s distance from the 

source (landing) is 

calculated (Figure3).  For 

each pixel in the harvest 

unit, the tool considers the 

shortest, most unobstructed 

route over the flattest grade, 

to compute the distance 

along that path in meter 

units to the source pixel.  

Each pixel was assigned a 

distance for skidding that would later be used in the calculation of the necessary time 

required in production to determine the machine costs.     

     The Distance Path Allocation rasters were converted to polygons.  At this point in the 

GIS process the definition of the harvest unit changes.  Previously, harvest units could 

Figure 3:  Path Allocation Diagram 
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encompass more than one stand of juniper and hence more than one landing.  Harvest 

units now are defined by all those pixels within one allocation raster that are devoted to 

the same source or landing.  All vegetation layers were then split with the dimensions of 

the allocation rasters of bole volume, volume (
3m /ha), biomass (kg/ha), trees per acre, 

and quadratic mean diameter (cm) for further processing.  Each polygon was assigned a 

unique, whole integer indexing value. 

Routes for each landing were iterated in Model Builder through the Network 

analyst, which included the variables time (hours) and distance (miles) from the facility 

to each landing.  The impedance attribute was specified as travel time, which was 

allowed to be influenced by the directional restrictions of one-way streets and road 

conditions as specified by the road layer data.   Travel time was a function of distance, 

divided by miles per hour, and was calculated for each road segment between stops.  The 

network analyst computed the most efficient route from the facility to the individual 

landings by finding the short distance in road miles on roads with the highest posted 

speeds.  The total time observation for each route was a summation of the travel time for 

each road segment used.  For the variable total route time, the mean was one hour and the 

sample standard deviation was 0.54 hours, with a range of 0.06 to 10.54 hours.  For the 

total route length, the mean was 33.39 miles and the sample standard deviation was 14.2 

miles, with a range of 1.56 miles to 71.38 miles. 

All raster variables were then converted to feature point shapefiles.  Each point 

shapefile was spatially joined with the harvest unit polygon shapefile.  The landings 

shapefile was also spatially joined with this new dataset.  The last step consisted of a 
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spatial join between the new dataset of harvest units, landings, and vegetation data with a 

shapefile of routes corresponding to each landing to provide travel times and distances.  

When outputted from the ArcGIS 10 software for use in Microsoft Excel 2010, the 

resulting table consisted of skidding distance, trees per acre, quadratic mean diameter, 

biomass, volume, and bole volume for each individual pixel.  Within Microsoft Access 

2010 pixel observations were grouped by the harvest unit index, landing index, travel 

time, acres in the harvest unit, and the distance of the route.  Pixel estimates of biomass 

and bole volume were later summed by their harvest unit index value. 

 

4.4 Accessible Juniper Results 

County level summations of juniper biomass were calculated to compare with 

quantities from literature estimates.  For the county level comparison juniper existing on 

grades greater than 45 percent was included as well as both privately and publically held 

quantities.  Crook County, 

identified as a biomass 

“hotspot” for juniper was only 

69 percent of the Azuma et al. 

(2005) report, while 

Deschutes, Jefferson, and Wheeler county quantities over predicted those estimates from 

the literature (Table 3).  The combined four county biomass estimate was within one 

percentage point of the quantity reported by Azuma et al. (2005). 

County GNN 

LEMMA  

Azuma et 

al. 2005 

Crook 1,998,913 2,892,000 

Deschutes 884,144 506,000 

Jefferson 1,015,657 702,000 

Wheeler 1,199,323 944,000 

Total (dry tons) 5,098,037 5,044,000 

Table 3: Comparison of GNN data to Azuma 2005 
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Methodologies of biomass estimation differ between the Azuma et al. (2005) 

benchmark and the GNN data.  The biomass included in the LEMMA dataset is 

calculated using the Component Ratio Method (CRM).  Using the bole volume estimate 

from the LEMMA data, the CRM calculates the dry weight from a stump to a tree top of 

1.5 inches, the bark and branches.  Foliage is not included.  The U.S. Department of 

Agriculture assigns western juniper a wood density of 470 kg 
-3m  at 12 percent moisture 

content on a dry weight basis (Miles and Smith 2009).   

 The Azuma et al. (2005) report calculates biomass by percentage of crown cover 

for trees greater than 5 inches in diameter at breast height.  This equation was developed 

from the Forest Inventory Analysis data. 

Biomass = -0.258 + 16.42 × percent crown cover.  

Divergence of the compared estimates at the county level are due to the 

differences in biomass estimation techniques, but the convergence of the combined 

county estimate with the compared report probably lends to the GNN feature of improved 

accuracy with enlarged regional extents (Ohmann and Gregory 2002). 

 Table 4 reports quantities of juniper biomass partitioned by ownership class.  Of 

these ownership classes the 2,027,992 tons on private land was targeted for its 

availability in the 40-mile Prineville buffered market area.    
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The harvestable space, as identified from the ½ mile road buffer, totals 561,092 

acres and 557,943 tons.  Juniper biomass available on private ownership, within the 

appropriate land-use zones, sums to 1,724,949 tons on 1,339,221 acres without 

considering roadside access.  Those areas with the highest concentrations of juniper are 

depicted north to northeast of the City of Prineville and west of the City of Redmond 

(Figure 4). 

 

 

 

 

 

 

 

 

Ownership/ Management Regime Biomass (tons) 

U.S. Forest Service 467,834 

Bureau of Land Management 701,462 

U.S. Department of Agriculture 129,822 

Bureau of Indian Affairs 69,632 

Bureau of Reclamation 6,634 

  

State Agency 8,253 

Division of State Lands 1,577 

  

Private Individual or Company 2,027,992 

Total 3,413,136 

Study Area   3,415,626 

  

Table 4: Biomass by Ownership 
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Figure 4: Map of Available Roadside Juniper 
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4.5 Data and Analysis Uncertainty 

The primary level of error introduced into the analysis begins with the plot level 

data from the FIA program.  Inventories are designed to provide sampling errors 

consistent with national standards set by the USDA Forest Service (Azuma et al. 2005).  

Forest Inventory Analysis plots are located approximately every 6000 acres (Gillespie 

and Smith).  For low productive forests, such as western juniper, sampling errors of 10 

percent per million acres are standard.  Azuma et al. (2005) based their estimates off of 

an inventory conducted in 1999 from aerial photos at a 1:40,000 scale (no units given).  

Ground plots generated from the analysis were expected to have at least 9 percent 

coverage.  

The mapped juniper data was created using nearest neighbor imputation.  The 

data is in a gridded format with 30 meter by 30 meter pixels.  Literature on uncertainty 

concerning this dataset concluded that the data was acceptable or appropriate to use for 

academics and social planners performing analysis at a regional scale (Ohmann and 

Gregory 2002).  The data is inappropriate to use at the 30 by 30 meter resolution.  

Resampling between 1 acre pixels and 1 hectare pixels provided a range of  355 tons 

from the 30 meter by 30 meter native data.  

The study area is primarily comprised of LEMMA’s IMAP data for Region 2.  

Where 1 equals total agreement between observed and predicted values, juniper in 

Region 2 has a kappa coefficient of 0.3398.  The average for the dominant species 

coverage in this dataset is 0.3723, with a range of 0.1089 to 0.5382 (GNN Accuracy 

Report).  The total sample error for Region 2 is 53.5 percent correct and with fuzzy 
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correction 78.3 percent.  For medium sized (25-50cm DBH) dominant conifer coverage 

the sample was 49.6 percent correct and 72.4 percent fuzzy.  The large conifer coverage 

class, >50 cm DBH, was 26.5 percent correct and 82.4 percent fuzzy. 

The accessible roads layer was manually edited as dangling road segments and 

inappropriate roads were deleted.  Some road segments were digitized into the sample 

set.  The basis for inclusion consisted of a visual inspection of aerial photos at a 1:10,000 

meter scale, evidence of gravel or bituminous surfaces, and an identification using a 

comprehensive road network dataset from ESRI.  Although the endeavor of editing the 

available roadside layer was thorough, it is vulnerable to human error through the 

subjectivity of visual interpretation of the aerial images.  It is likely that within the study 

area roads have been included that are unsuitable to the passage of necessary operations 

equipment or have been excluded that are suitable, as a result of this editing process. 

 

4.6 Discussion 

Filtering parameters that were not included in this analysis were acreages 

restricted to stream buffering due to the protection of salmonoid habitat or domestic 

water sources and strict adherence to the exclusion of rural subdivisions or subdivided 

lots where the removal of juniper was inappropriate due to the aesthetic valuation of 

private property.  Filtering for these parameters could lower estimates.   
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CHAPTER 5 

Forest Operations, Transport, and Cost 
 

Those acreages identified where forest operations were permissible by county 

zoning designation were filtered further to identify those locations within a ½ mile of 

roadside access.  All landings for each harvest unit were sited upon a road.  The further 

that machinery pushes outward from the roadside the more expensive the extraction 

becomes.  The ½ mile distance is the furthest distance that contractors would be expected 

to move equipment (Kriege, personal communication 2012).  The U.S. Billion Ton 

Update: Biomass Supply for a Bioenergy and Bioproducts Industry also identifies the ½ 

mile restriction as an assumption for developing forest residue estimates (DOE 2011).   

It is assumed that contractors will grade material accordingly for different wood 

products apart from this study, but within the model all material is chipped.  This leaves 

the potential for better returns for lumber grade juniper or other value added products 

where materials meet the required specifications.  Within the model it is assumed that 

stands are pure western juniper and not mixed with ponderosa pine, lodgepole pine, or 

other species as harvest costs would increase due to the necessity to flag trees and 

maneuver equipment circuitously through mixed stands.  The cost estimates within this 

study do not include secondary treatments requiring the removal of juvenile trees. 

5.1 The Harvest Unit 

The base level vegetation raster data pixel represents a 30 x 30 meter square.  

Each pixel in the digital map carries multiple values on tree and forest characteristics.  

The base level data reports juniper bole volume density in cubic meters per hectare for 
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each 900 square meter pixel.   This was reclassified to acre unit estimates of cubic meter 

juniper bole volume estimates.  To relativize volume per hectare into volume, hectares 

were converted to square meters (10,000) and divided into the number of square meters 

in a one acre pixel (4046.86).  Density observations were multiplied by 0.404686 to 

obtain volume in cubic meter units.  Appropriate acreages were assigned a harvest unit by 

which volume from all acres within that harvest unit were summed, 






N

i

ij VolumetHarvestUni

1

,  

 

where Volume represents the estimated bole volume of juniper coverage of 70-50 percent 

or more for the i'th  acre of N acres.  The HarvestUnit summation of volume is converted 

to dry-weight-only by 419.626 kg 
-3m  on a dry weight basis for the final chipped product 

in bone dry tons. 

 

5.2 Production  

The observations on variables yielded from the geospatial analysis are input for 

production and cost calculations in Microsoft Excel.  Raw juniper material enters the 

production model in cubic meters per hectare and exits as standard unit short tons of 

debarked, chipped cellulosic material.  The feller-buncher arrives at the site first and fells 

and bunches all juniper material on every specified acre within a harvest unit.  At the end 

of the necessary drying cycle skidders return to the harvest unit of bunched juniper.  

Material is skidded to a spatially specific landing where it is then received by a hydraulic 

loader which loads the material into a chain-flail delimber/de-barker.  All branches and 
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bark are removed from the bole to provide a clean chipped product that is a necessary 

specification of material for the production of biofuel.  The chain-flail feeds directly into 

a   chipper which produces the final product for market.   

The quantity produced is represented by a set of linear functions defining the 

relationship between the variables of distance, trees per acre, quadratic mean diameter, 

and bole volume per acre and machine rates of production.  These variables at the acre 

level determine the necessary amount of time required to produce the juniper material 

present.  All variables have an increasing relationship with time.  The trees per acre, 

grade, and distance to the nearest landing variables from the spatial data were restricted 

over the range of all possible observations for the efficiency and practicality of the 

specified technology configuration.  Grades of less than 45 percent and skidding 

distances of less than or equal to a ½-mile were permitted by this model.  The output of 

bone dry short ton units of chipped juniper product is a function of total machine time.  

Since the cost of hourly rates for different machinery varies, minutes per acre are 

calculated for each piece of machinery.  Prices are multiplied to individual machine times 

and then the products are summed together for all machinery.  To represent just 

production, the following equation does not include prices.  In the next section prices will 

be included.

 

imeChippingTiiflailTimeChainieLoadingTimimeSkiddingTiieFellingTimineTimeTotalMachi  /

 

Let the subscript i represent the acre observation.  Then the per acre total machine time is 

summed to the harvest unit level. 
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N

i

ij neTimeTotalMachitTotalTimeHarvestUni

1

 

The subscript j represents the individual harvest unit. 

Machine production rates were developed independent of one another and were 

based off of time motion production studies (Table 5).  The feller-buncher and skidder 

equations are based off of a study specific to juniper, which captures the characteristics of 

the openness or sparseness, typical of species coverage, and the obstacles and grade of 

the regional terrain.  Prices are a composite for a mechanical operation, where it is 

assumed one operator per piece of machinery, so capital and labor are coupled together.  

Machine prices are presented in section 5.6.    

 

Table 5: Equipment Specification and Productivity 

Machine Model Productivity Equation mins/acre 

Feller-

Buncher 

 

Timbco 445     366.0008005.0**404686.0* QMDTPH  

Grapple 

Skidder 

 

Cat 518 class      1361.2Distance017881.0Distance01315. 

 

Hydraulic 

Loader 

Prentice 610 

knuckle boom 







 66

4620
*Volume*00144531.0

QMD
 

Chain-

Flail 

Delimber 

Peterson Pacific 

4800 
  

97.1

0404686.0*Volume /3 acrem  

Chipper Morbark 27    
26.2

0.404686Volume /3 acrem  

 

 

 



57 
 

5.3 Equipment Specification 

Dodson et al. (2006) conducted time trials to compare the costs of two different 

harvesting systems.  This time motion study used a Timbco 445 feller-buncher (Komatsu, 

Shawano, WI) with a bar saw to fall and bunch stems, a Caterpillar 525 rubber-tired 

skidder (Caterpiller Inc., Peoria, IL) equipped with tire chains and a swing grapple to skid 

bunches of stems to a central landing, This mechanized operation was applied to an 

average piece of 12 inch diameter at breast height at the corresponding location’s average 

height tree and calculated through the volume conversion equation above.  The average 

time to complete all components of the production cycle for one piece is reported in 

minutes per piece, which is then converted and reported by volume per machine hour. 

A productive cycle consists of the amount of time in minutes for each piece of 

machinery employed to produce one piece as determined by average stand height and 

diameter.  Delay is calculated apart from the productive cycle, but summed into the cost 

per piece estimate.  A total productive cycle sums the minutes required to fell, bunch, 

skid, and deck one piece.  My study applies debarking and delimbing by means of a 

chain-flail and chipping as part of the on-deck processing system.  Western juniper is 

hard on chippers (Kriege 2012) and the practicality of chipping juniper in whole tree 

form has not been tested.   

The total productive cycle in minutes is then converted to a productivity rate of 

pieces per hour, which is further converted to volume per machine hour.  In the Dodson 

et al (2006) study, one piece equaled 5.9
3ft , from a 12 inch stump to a 4 inch top.  The 

average juniper was 21.5 feet tall, 12 feet in DBH, and had 296 trees 
-1acre  on average.  



58 
 

The aspect was a north facing slope which the authors stated had a statistical difference 

with the observations for the south sloped facing stand in the study.  

 

Feller-buncher   

An average production rate of 0.61 minutes per stem from the Timbco 445 was 

estimated (Dodson et al. 2006).  Felling a stem involved 40 percent of the cycle time, 

which equals 0.244 minutes.  The remaining cycle time, 0.366 minutes, is spent 

positioning and in delay.  Based on the speed of felling a 12 inch diameter at breast 

height stem, traveling between trees and delays, the quadratic mean diameter and trees 

per acre variables from the vegetation data were applied to the production equation used 

in my study.   

 

Skidder 

  Dodson et al. (2006), used a Caterpillar 525, rubber-tired skidder equipped with a 

swing grapple for bunching stem.  This machine produced at an estimated 5.21 minutes 

per turn on average and collected 9 stems in a turn.  The productive cycle consisted of 25 

percent traveling unloaded for average one-way distances of 325 feet, 11 percent for 

assemblage of stems, and 34 percent traveling loaded, and 30 percent delays.  I applied 

this production rate and the traveling speeds, both loaded and unloaded, with a 

conditional statement that produced whole integers rounding up to represent additional 

trips that need to be made to those acres that exceeded volumes of 65.43 
3ft  (a nine stem 

load of 7.27 
3ft  per stem with branches). 
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Loader   

As skidders return to the landing with a load of material, the hydraulic loader 

receives the skidded load and feeds the chain-flail.  Hartsough et al. (1997b) developed 

stump-to-truck logging costs relations specifically for ponderosa pine plantations using 

different combinations of equipment for whole-tree and cut-to-length systems.  Using 

data from two different studies, these authors designed a regression relation for the 

loading component of a forest operation (Hartsough et al. 1997 a & b): 

 Load (ccf/PMH) = 

DBH

4620
66

6000



  

I applied the volume and QMD variables from the vegetation data to this relation for an 

estimate of production for the machine minutes required per acre. 

Chain Flail  

Michael A. Thompson and John A. Sturos (1991) tested the performance 

specifically of the Peterson Pacific Chain-Flail delimber/de-barker in order to assess the 

quality of chips produced at the harvest site rather than at the mill.  The Peterson Pacific 

4800 was combined with an in-woods chipper to consider the economic feasibility of the 

in-woods approach to chip processing.  In the western Upper Peninsula of Michigan, a 

continuous time study of the flail was conducted on northern hardwoods ranging from 

four to 12 inches DBH, where an average of 8 
3ft  per tree was observed.  These authors 

report a productivity of 26 tons in 46.1 minutes or 33.8 tons per scheduled machine hour.  
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The observed utilization was 62 percent.  This rate of utilization equates to 54.5 tons per 

productive machine hour.   

   

Chipper 

The in-woods chipper is a Morbark 27 (650 hp) with an 83-inch rotating disc and 

three chipping knives.  The FRCS-West cites this machine, making the cost calculation 

specific and straight forward for this simulation.  Watson et al. (1986) used the Morbark 

chipper to process understory stems to assess differences in productivity and costs 

between two different size classes of chippers.  Soft hardwood species included 

sweetgum, blackgum, red maple, holly, sweetbay, magnolia, and yaupon.  Estimates of 

productivity were comparatively low to other studies and industry specifications.  A 

production rate was calculated using a relationship of specific gravity and horse power 

seconds required to chip one cubic foot of solid wood (Koch 1979, p.915).  The specific 

gravity of western juniper was specified as 0.42.  Based on this relationship, 326 horse 

power seconds are required to chip one cubic feet of solid wood.  Assuming that an upper 

threshold of 2/3 the total machine horse power could be allocated to the drum, 4785 
3ft  

of solid wood can be chipped per productive machine hour.  Estimates of this allocation 

could be off by as much as 10 percent.  A production rate of 62.7 tons per productive 

machine hour was used in the productivity equation listed in Table 1. 
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5.4 Transportation Production   

To minimize the cost of transporting wood products, an effort is made to reduce 

the moisture content of material as water is an unnecessary bi-product.  Air-drying 

conditions are ideal when temperatures are in the 70’s °F and light winds (Leavengood 

and Swan 1999).  When stacked, four days after cutting, western juniper sapwood 

moisture content was 30 percent and heartwood was 22 percent (Leavengood and Swan 

1999).  Three weeks after cutting, both the heart and the sapwood was 12 to 14 percent in 

these ideal conditions (Leavengood and Swan 1999).  Regardless of the cutting season, it 

will be expected in this study that the material will remain in the field in bunched piles 

for a year’s duration so the material will reach minimal moisture content after ideal 

temperatures during the warmer months of the year.  When production resumes with 

skidding bunched piles to the landing to be flailed and chipped, the material is assumed to 

have minimal moisture content.  The U.S. Department of Agriculture assigns western 

juniper a wood density of 470 kg 
-3m  at 12 percent moisture content on a dry weight 

basis (Miles and Smith 2009).  For bone dry chips, a dry-weight-only of 419.626 kg 
-3m  

was used to convert volume to weight for estimating quantities of the final product as it is 

transported to the biofuel production facility. 

Transportation production is a function of travel time, chipper productivity and 

trailer capacity.  The tonnage delivered to the biofuel facility is constant since it is 

assumed that only full loads are transported.  Travel time is a function of distance and 

allowable road speeds based on the surface material and posted speed limits.  With spatial 

data on the roads network, the posted speed is used to calculate the travel time variable.  
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The posted speed limit helps define the type of road surface so that routes take into 

account the distance traveled over primitive roads or paved roads.  Travel times from the 

biofuel facility to the landing of the harvest unit were computed in ArcMap 10.   

The biomass central processing facility was sited on a large parcel of Crook 

County property in heavy industrial zoning on the north side of Houston Lake Road. To 

the west is the county landfill and to the south is a small military facility, and Facebook 

Incorporated.  The geographic coordinates are -120.8956 longitude and 44.3007 latitude.  

This position serves as the destination from all harvest units within the study to provide a 

route along the regional road system network for deriving estimates of travel time and 

distance as well as for calculating the variable move-in cost.  

 

Expansion Factor  

To accommodate the natural expansion of chipped material an expansion factor of 

2.5 (
3ft  chipped/ 

3ft  solid wood) was applied to bole volumes produced from the 

chipping component to reflect the decrease in density from solid wood to the final dried 

and chipped product.     This expansion factor for compacted pulp wood chips is taken 

from Forest Products Measurements and Conversion Factors, by David George Briggs 

(1994).   

 

Loose density  

Dempster et al. (2008), specify the loose bulk density as function of basic dry 

density, solid volume to bulk volume ratio, and moisture content on a wet basis. 
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SVFDDB
D


  

 

where  

looseD = loose bulk density  

DDB = basic dry density  

SVF = solid volume factor = solid volume/bulk volume 

  WBMC = moisture content, wet basis 

 

   
01

4.0*2.26


=   10.48 lbs 

-3ft  

 

If the expansion factor (bulk volume/ solid volume) is 2.5, then the solid volume factor is 

0.4 (solid volume/ bulk volume).  

 Chipped Volume Produced (
3m ) = (input bole volume) * (expansion factor) 

 Bone-dry Chips Produced (tons) = [ (Chipped Volume Produced) * (loose  

density) ] * Conversion Factor 

A conversion factor for kilograms to short tons of 0.00110231 was used for the final 

output units.   

 

Volume Capacity 

For chipped juniper of a specific density of 10.48 lbs 
-3ft  yields a total weight of 

18.72 short tons for a 135 cubic yard trailer.   The legal payload is 25 short tons, which 

implies that trucking chips is volume limited. 
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5.5 Chipping/Trucking Interference   

Rene Zamora-Cristales and John Sessions used three scenarios of trucking and 

stationary grinder interactions to estimate the cost of wait time for the grinder and the 

truck as a function of the number of trucks available, road conditions and the approach-

to-loading configurations (2013).  Mean waiting times for equipment were observed for 

actual harvests and by using programming tools the number of trucks was optimized to 

estimate potential cost minimization strategies.  Relationships between spatial variables 

that considered the position of the stationary grinder in relation to the truck turn-out and 

the turn-around location were influential.  Outputs of these relationships were the turn-

around time, positioning time and the distances traveled over varying road surfaces.  

Varying combinations of turn-out, turn-around, and grinder positions were 

analyzed within three actual case studies to estimate the utilization rate for the grinder.  

Truck utilization was a function of the travel time to the biofuel facility, grinder 

productivity, and trailer capacity. 

Case I in the Zamora and Sessions (2013) paper exemplifies a situation in which 

the incoming truck that is to receive a load from the chipper must pass the landing to 

access a turn-out and turn around location.  This scenario is common in forested settings 

where the single-track forest road allows the passage of only one truck at a time (Zamora 

and Sessions 2013). 

My study applies the average waiting time for the grinder, 22.9 minutes per load 

of truck positioning, observed in the Zamora-Cristales and Sessions (2013) paper from 

the most constrictive scenario of Case I.  The waiting time for the truck, due to grinder 
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productivity, is substituted with the chipping productivity of the Morbark 27, which is 

17.25 minutes per load.  The waiting times for these components of the operation are 

applied as constants, multiplied by the necessary number of trips required by the tonnage 

output of the harvest unit.   It has been assumed that the contractor will solicit the optimal 

number of trucks for the operation.  Since the approaching schemata’s of truck and 

stationary processing interactions, as dictated by explicit topology of road characteristics 

and landing locations were not taken into consideration in this study, the variability of 

waiting times between harvest units cannot be included.   

 

5.6 Costs of Production 

Cost data from juniper harvesting was not available for this study.  Instead, costs 

were simulated deterministically from known production rates of equipment, which were 

observed while producing juniper material or tested in regions with similar topography to 

Central Oregon.  The pricing structure of inputs is based off of the Fuels Reduction Cost 

Simulator (FRCS-West) for the Western Region, produced and disseminated by the U.S. 

Forest Service.  Some prices for wages, taxes, insurance, maintenance, and machinery 

were taken from the 2008 FRCS-West and adjusted to 2013 values using the Consumer 

Price Index.  The hourly rate for the Peterson Pacific 4800 chain flail comes directly from 

the manufacturer via personal correspondence (2013).   
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Harvest Cost 

Harvest costs are a function of machine hours and given input prices.  A harvest 

unit is the summation of the cost to extract juniper from all acres included in the unit.     

Harvest costs were calculated for each unit and consisted of the cost of felling and 

bunching, skidding to the landing, loading a chain-flail delimb/ debarker, and chipping 

each acre.  At the acre level, denoted by the subscript i, machine costs are a product of 

the price to operate that machine and the time required to process the material. 

   



n

i

iChiCiLiSii ChpCpLpSpFp
1

FCostHarvest  

where, 

F = time required to fell and bunch the 
thi acre (minutes). 

S = time required for skidding 

L = time required for loading 

C = time required for chain-flailing 

Ch = time required for chipping 

 

Let p represent the individual price of dollars per minute of each machine component 

where the subscript identifies the corresponding machine.   

 

Move-In Costs  

The cost of moving equipment to a harvest unit was summed with the harvest unit 

cost.  The move-in costs consist of summing a fixed cost and a variable cost for the j th  

harvest unit.   

  jj stVariableCoFixedCostMoveInCost   
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Move-in variable costs are a function of distance in mile units multiplied with its 

own price.  As structured in the FRCS- West, the fixed costs are a function of the 

ownership costs of each individual piece of machinery, the rental cost of a lowboy trailer 

($120), the cost of labor to move-in ($20/hr), and the average estimated time required for 

the move-in (2 hours).  The price included in the variable cost is a function of the 

ownership cost of each individual piece of machinery, the lowboy rental, and the average 

loaded speed, which is assumed to be 25 miles
-1hr .  The average speed unloaded is 

assumed to be 40 mph.  Speed averages consider that some of the distance traveled will 

be on gravel roads, which reduces the overall average value.  The variable price units are 

dollars per mile, where mileage is derived by the network route.  The variable component 

of the move-in cost for each landing calculates distance as a trip from the biofuel 

processing plant to the landing and assumes that the equipment source is located at the 

plant.  This may not be the actual scenario, but serves as an identifiable equipment 

source.  For move-in fixed and variable costs per piece of machinery see Table 6.  
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Table 6:  Move-In Prices  

 

 

 

 

 

 

 

  

Situations where harvest units are near enough to one another that equipment 

would realistically be moved between landings was not taken into account.  The data has 

been restricted to at least 2 or more trips required from the landing to the facility.  

Approximately 12 trips could be made during an eight hour work day when considering 

the trailer capacity and chipper productivity.  If a harvest unit requires less than 12 trips it 

is assumed in the model that equipment can drive to the next adjacent landing as 

distances permit.  This assumption potentially introduces a large amount of error into the 

model.  In Chapter 3, harvest unit average costs are indexed by magnitude and summed 

in sequential order to represent a contractor harvesting the least costly units first in an 

increasing succession to the most expensive.  But, harvest units could realistically be 

grouped into zones where those units that are close enough together, allowing equipment 

to be driven manually instead of being loaded onto a trailer would have the harvest costs 

and quantities summed together.  This method of harvest scheduling could circumvent 

some of the high costs associated with the move-in for each harvest unit.   

Machine Fixed Cost ($) Variable Cost 

($/mile) 

Feller-Buncher 550.16 7.38 

Skidder 1429.14 (for 3 

skidders) 

17.70 (for 3 

skidders) 

Loader 490.58 6.18 

Chain-Flail 341.62 (processor 

$ proxy) 

5.00 (processor $ 

proxy) 

Chipper 295.91 3.29 

Back haul  17.50 

Total $ 3107.41 Total   $57.05 
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The decision to harvest for a standard operation expects move-in costs to be a 

minimal percentage of total costs.  The highest percentage of total costs for the move-in 

cost component was 64 percent.  This is a considerable portion of the total cost and when 

left up to the decision of the contractor, this high of percentage may dissuade the harvest 

of such units.  The average for all units in the study is 23 percent. 

 

Equipment Prices 

Individual prices for machinery were applied as constants ( machinep ) that are a 

composite.  These prices do not fluctuate within in the model (Table 7).   

Table 7: Hourly Machine Rates 

 

 

 

 

 

Within the FRCS- West, prices for machinery for mechanical, whole-tree chipping 

consist of ownership costs and operating costs, which are a function of the machine 

purchase price, life expectancy of the machine, the salvage value rate, the utilization rate, 

interest (8%), insurance, taxes, fuel consumption and the price of fuel, maintenance, and 

operator wages and benefits. 

Prices for machines come from the FRCS-West, except for the chain-flail.  The 

Scheduled Machine Hour prices were applied to the feller-buncher and skidding times 

under the assumption that delays had been included as a portion of the cycle time 

Machine Model Rate 

Feller-Buncher Timbco 445 $155.16/SMH 

Grapple Skidder Caterpillar 518 $133.95/SMH 

Hydraulic Loader Prentice 610 knuckle boom $133.90/PMH 

Chain-Flail Delimber Peterson Pacific 4800 $152/PMH 

Chipper Morbark 27 $214.69/PMH 

truck with 45 ft trailer  $90.79/PMH 
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calculated.  Hours of scheduled machine time per year accounts for 8 hours a day, for five 

days a week, for 40 work weeks in a year.  A total of 12 work weeks were subtracted 

from the annual sum to account for those times when soil moisture conditions do not 

allow for production. 

For both feller-buncher and skidder pieces of machinery, the average delay times 

are accounted for in the total production cycle.  As productive machine hours (PMH) are 

calculated as a utilization rate for actual productive time over scheduled machine hours 

(SMH), where the difference is the average amount of delay time, PMH costs are higher 

than SMH costs.  Delays for the loader, chain-flail delimber, and the chipper (landing 

components) are accounted for with an adjustment in the number of truck units used to 

keep the flow of material from each landing in motion as optimized by the contractor.  

Delays for the landing components of the operation are applied as a constant per load 

required by the amount of juniper material harvested from the unit.  For a Peterson 

Pacific 4800 chain-flail delimber, the manufacturer estimates that at 75 percent utilization 

of 50 to 60 tons
-1hr , costs are $152 per productive machine hour (personal 

communication 2013). 

 

Transportation Costs 

In 2009 a report by the American Transportation Research Institute calculated the 

average cost per hour to be $83.68 (Trego and Murray 2009).  A cross-sectional survey 

distributed by the institute, addressed for-hire motor carriers with the intention of 

discerning accurate costs.  Survey recipients were selected from the institute’s database, 
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State Trucking Associations and the American Trucking Association’s National 

Accounting and Finance Council.  The response rate was approximately 43 percent.  

Survey results were aggregated and reported for all classifications: freight carriers, 

palletized pick-up and delivery, and specialty carriers.  Total costs were assessed by the 

respondents and grouped into two categories: vehicle-based and driver-based.  The 

vehicle-based category contained costs such as, fuel and engine oil, lease and purchase 

payments, repair and maintenance, taxes, insurance, tires, licensing and permits, and tolls.  

The driver-based category contained driver wages, driver benefits, and driver bonuses.  

These classifications of fixed and variable costs encompass all necessary components of 

current motor carrying costing.  Adjusting by the average Consumer Price Index for 

2008, as of April 2013 this price is $90.79 
-1hr  (Trego and Murray 2009).   

The total cost of transporting juniper is a function of the number of trips to the 

landing, travel time (two-way), truck delay, and the given hourly rate.  The number of 

required trips to the landing is a function of the harvest unit volume and the trailer 

volume capacity. 

Total Transportation Costs =     landing  toTrips*42.5379.90*2* TravelTime  

 

Chain Flail and Chipper Delay 

A cost was estimated for the time a truck spends positioning its trailer to receive 

material from the chipper.  When no truck trailer is in position at the chipper, production 

must stop for the chipper and the chain-flail.  According to Zamora and Sessions (2013) 

grinders were utilized up to 60 percent, in Case I, when the number of trucks was 
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optimized.  The average grinder delay totaled 22.9 minutes per load for truck positioning, 

loading, and turn-around times.  In the Zamora and Sessions (2013) paper, when 

optimizing the number of trucks, the grinder waiting cost in Case I was 13 percent of the 

total grinding cost.  To reflect the non-productive cost of time for the chipper and chain 

flail during truck positioning, 20 percent of the productive cost for each component is 

summed.  The fixed cost of equipment is not considered since operating time is not 

reducing the life of the machines.  Considering 20 percent of the productive cost for each 

machine, $30.4 for the chain flail and $42.94 for the chipper, the combined cost of 

nonproductive time is $73.43
-1hr .  Applying the average grinder delay from the 

aforementioned paper (2013); 22.9 minutes for truck positioning, $28 is added as a 

constant to the total cost of production for each trip from the landing to the biofuel 

facility. 

 

Truck Delay 

The non-productive trucking time summed the average wait time of 22.9 minutes 

from the most constrictive scenario as outlined by Zamora and Sessions, (2013) with an 

average of 30 minutes allotted for unloading at the biofuel facility and the time required 

for the chipper to fill the trailer.  Combinations between road access, turn-around places 

and turn-outs, and the position of the landing vary greatly between harvest units.  Due to 

this variability, the average trucking non-productive time should be recognized as 

towards an upper bound for the total time required to get in and out of position to receive 

chips.  Total trucking non-productive time is a sum of 22.9 minutes for positioning, 15.97 
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minutes for the chipper to load the trailer, and 30 minutes for unloading at the plant for a 

total of 1.14 hours for each round trip.   

By applying the average non-productive time for each trip required by the total 

volume coming from each landing an additional time increment is added as a constant 

with a different hourly price for truck transport to represent that time spent waiting while 

the chip van is loaded and unloaded and trucks are positioned.  Assume, based on the 

national average for drivers of freight, that labor is $20
-1hr .  For the hourly cost of 

trucking delay, labor is summed with 20 percent of the regular shipping rate of $90.79 as 

an opportunity cost of not driving.  At an opportunity cost of $38.16
-1hr , for a total of 

waiting 1.14 hours per load, a constant amount of $43.50 is added to the transportation 

cost of each trip to the facility to represent the cost of non-productive trucking time.     

 

Profit & Risk   

The total cost is marked up by 20 percent to account for the profit and risk 

expectations of the contractor as well as to cover administrative costs.  The total harvest 

cost estimation for each unit adds the transportation cost of moving all material processed 

at the landing to the biofuel plant, 20 percent of total cost for risk, profit, administration 

costs, and the cost of the chain-flail and chipper waiting for the change-out between 

trucks.   

 

 2.0Cost TotalDelay Processing                      

Costtion Transporta TotalCostIn  MoveCostHarvest  TotalCost Total

jj

jjjj
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5.7 Equipment Balance    

All comparisons are made by the units’ minutes/
3ft .  Based on .61 minutes per 

stem from Dodson et al. (2006) where one stem unit at 12” DBH by 21.5 feet in height 

consists of 7.27
3ft , the feller-buncher produces at a rate of 0.0839 min 

-3ft  (Table 8). 

Table 8: Equipment Balance 

 

 

 

 

 

 

 

 

 

Applying the skidding production rate from Dodson et al. (2006) 5.21 minutes per 

9 stem bunch, with an average one-way-loaded skidding distance of 325 feet, the skidder 

produced at a rate of 0.0796 min 
-3ft .  On average, delays accounted for 30 percent, or an 

equivalent 1.20 minutes of the total cycle and were caused by the delimber (64 percent of 

delays) and compacting slash from the delimber at the landing (31 percent of delays).  

The equipment combination presented in my study does not include a stroke-boom 

delimber at this stage in the production process.  When the skidder delivers a load to the 

landing, it will be feeding a track mounted hydraulic loader that is in turn feeding the 

chain-flail.  With the delays from a stroke-boom delimber from the Dodson et al. (2006) 

Machine 

 

Model Productivity 

Feller-Buncher Timbco 445 0.0839 min/
3ft  

Grapple 

Skidder 

Caterpillar 525 0.08 min/
3ft (0.062 w/ no delays) 

Hydraulic 

Loader 

Prentice 610 knuckle 

boom 
0.0184 min/

3ft  

Chain-Flail 

Delimber 

Peterson Pacific 4800 0.0146 min/
3ft  

Chipper Morbark 27RXL 0.0125 min/
3ft  
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report applied to the equipment combination in this analysis, the delays resulting from the 

interchange between skidding and loading may be over estimated by this simulation 

model.  The skidder produces one cubic foot in 0.08 minutes with delays.  When 

considering the balance between the skidder and loader, if only the productive time of the 

skidding cycle were included, the rate of output would equal 0.062 min
-3ft . 

To calculate the minute per cubic foot production rate for the loader, the metrics 

from Dodson et al. (2006) are used in the production equation from Table 1: 7.23 
3ft  for 

a 12 inch DBH stem that is 21.5 feet tall.  The loader requires 0.0.184 minutes to move 1 

cubic foot of material.  The Peterson Pacific 4800 chain flail processes one cubic foot of 

solid wood every 0.0146 minutes and the Morbark 27 chipper requires 0.0125 minutes to 

chip one solid cubic foot of wood.    

Felling and bunching occurs initially; 12 month before skidding to the landing.  

Balancing the feller-buncher and the skidder is therefore not crucial to the synchronicity 

of the operation.  The production equation for the feller-buncher includes an intercept to 

signify that average time required for positioning and handling of a stem, apart from the 

cycle time required for felling.  Estimates of average cubic feet per acre from Dodson et 

al. (2006) are unavailable.  If the variation of material density differs between the 

aforementioned paper and my study, the estimates for the feller-buncher required time 

could introduce considerable error into the model.  If the material is less dense; fewer 

trees per acre, then the feller-buncher is required to move more often and the productivity 

rate is reduced.   
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The characteristically large limbs of the juniper tree keep the skidder restricted to 

65.05 
3ft  per load (Dodson et al. 2006), although the moisture content is reduced after 

air-drying and material is expected to be light.  The skidding component of production 

limits the loader, chain-flail delimber and the chipper.  Skidding distance is allowed to 

vary in the model, but the original estimator was specified for a one-way-loaded distance 

of 325 ft.  The grade and obstacles of each harvest unit is unique and not taken into 

account in this production equation.  When the grade increases, skidding times will 

decrease or increase depending upon the direction of the landing in relation to the 

bunched material.  Boulders, streams or ditches, and terrain too steep to traverse with a 

skidder will alter the path from the bunched material to the landing and thereby 

increasing skidding times and decreasing production rates.  By discarding the average 

skidding delay time, as observed in the Dodson et al. (2006) nearly three machines equate 

to one loader.  Three skidders running simultaneously at a rate of 0.021 min 
-3ft  without 

delays would likely feed this specified loader most efficiently at long distances.  

Therefore three units of skidding machinery are added to the cost model. 

With 38.87 minutes required for the chipper to load a trailer, delays included, 

approximately 12 trips could be made within an eight hour work day.  The data was 

restricted to 2 or more trips per day, per harvest unit.  For trips less than 12 per harvest 

unit it is assumed that equipment could be moved to other units in close proximity.  

Chapter 3 uses biomass estimates calculated by the component ratio method within the 

GNN database.  The GNN data used to estimate harvest costs was bole volume.  Bole 

volume estimates yielded an average of 128.18
3ft -1acre .  Volume estimates, with 
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branches included, yielded an average of 141.97
3ft -1acre .  Azuma et al. (2005) 

estimated that more than 64 percent of the juniper area has less than 200 3ft -1acre .  A 

distribution of the GNN volume estimates from the selected harvest units shows that 75 

percent of the acre estimates are below 200
3ft -1acre .  The final dataset used for the cost 

analysis includes 1141 harvest units consisting of 191,242 acre observations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

CHAPTER 6 

Estimation and Results 

 

 

The purpose of this study is to test the viability of juniper supply for a biofuel 

industry, from NIPF lands, using an economic framework for cost estimation. Key 

variables include western juniper volume, density, machine production rates, and the 

distance to a central market.  GIS modeling on juniper vegetation, a simulated forest 

operation configured for chipping juniper, and an economic analysis is used to estimate 

juniper supply curve.  This model of juniper supply allows for shifts in the marginal cost 

curve due to increases in cattle production, a state biofuel tax subsidy, and a wildlife 

enhancement subsidy. 

 

6.1 Descriptive Statistics 

 Within a 40-mile radius of Prineville, Oregon there are 1141 harvest units on 

private property within county zoning ordinances where forest operations are permitted.  

All harvest units have access to suitable roads where the furthest harvestable acre from 

the road is a ½ mile and the grade averaged over an acre is equal to or less than 45 

percent grade.  There are 191,242 harvested acres included in the cost analysis.  Table 9 

highlights descriptive statistics for parameters on variables at the acre level.  
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Table 9: Acre Level Descriptive Statistics 

 

Figure    (st. dev.) min-max 

Harvest Cost  

($) 

116.76 

 

91.79 

 

6.78 - 

1303.27 

 

Bole volume  

(
3feet ) 

128.19 

 

112.30 

 

2.47 – 

1180.71 

 

Skidding Distance  

(one-way, miles) 

 

0.30 

 

0.12 

 

0 – 0.50 

 

Skid Time  

(minutes) 

 

17.14 

 

6.072 

 

2 - 27.12 

 

Grass increase 

(air-dry lbs/acre/yr) 

356.79 

 

244.02 

 

0 - 2000 

 

The harvest cost is the summation of the machine costs at the acre level.  Skidding costs 

are a function of time multiplied by a constant price.  Skidding time is a function of 

volume and skidding distance.  An opportunity cost of not removing the juniper and thus 

restricting the cattle carrying capacity, is a function of the potential difference in forage 

grass production per acre.    The mean ( ) bole volume estimate of 128.19 
3ft -1acre  is 

low compared to traditional commercial species.  This indicates that acres were included 

in the model that contained volumes that were too low to justify the cost of increased 

skidding distances when increased spans between trees results from low yields.  Skidding 

distances are nearly a third of a mile on average.  

 For details on the development of the structure of the total cost (TC) per harvest 

unit estimates see section 5.6., Costs of Production.  Table 10 lists descriptive statistics 

on key variables in the model at the harvest unit level.  Of particular interest is the 
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transportation time to market, where the mean time is one hour.  A maximum travel 

distance time of 10.5 hours was recorded, which could be considered an outlier when the 

next highest time is approximately 4 hours.   

Table 10: Harvest Unit (hu) Level Descriptive Statistics 

 

Figure     min-max 

TC/hu 35,440 20,242 

 

6930 – 

113,094 

bdt/hu 302 216 

 

29 -  1172 

 

Acres Harvested/hu 167 

 

92.5 

 

24 - 422 

Time to Market (hours, 

1-way) 

1 0.546 

 

0.06 - 10.5 

 

Increase in Cattle/hu 8.17 5.688 0.07 -  32.62 

 

6.2 Empirical Results 

The regional total cost curve shows a positive relationship between cost and 

quantity that increases at an increasing rate (Figure .5).  The average cost curve is slightly 

increasing over the aggregated range of bone-dry.  The marginal cost curve follows the 

same general shape of the average cost curve.  For the entire range of summed quantities 

the marginal cost curve lies entirely above the average cost curve.  As harvest units are 

located further from Prineville and those with lower densities of juniper are harvested 

after those with higher densities, the variable costs of harvesting and transporting 

increase, which pulls the average cost curve up as it follows the marginal cost curve.   
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Figure 5: Regional Total Cost 

   

 

6.2.1 Cost Components 

 The major components of the total cost structure are outlined in section 5.6., Costs 

of Production, and are listed in Table 11.  The selected biomass that was harvested in the 

simulation totaled 344,325 bdt and the total cost of harvesting and transporting was 

$40,437,020.  The cost of harvesting comprises the largest portion of the harvest unit 

costs, while combined move-in and transporting costs are only 28 percent.  These results 

indicate that juniper might be more efficiently harvested if density increased.  In the 

study the transportation costs are incurred due to the 40-mile buffer restriction. 
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Table 11: Total Cost Summations and Component Percentages 
 

 

 

 

 

 

            Examination of the harvest cost components shows that the cost of skidding is the 

most expensive, 81 percent (Table 12).  The skidding cost is nearly 45 percent of the total 

cost.  The ½ mile maximum skidding distance is far for a skidder to travel, especially if 

extracting juniper that is typically sparse or low in density.  This characteristic of western 

juniper proves to be costly according to these results when 60 percent of the acres contain 

3.4
3m , or 120

3ft of bole material.  The hydraulic loader is the next most expensive 

component. 

Table 12: Harvest Cost Summations and Component Percentages 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total Cost Component Cost Percentage of TC 

Move-In 6,716,888 (6.7M) 17% 

Harvest 22,322,922 (22.3 M) 55% 

Chain Flail/Chipper Delay 504,896 (0.50 M) 1% 

Transporting 4,152,811 (4.2 M) 10% 

Risk and Profit 6,739,503 (6.7 M) 17% 

Total Cost $40,437,020 ($40.4 M)  

Component Cost ($) Percentage of Harvest Cost 

Felling and Bunching 530,000 (0.53M) 2.3% 

Skidding 18,050,000 (18.1M) 81% 

Loading 1,750,000 (1.75M) 7.8% 

Chain Flail Delimb 890,000 (0.89M) 4% 

Chipping 1,100,000 (1.1M) 4.9% 

Total $22,320,000 (22.3M)  
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The expense of delays, transportation, moving equipment in, and 20 percent for 

risk and profit causes the average harvest cost, $64.84
-1bdt , to nearly double (Table 13). 

The average transportation cost is comparatively inexpensive to the harvest cost at $12

-1bdt , which reinforces the earlier suggestion that further distances could be traveled if 

trading off for skidding low volume acres.   

Table 13: Summary Cost and Harvest 

 

 

 

 

 

 

 

6.2.2 Supply Curves 

The supply price is defined by the marginal cost.  On the y-axis is the range of 

prices; bone-dry ton quantities are on the x-axis (Figure 6).  Depicted in Figure 6, are 

plotted discrete values of harvest unit level costs and quantities.  Over a domain of 

344,325 bone-dry tons, the price varies over a range of $51 to $400.  The supply curve 

becomes asymptotic at high prices (Figure 6).   

 

 

 

 

Summary Figures Value 

Average Total Cost 
$117

-1bdt  

Average Harvest Cost 
$64.8

-1bdt  

Average Transportation Cost 
$12

-1bdt  

Total Biomass Harvested 344,325 bdt 

Total Acres Harvested 191,242 
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Figure 6: Available Juniper Supply and Shifters 

 

 

 

There is no juniper supplied at a price of $50
-1bdt .  The structure of the cost analysis 

does not allow for the harvest units to be divisible at the acre level, but rather all acres 

that comprise the harvest unit are assumed to be harvested by default after the fixed costs 

are paid to move-in to a harvest unit.           

For a price of $150
-1bdt , 315,514 tons or approximately 92 percent of the total 

quantity will be supplied.  At a price of $125
-1bdt , 261,225 tons or approximately 76 
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percent of the total quantity will be supplied.  For a price of $110
-1bdt , 164,501 tons or 

approximately 48 percent of the total quantity will be supplied. 

In the map insert below (Figure 7), larger dark blue harvest units are concentrated 

toward the center of the study area, where dark blue depicts those harvest units that are 

cheapest.  Moving out from the center of the study area prices increase as depicted by the 

color range.  Those harvest units that are most expensive are depicted by the yellow, 

orange and red and are found toward the outer area of the study area.  Transportation 

costs are only ten percent of the total cost, yet depicted in the map insert it is evident that 

distance from market does drive-up the costs of production.  But, more importantly, those 

areas with higher densities of juniper on private property are located close to Prineville, 

which influences the total cost more than transportation distance.  In addition, it is likely 

that the lower the cost of production on a given unit is, the sooner it will be harvested.  

Early production, as suggested by the spatial distribution of harvest costs, will likely 

occur in the greater Prineville area.  The study area does contain high densities of juniper 

not in close proximity to Prineville, but those acres are on land managed by the U.S. 

Bureau of Land Management to the west of the City of Redmond, and east of Prineville 

on U.S. Forest Service acres.  Lands managed by public entities were not included   in the 

cost analysis. 
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Figure 7: Spatial Distribution of Harvest Unit Marginal Costs 

 

 

Harvest Units by Cost 
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If the costs of cattle ranching and juniper removal are subadditive, the production 

margin costs can be considered separately, where the opportunity costs of not harvesting 

can affect the ranching objective function (Carlson 1956).  When opportunity costs to 

cattle ranching and subsidies are allowed to shift the supply of juniper, the marginal costs 

shift proportionally downward.  Returning to the joint production model with cattle 

ranching simultaneously producing juniper and cattle as marketed outputs, the outcomes 

would change.  Costs of juniper harvest and cattle production on the land input are 

impacted by the increase in cattle production.  The total cost and thus the supply curve is 

impacted by these factors.   

The average cost for the entire region is $117
-1bdt .  Increases in cattle production 

per acre of harvested juniper, when valued at the current market price for cattle, reduce 

the average cost to approximately $93
-1bdt .  The Oregon Biomass Producer or Collector 

tax credit reduces the average cost to approximately $107
-1bdt .  A 50 percent cost share 

under the WHIP program as part of the Sage-Grouse Initiative lowers the average cost to 

$79
-1bdt .  Simulated shifts in the supply curve take into account increases in cattle 

production, tax credits, and cost share subsidies (Figure 6).  The largest shift in occurs 

with the cost share program, when supply is shifted downward by approximately 33 

percent.  Increases in cattle reduce costs by 21 percent on average and the state tax credit 

program reduces the costs by 8.5 percent. 
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6.2.3 Price Elasticity of Supply 

 An economic way to categorize the responsiveness of output to changes in price is 

the derivation of the supply elasticity, defined as: 
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and P, price, is the marginal cost of supplying the corresponding quantity, Q (Nicholson 

and Snyder 2008).  Due to the increasing relationship between quantity and price, all 

supply elasticities are positive.  The more elastic the supply is, the more responsive the 

output quantity is to changes in prices. When supply is said to be inelastic, output 

responds little to changes in price.   

Based on the simulated supply curve, the supply elasticity over the whole domain 

of quantities is relatively elastic at 1.20.  When examining the supply curve over its most 

horizontal range, moving from approximately 25,000 bdt to approximately 225,000 bdt, 

the elasticity of supply is 4.69 (Figure 6).  From approximately 225,000 bdt to 

approximately 325,000 where prices begin to increase faster than for previous quantities, 

the elasticity is 1.10 and is approaching unit elasticity when the percentage change in 

quantity equals the percentage change in price.  From approximately 325,000 bdt to 

344,325 bdt, the elasticity is 0.084 or becoming perfectly inelastic where the curve 

becomes asymptotic.  The supply curve is relatively elastic over much of its range until 

the asymptotic quantity, which suggests that the supply is sensitive to small changes in 

price. 
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6.3 Summary 

NIPF rangelands contain approximately 60 percent of the total biomass in all 

ownership classes within the study area.  Of the accessible acres with juniper volume, the 

cost analysis captures 26.7 percent of the NIPF acres and 13 percent of all juniper acreage 

within the 40-mile radius, regardless of ownership.  These proportions reflect the extent 

to which a majority of the biomass is inaccessible without increased road infrastructure 

and policy on public lands that result in juniper production.  Within the harvest units, 

contiguous acres with minimal volume were included in the model, which drives the 

mean yield per acre down and increases skidding costs.   

Skidding proved to be the most expensive component of the costs.  The average 

harvest cost is $64.84 -1bdt  and the average total cost is $117 -1bdt .  Of the cost shifters, 

WHIP reduces the unit price the most- 33 percent; increases in cattle production 

accounted for a 21 percent decline, and the state tax credit accounted for 8.5 percent.  If 

the three shifters were combined and simultaneously applied to the costs, a 62.5 percent 

reduction would create a $44 -1bdt  average cost for the total 344,325 bdt.  The quantity 

supplied is sensitive to small changes in unit price as is shown by a relatively elastic price 

elasticity of supply measure at 4.16; over nearly 60 percent of the domain of quantities. 

The economic feasibility, as it depends on the quantities supplied at a price of $50

-1bdt  is limited.  If more economical means of harvesting are found and higher yields per 

acre in these privately owned regions existed, it would create a more viable market for 

juniper used as a feedstock in the Prineville area.  What is currently supplied reflects the 

low marginal productivity of the land and the high harvesting and transport costs.  
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CHAPTER 7 

Conclusions and Discussion 
 

 

7.1 Objective 

The objective of this study was to simulate harvesting juniper to specifications 

that meet the requirements for biofuel production in order to derive a supply curve for 

chipped material.  Using the simulated supply curve, an assessment of the economic 

viability of a market for juniper was determined.  The hypothesis that considerable 

quantities of NIPF sourced juniper could be economically supplied to a biofuel market 

was tested.  Juniper in a competitive market where logging residuals are the closest 

substitute still remains to be assessed and will ultimately be determined by the 

opportunity cost of alternative sources of biofuel feedstocks.  

 

7.2 Findings 

A reported offering price of $50 
-1bdt was compared to the simulated supply 

curve for available quantities of juniper and in conclusion there is no quantity that would 

be supplied (HM3 Energy 2012).  For juniper to be supplied at the offering price or 

competitive rates to other feedstock sources, harvest from this source must either be 

subsidized or possibly occur at a scale outside the ranges used in this study.  Within the 

study area, only 26.7 percent of the juniper acres are accessible given the said parameters, 

on NIPF lands.  These results suggest alternatives need to be explored including road 

building to access additional quantities that could sustain a juniper market.  Average 
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harvest costs are $64.84 -1bdt  and the average cost is $117 -1bdt  for 344,325 bdt.  Applied 

at the acre harvest cost level in the model, a WHIP cost share program of 50:50 shifts the 

supply curve down uniformly by 33 percent.  Increases in cattle production reduced the 

supply curve by 21 percent and the Oregon state biofuel tax by 8.5 percent.  Supply is 

responsive to small changes in unit price as is shown by a relatively elastic measure of 

4.69. 

 

7.3 Discussion 

The Renewable Energy Portfolio standards and the 10-Year Energy Action Plan 

of Oregon stress that major utility providers in the state must supply 25 percent of retail 

electricity from renewable resources by 2025 (2012).  Western juniper has been 

considered to be a promising primary feedstock source for an incipient local market 

(Oregon Best 2012).  Western juniper is the second largest potential source of available 

biomass in the state (OFRI 2006).  Other sources of biomass present in the study area are 

agricultural, mill, commercial timber and thinning, and urban waste residues.  The timing 

of the prices and quantities of other available feedstocks will impact the quantity of 

juniper that would be supplied in an input market for biofuel production.   

This study simulated the harvesting costs of juniper from private rangelands to 

assess the viability of juniper in an input market for biofuel production.  The feasibility of 

a market is determined by the quantities that can be supplied at alternative prices.  Given 

the reported price that is likely to be offered, the likelihood of a feasible and sustained 
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market is low.  This study serves as a benchmark in establishing a range of prices that 

would signal a ready supply of juniper for a biofuel industry.   

Public lands hold approximately 53 percent of the acres stocked with juniper 

within the study area; these sources could be supplied for motivations outside of single 

biofuel uses, such as fire fuels reduction and habitat restoration.   Despite the promising 

nature of a feedstock source in such abundance, this study concludes that western juniper 

harvest can improve the ecological condition of encroached areas and these outcomes 

would need to be valued if there is to exist a sustained market for juniper biomass. 

  Production data, at a commercial scale, are needed on the technology of 

torrefaction to develop a better economic assessment of the regional supply and demand 

for juniper.  The closest substitute in terms of cellulosic material is logging residue.  

According to the Timber Product Output Reports provided by the U.S Forest Service, for 

the combined counties of Wheeler, Wasco, Jefferson, Crook, and Deschutes, in 2012, 

there was 6.7 million 
3ft  produced in softwood logging residues.  This study estimates 

that there is 24.5 million 
3ft  of accessible juniper bole from private rangeland and given 

the assumptions in this study, this operation could produce approximately 3.5 million
3ft

-1yr for a total cost of $40.4 million.  This quantity of juniper may serve as a supplement 

to forest residues from the region, but woody debris produced as an unwanted byproduct 

of commercial logging will be a cheaper feedstock than this available source of western 

juniper from private rangelands.   

The scale of the torrefaction plant discussed for development in Prineville is 

planned to produce 40,000 tons a year (Simet 2012).  This pyrolysis technology bakes off 
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volatiles that result in a weight reduction of the original inputs by approximately 20 

percent when operating with optimal conditions, which would require 50,000 tons a year 

in raw juniper (Shah, Darr, and Medic 2011).  When considering only this one source of 

juniper as the primary feedstock input, the stock would last for nearly 7.5 years.  The 

estimated life of the torrefaction capital is 30 years (Shah, Darr, and Medic 2011). 

A government intervention predicated by the failure of a nascent market for 

biofuel feedstocks may be justified.  When considering that western juniper is the second 

largest source of biomass and that Oregon has set alternative fuels standards goals, 

creating programs to stimulate the production of juniper from both private and public 

lands may serve the social welfare of the region in multi-dimensional ways. 

The growth rate of juniper, 3.5 to 6.6 inches annually for dominant trees, was not 

taken into consideration in this study (Miller et al 2005).  The qualifier of “renewable 

sources” for the state’s goal of meeting 25 percent of electricity demand may not include 

the juniper harvested in this cost study, since grazing improvements were accounted for 

in perpetuity.  Within the context of this study, juniper has been considered non-

renewable in that restocking intervals were not assessed and future land-use was intended 

to shift to intensify grazing when the conditions were favorable.  Western juniper as a 

“renewable” resource in the sense that rangeland owners would produce both juniper and 

livestock in the long run has not been tested here.   

This study also assumes that if it is currently available that it is appropriate to 

harvest and does not take into account its value in providing ecosystem health or 

sustainability.   
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 If a biofuel industry did burgeon, and created a stable demand for feedstocks, 

there may be price levels at which quantities of juniper, supplied by private lands, could 

be viable.  The reported price of $50 
-1bdt  would, according to this study, illicit little 

response from land owners (HM3 Energy 2012).     

  

7.4 Limitations and Extensions of the Research 

 The limitations of the empirical analysis are noted below.  No assessment of 

stands was performed for on-the-ground validation of the juniper volume, stand age, or 

number of trees.  Harvest units were digitized manually using the latest high resolution 

aerial photographs, but judgments were made on a visual basis as to the location of 

landings based on flatness and the condition of primitive road networks.  In addition, all 

of the cost estimates were simulated using a series of linear production equations to 

estimate the processing time.  These machines were not tested together in the field in a 

time-motion analysis.   

 A weakness of the model is that those distances that are economically feasible 

given the scale and the move-in costs where machinery such as the feller-buncher, 

skidders, and hydraulic loader could drive from one processing landing to another were 

not applied here.  The variable move-in cost accounts for a trip from Prineville to the 

landing and it could be assumed that driving equipment between some landings would be 

less expensive than the move-in costs.  With GIS analysis those economically shared 

distances between landings could be discerned.    
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 An improved model would remove the harvest unit concept, and lift the spatial 

restrictions imposed by the harvest unit schemata.  The 40-mile market buffer could also 

be discarded.  A spatial model, restricted only by the ½-mile road buffer, would capture 

those cost tradeoffs resulting from directional choices of distance from the roadside 

versus distance on the road.  Move-in costs could be spread among multiple landings 

based on specified maximum distances where it is feasible to move equipment without 

loading onto a lowboy trailer.  If costs are minimized, biomass could be considered 

available beyond the previously used 40-mile buffer.  Mixed integer programing for 

solving a combinatorial optimization problem would output optimum quantities based on 

a range of prices, by taking into account the comparative costs of harvesting further from 

the road, driving equipment to the next site, or moving beyond 40 miles from Prineville.  
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Appendix 

Table 2 Forage Yield Curve (to be placed in an appendix) 

Age 

(years) 

North Slope  South 

Slope 

0 1 1 

1 .99 .99 

2 .98 .98 

3 .97 .97 

4 .96 .96 

5 .95 .95 

6 .94 .94 

7 .93 .93 

8 .92 .92 

9 .91 .91 

10 .90 .90 

11 .89 .89 

12 .88 .88 

13 .87 .87 

14 .86 .86 

15 .85 .85 

16 .84 .84 

17 .83 .83 

18 .82 .82 

19 .81 .81 

20 .80 .80 

21 .79 .79 

22 .78 .78 

23 .77 .77 

24 .76 .76 

25 .75 .75 

26 .74 .74 

27 .73 .73 
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28 .72. .72 

29 71 .71 

30 .70 .70 

31 .69 .69 

32 .68 .68 

33 .67 .67 

34 .66 .66 

35 .65 .65 

36 .64 .64 

37 .63 .63 

38 .62 .62 

39 .61 .61 

40 .60 .60 

41 .59 .59 

42 .58 .58 

43 .57 .57 

44 .56 .56 

45 .55 .55 

46 .54 .54 

47 .53 .53 

48 .52 .52 

49 .51 .51 

50 .50 .50 

51 .50 .49 

52 .50 .48 

53 .50 .47 

54 .50 .46 

55 .50 .45 

56 .50 .44 

57 .50 .43 

58 .50 .42 

59 .50 .41 
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60 .50 .40 

61 .50 .39 

62 .50 .38 

63 .50 .37 

64 .50 .36 

65 .50 .35 

66 .50 .34 

67 .50 .33 

68 .50 .32 

69 .50 .31 

70 .50 .30 

71 .50 .29 

72 .50 .28 

73 .50 .27 

74 .50 .26 

75 .50 .25 

76 .50 .24 

77 .50 .23 

78 .50 .22 

79 .50 .21 

80 .50 .20 

81 .50 .19 

82 .50 .18 

83 .50 .17 

84 .50 .16 

85 .50 .15 

86 .50 .14 

87 .50 .13 

88 .50 .12 

89 .50 .11 

90 .50 .10 

91 .50 .09 
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92 .50 .08 

93 .50 .07 

94 .50 .06 

95 .50 .05 

96 .50 .04 

97 .50 .03 

98 .50 .02 

99 .50 .01 

100 & 

greater 

.50 0 

Reproduced from Alderich, Gwendolyn (2002) 
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