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Juniper is a native species to Oregon and confers ecological benefits to wildlife 

when it is at savannah and transitional densities.  Its range and extent have fluctuated 

with climatic change, but the current range expansion is unprecedented in its extent.  

The range expansion has been associated with the degradation of the sagebrush steppe 

ecosystem in central Oregon.  In the past, attempts to restore the sagebrush-steppe 

from western juniper aforestation were motivated by the desire to improve forage 

quality.  Currently western juniper management is wider in scope, encompassing 

social, ecological, and environmental objectives. 

 Past research in the area of western juniper management focused extensively 

on the causes of western juniper aforestation, its impact on understory plant 

communities, soil and the water budget.  Researchers have also explored multiple 

mechanisms for removing western juniper and have quantified resulting amelioration 

of ecosystem function.  However little work has been done identifying topographical 

features or environmental conditions that may influence the density of western juniper 

woodlands and seedling reestablishment following the application of treatment 

regimes.  This study used spatial modeling to explore the influence that elevation and 



 

direct incident radiance have on western juniper density and multivariate, non-

parametric tools to identify relationships between topography, understory plant 

community and seedling reestablishment on managed sites.  The study findings 

indicate that western juniper densities in central Oregon are influenced by 

topographical features in the landscape.  The multivariate analysis revealed that 

seedling reestablishment is positively associated with the diversity of the understory 

plant community.  The study also revealed that on almost all of the sites included in 

the study, western juniper seedling are reestablishing after treatment application. 

 With the information generated in the study, managers have tools with which 

to assess the risk a region has to be dominated by western juniper woodlands.  

Managers can then efficiently allocate western juniper management resources by 

choosing to treat that sites that have both the greatest risk and the greatest capacity to 

meet their objectives 
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Chapter 1:  Introduction 

 
1.1  Chapter Summary 
 

In this chapter the objectives for this research are defined and the importance 

of this work is demonstrated. A description of the study site and the criteria used in 

site selection are provided.  In chapter 1 background information regarding the life 

history of western juniper (Juniperus occidentalis spp. Hook), and descriptions of it 

community ecology are discussed.  The historic and current range expansions as well 

as their potential causal agents are examined.  The chapter concludes with a 

discussion of juniper management. 

1.2  Study Justification 

The shrub-steppe is one of the largest plant communities in the Intermountain 

West, historically occupying 156 million acres (West and Young 2000).  Sagebrush-

dominated systems are important to maintaining ecological and hydrological process 

throughout the arid and semi-arid western United States (Pierson et al. 2002).  

Shrublands provide habitat to 70 species of mammals and more than 100 species of 

birds (West and Young 2000).  The shrub-steppe is also one of the most threatened 

plant communities in North America today (Anderson and Inouye 2001). 

            Changes in land use patterns, historical fire regimes and climate have driven 

the encroachment of invasive species into the shrub-steppe ecosystem (TNC Element 

Stewardship Abstract, D’Antonio and Vitousek 1992, Miller and Eddleman 2001).  

Cheatgrass (Bromus tectorum L.), in particular, has rapidly invaded this biome and 

currently poses significant challenges to the conservation efforts (Mack and Pyle 

1984).  Additionally, anthropogenic activities during the past 130 years altered the 
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shrub-steppe landscape and have coincided with the encroachment of western 

juniper  throughout Oregon California, Idaho, Nevada, and parts of southern 

Washington (Miller and Rose 1995, Miller et al. 2005).  Western juniper currently 

occupies 9 million acres of the InterMountain West (Miller et al. 2005).  The 

associated environmental, social, and economic consequences of western juniper 

aforestation of the sagebrush-steppe ecosystem are driving attempts to manage the 

species.     

Western juniper distribution is variable, widespread, and since many stands 

have not yet reached their maximum capacity, they are likely to increase in density 

and cover (Gedney et al. 1999).  Those charged with the management of western 

juniper for social, economic and ecological purposes face the challenge of the 

variability and spatial extent of the species.   GIS is a powerful tool that can help land 

mangers to make informed decisions at the landscape scale, and is under-utilized in 

western juniper management.   

An important component of any restoration effort is an evaluation of 

management activities in order to ensure that the process is producing more economic 

and ecological benefits than costs .  Western junipers woodlands in phase I and II add 

vertical structure to plant communities that benefits wildlife (Landis and Bailey 2004; 

Miller et al. 2005).  We need to understand the age structures among post-treatment 

population and how environmental conditions influence seedling reestablishment. 

The current juniper control strategy creates a highly altered landscape—junipers are 

haphazardly cut—taking some trees ranging from seedlings to mature trees, yet 

leaving others representing multiple age classes.  The removal strategy creates gaps in 
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the canopy and mature, seed-bearing trees are often left in the treated area.  Re-

establishment of the species is inevitable in treated areas.  In woodland and forest 

ecosystems canopy gaps that represent new available resources for seedling 

regeneration. 

The first portion of this study tested the ability of a GIS based model to 

predict juniper densities.  This information may be valuable to efforts to thin areas 

with heavy fuel loading, to maintaining cover for wildlife, to identify areas that could 

benefit from restoration, and in choosing locations for increased recreational use.  The 

second portion of the study is an age class analysis that characterizes the age 

structures of post treatment western juniper populations and identifies potential 

environmental variables that contribute to seedling reestablishment.  

1.3 Study Objectives 

The objectives of this study were to determine: 

1) if a GIS model can be created and used to predict juniper densities 
    across treated areas. (chapter 2) 
 
2)  what age structures currently exist among juniper populations that  
     have been altered by treatment regimes (chapter 3)  
 
3)  and if there are differences in the development of these age structures  
     in relationship to environmental and topographical features in the   
     landscape (chapter 3). 
  
1.4  Study location 
 

The study location is located in Crook County, Oregon, southwest of the 

Maury Mountains.  The soils, climate and vegetation in the area are those typical to 

the John Day ecological province.  The landscape is characterized extensive and 

interspersed steeply dissected hills, buttes, and plateaus.  Elevations range from 705 
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m to 2,109 m.   The parent material has largely been formed from basaltic lava 

flows.  Soils are typically aridic or xeric in moisture regime and are mesic of frigid in 

temperature regime.  The region typically has cool wet winters and warm dry 

summers.  Mean daily temperatures recorded at the NOAA weather station in 

Prineville, OR ranged from –4.1º C in January to 19.6° C in July.  The station also 

recorded 32.4 cm. of average precipitation per calendar year. 

1.5  Site Selection 

The study area, located south of Prineville, Oregon was bounded by the 

coordinates: 44.553°, 43.691° (latitude), -119.648°, and -121.092° (longitude) and 

includes multiple allotments of public land under the management the BLM 

Prineville District within its bounds (Fig 1).  The BLM has established photo points 

and vegetation transects throughout these allotments to assess the ecological impacts 

of their management activities.  An allotment was included in this study if it met the 

following criteria: 1) western junipers were extensively cut from the area by 

mechanical means, and the cutting was followed by a prescribed burn, 2) the 

treatment regime was applied prior to 1993, 3) management records reporting the site 

location, date and type of the treatment application, a plant association classification, 

and presence and basal cover of understory species  exist for the allotment, 4) photos 

taken prior to treatment application at permanent photo points within the allotment 

exists and allowed the researcher to classify the pre-treatment canopy structure as 

savannah, transitional or closed, 4) researchers could get to and locate the permanent 

photo point marker.   
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This study was observational in design and the criteria described above were 

used to ensure that the sites we compared had received similar treatments and 

adequate data on pre-treatment conditions existed.  Allotments treated after 1993 

were excluded because potentially, not enough time has elapsed for these sites to 

undergo re-encroachment. Most of the treatment regimes were applied to allotments 

in the mid 1980’s.  Allotments included in the study ranged in elevation from 1,036 m 

to 1,463 fm, aspects from 0-315 degrees and slopes from 0-20 degrees.  Of the 29 

study sites were established, 27 were used in the GIS analysis and 20 were used in the 

age structure analysis (Table 1). 

1.6  Literature review 

1.6.1   Species Description and Distribution 

Western juniper is a coniferous evergreen, native to the western United States.  

It is a long-lived species, surviving for a 1,000 years or longer (Sowder and Mowat 

1958).  A mature western juniper has a pyramidal shape with a narrow cone, but it 

can appear more rounded in shape with the persistence of lower branches (Vasek 

1966).   With maturity, western juniper typically attain heights of 23 ft, but can 

achieve heights up to 86 feet (Gedney et al. 1999).  Leaves are shaped like flat sprays 

with denticulate leaf margins.  In their immature stage, leaves are awl shaped and 

spine-tipped.  Western junipers bear their leaves in whorls of three around the stem 

(Miller et al. 2005). 

Mature trees have an excurrent branching pattern and bear gray to reddish 

brown flakey bark (Vasek 1966).  A western juniper may produce either male or 

female cones or both.  Western juniper begin to produce fruit as early as at 10-20 
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years, but generally produce significant amounts of fruit when they are between 50-

70 years of age (Miller and Rose 1995).  The female cones have a berry-like 

appearance, in that they are small, round and bluish in color.   Female cones bear 2-3 

seeds that reach maturity over a period of 2 summers.  Male cones are small, round 

and yellowish-brown in appearance.  They develop in the summer or early fall and 

release their pollen the following spring (Miller et al. 2005). 

Western juniper persist in areas that receive on average 10-15 inches of 

precipitation annually and in climates where temperatures average from 20º F to 83º F 

annually (McArthur and Goodrich 2004).  They tolerate environments that receive as 

little as 12.7 cm and as much as 63.5 cm of mean annual precipitation (Gedney et al. 

1999).  Western juniper woodlands grow at elevations as low as 18.88 m and as high 

2,438.4 m (Miller and Rose 1995, Gedney et al. 1999, Miller et al. 2000), but more 

typically, they grow at elevations ranging from 609.6 m and 1,828.8 (Gedney et al. 

1999).   The lower elevation range of western juniper growth may be due to a lack of 

precipitation in those areas (Davis 2004).  The extremes in temperature occurring 

about 2,133.6 ft elevation may also inhibit western juniper growth (Gedney et al. 

1999). 

Western juniper grow on a variety of soil types including loamy, clayey or 

sandy soils that originate from sedimentary, aeolian, and igneous parent materials 

(Driscoll 1964, Miller et al. 1999, Landis and Bailey 2005).  They occur 

predominantly on soils with xeric or aridic moisture regimes, but also occur on udic 

and occasionally aquic soils. Temperature regimes supporting western juniper include 

frigid, cryic, and mesic soils. More than 97% of junipers in Oregon occur on terraces 
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and floodplains, grass-shrub uplands, or plateaus and uplands (Gedney et al. 1999).   

Juniperus occidentalis has been present in what is now the southwestern United States 

since the Pleistocene (1.8 million years b.p-12, 000 years b.p.) (Miller and Wigand 

1994).  The extent of their range and elevation has fluctuated with periods of climatic 

cooling and warming and with changes in precipitation, but the species did not reach 

northeastern California and southern Oregon until approximately 4,000-5,000 years 

ago (Wigand 1987). Today, western juniper forests, woodlands and savannas occupy 

9 million acres in northern California, central and eastern Oregon, southwestern 

Idaho, and in patchy stands in southern Washington (Miller et al. 2005). 

Biology and Ecology 

 This section provides a detailed examination of the life history of western 

juniper including its dispersal strategies, germination, dormancy, and establishment 

requirements.  The pre-historic, historic and current ranges of the species will be 

compared and the impacts of the most resent expansion into the sagebrush steppe will 

be discussed. 

While juniper seeds can be dispersed by gravity and overland flow, it appears 

that the main mechanism for the dispersal is frugivory (Chambers et al. 1999 and 

Miller et al. 2005).  At least 12 bird species eat western juniper fruits and potentially 

disperse seeds.  The most important contributors to western juniper dispersal may 

include mountain bluebirds (Sialia currucoides), American robins (Turdus 

migratorius), cedar waxwings (Bombycilla cedrorum), Stellar’s and western scrub 

jays (Cyanocitta stelleri; Aphelocoma californica) and Townsend’s solitaires 

(Myadestes townsendi) (Gabrielson and Jewett 1940, Chambers et al. 1999).   
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Townsend’s solitaires have been observed  consuming more than 80 female 

cones per day (Miller et al. 2005).   Typically, frugivorous birds will deposit seeds 

singly or in small groups over short distances, ranging from several meters to 5 km 

(Chambers et al. 1999).  Coyotes (Canis latrans), gray foxes (Urocyon cinergenteus), 

cottontail rabbits (Sylvilagus audubonii), mule deer (Odocoileus hemionus) and 

several rodent species have also been observed eating Juniperus fruits, and they may 

scatter seeds over greater distances (Leckenby 1971, Schupp et al 1997, White et 

al.1999, and Miller et al. 2005).   However birds are more likely to deposit seeds 

under trees or shrubs that provide microhabitats favorable to seedling establishment 

(Chambers et al. 1999). 

 Western juniper seeds, like those of the Juniperus genus native to North 

America, are highly dormant and have erratic germination success (Johnsen and 

Alexander 1974).  Seeds of many Juniperus species require incubation in water and 

low temperatures to break dormancy, an adaptation typical among conifers.  Western 

juniper seeds may emerge after 10-20 weeks following seed rain with 0-39% of seeds 

emerging successfully per week.  The timing and rate of emergence varies widely 

year to year (Young et al. 1988).  Extended periods of dormancy associated with 

several juniper species results in highly persistent seed banks (Chambers et al. 1999). 

 Soulé et al (2004) found that on sites that have disturbance regimes typical for 

the sagebrush steppe of Oregon, 53.7% of seedlings established under the canopy of 

an existing tree or shrub.  Seedlings were also found more frequently under shrubs 

than in grass clumps or in interspaces.  These findings are consistent with earlier 

work that has demonstrated the importance of a nurse plant for the establishment of 
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western juniper seedlings (Burkahrdt and Tisdale 1976, Miller and Rose 1995, 

Soulé and Knapp 2000).  Miller and Rose (1995) observed growth rates of young 

trees beneath mountain big sagebrushes were greater than that of seedlings 

established in interspaces.  Larger shrubs provide juniper seedling with a microhabitat 

where, compared to interspaces, soils contain nearly twice the moisture content and 

nitrification (Roberts and Jones 2000).   Seedlings, which have low water use 

efficiency compared to adults, also benefit from the cooler temperatures and higher 

relative humidity beneath sagebrush canopies (Miller et al. 1992). 

 Tausch and West (1988) examined establishment of Utah juniper (Juniperus 

osteosperma) seedlings following a mid-nineteenth century fire in southwestern Utah.  

Their study found that 38% of the junipers sampled were older than the fire event.  

They also found that Utah juniper establishment was more variable than pinyons in 

the same locations, and that establishment of juniper seedlings post fire was lower 

with increasing densities of older junipers that had survived the fire.  The authors 

suggested that suppression of seedling establishment by mature trees that survived the 

fire maintains a more open community structure that has a greater likelihood of 

surviving fire, compared to more dense woodlands (Tausch and West 1988). 

Seeds may also germinate under canopies of mature western juniper trees, but 

their establishment success and growth under these conditions is limited due to the 

intraspecific competition generated from the overstory canopy (Tausch and West 

1988). Miller et al. (2005) observed that increased bare ground and mature western 

juniper cover was negatively correlated with successful seedling establishment, and 

attributed the reduction in establishment to a lack of microhabitats present in late 
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successional juniper woodlands. 

 Johnson and Miller (2006) found that topographical features in the landscape 

are also related to western juniper seedling establishment.  Site exposure and 

elevation significantly influenced rate of establishment.  Their findings indicated that 

a shift from a northern to a southern aspect decreased seedling establishment by 4.9 

trees/ha/year at similar elevations. Increasing elevation by 200 m at a constant 

exposure was associated with a 1.8 tree/ha/year increase in seedling establishment.  

While topographical features were significant factors in seedling establishment rates, 

they did not account for all the variability among their study sites.  Understanding the 

environmental conditions and topographical features that influence seedling 

establishment and woodland structural development may give us tools for identifying 

areas of opportunity for sagebrush-steppe restoration. 

   Once a western juniper seedling has established, its early growth and 

biological production is adapted to semi-arid conditions (Gohlz 1980).  For the first 

ten years, it grows in height at a rate of 1.18-1.58 in. /year on average, while 

developing a deep taproot and limited lateral roots (Kramer et al. 1990; Miller et al. 

2005).   The rate of aboveground growth may reach as much as 6.57 inches/year as 

the tree matures.  Leaf canopy development remains slow for the first 35-45 years 

while root development appears to exceed aboveground growth.  Tree canopy 

development increases as trees reach 45-50 years in age. (Miller et al. 2005).  Mature 

western juniper in central Oregon produced a foliage biomass that averaged 4315.0 

kg ha-1 while leaf surface area was only 2.0 ha ha-1. Leaf biomass of western juniper 

averaged about one-third of that found in forests dominated by Douglas fir 
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(Pseudotsuga menziessi) and western hemlocks in western Oregon.  Leaf areas of 

western juniper were approximately .15 of that observed in the Douglas fir and 

western hemlock (Tsuga heterophylla) dominated forest (Gohlz et al. 1980 and 

Waring et al. 1978) The low foliar biomass compared to leaf surface areas associate 

with western juniper is an indication of the species tolerance for low water availability 

(Gohlz 1980).   

Aboveground net primary production in mature western juniper woodlands 

was estimated to be .549 ton ha-1y -1 and with a stem water storage capacity similar to 

that of pine species native to the Pacific Northwest.  Sapwood composes 2.5% of the 

stem volume.  Sapwood provides the most capacity for water storage in the stem, but 

in western juniper, it is small component of stem volume. Total aboveground biomass 

averaged 10.58 ton ha -1.  Bark represents 17% of the stem biomass, another 

adaptation to the dry climate (Gohlz 1980).  Their aboveground biomass places 

western juniper among the evergreens with the lowest production values in the world 

(Table 2). 

Western Juniper Community Ecology 

Western juniper populations exist in various stages of development 

throughout Oregon.  Miller et al. (2005) identify three stages of woodland 

development: Phase I, trees are present, but the shrub and herb component are the 

dominant vegetation types influencing site function; Phase II, trees are present with 

shrubs and herbs, and all three layers influence site function; and Phase III, trees are 

the dominant layer and they are the primary influence on site function.  The rate at 

which western juniper woodlands develop in all three transitional phases varies 
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among plant associations (Miller et al. 2005).  Western juniper can begin to 

suppress the shrub layer 44-50 years following establishment (Johnson 2004).  The 

number of years between stand establishment and canopy closure varies with site 

temperature and moisture, taking  70-90 years on cool wet sites (Johnson 2004) and 

120-170 years on warm dry sites (Miller et al. 2005).  One of the major factors 

controlling years between initial encroachment and stand closure is the rate of 

seedling establishment.  Seedling establishment requires seed input by seed dispersers 

and deposition into safe sites (Chambers et al. 1999).   

   When juniper woodlands are in the stage I and II of their development, they 

can add vertical structure to the plant community, and a variety of birds and small 

mammals make use of juniper species for perching, nesting, food sources and cover. 

(Landis and Bailey 2005).  Some old growth western juniper woodlands are important 

winter habitat for several bird species (Miller et al. 2005), and western juniper berries 

are a nutritional food source for Townsend’s solitaries, mountain bluebirds, cedar 

waxwings, Steller’s jays and scrub jays (Lederer 1977).  White et al. (1999) found 

that mature Utah juniper berries make up a substantial portion of the annual diet of 

gray foxes. Weather conditions have been found to be less severe in juniper 

woodlands with more than 30% tree cover, and dense stands over 5 ft tall provide 

optimum thermal cover for large herbivores (Leckenby et al. 1982, Leckenby and 

Adams 1986).  Mule deer, cottontail rabbits, mice, chipmunks and ground squirrels 

also utilize juniper woodlands (Driscoll 1964, Willis and Miller 1999). 

Approximately 3-5% of the western juniper woodlands that exist today first 

established prior to 1870 (Gedney et al. 1999).  Miller et al. (1999) suggested that the 
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year 1870 be used to separate pre-settlement stands from encroaching stands since 

this year approximates the commencement of western settlement, fire suppression and 

the introduction of cattle-grazing in the Intermountain West.   Woodlands that 

established prior to 1870 are old-growth communities that provide unique structural 

diversity that differs from that of younger woodlands, having established since 

western settlement began (Kaufmann et al. 1992).  Features that distinguish old 

growth junipers vary widely across forest type, climate, site conditions, and 

disturbance regimes (Kaufman et al. 1992).   

Along with the age of the tree, which can exceed 1,000 years, old-growth 

western junipers can be identified by morphological features (Miller et al. 1999).   As 

junipers age, their crowns lose their pyramidal appearance, and take on more rounded 

shape.   The morphology of old growth junipers may also include non-symmetric 

tops, deeply furrowed bark, twisted trunks or branches, dead branches, spike tops, 

large lower branches, hollow trunks, large trunk diameter relative to their height, and 

branches covered by lichen (Letharia sp.) (Miller et al. 1999).  

Miller et al. (1999) provide one of very few detailed overviews of old growth 

western juniper woodlands in central Oregon.  The researchers identified three 

ecological provinces within Oregon where old growth western juniper woodlands are 

found.  Old-growth western juniper stands in Oregon developed on soils originating 

from three different materials and are often unique to the province and parent material 

on which they grow.  

The Klamath and High Desert Provinces are dominated by igneous parent 

materials, where old growth juniper stands are composed of widely spaced trees 
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growing on shallow, rocky, or heavy soils (Miller et al. 1999). These communities 

also support low sagebrush (Artemisia arbuscula), Sandberg bluegrass (Poa secunda 

J. Presl.), and Idaho fescue (Festuca idahonesis Elmer).  Tree canopy cover in these 

communities may reach 20%, but ranges below 5% are more typical.  Trees 

composing the ovestory layer ranged in age from 350-600 years. Shrub cover in these 

systems was less than 1%.   

The sedimentary soils associated with the John Day Province supports widely 

spaced trees with little understory community.   These stands may support very old 

trees, evidenced by the accumulation of both standing and down dead trees.  Trees on 

this soil type have ages that exceed 1,000 years. The eastern edge of the High Desert 

and the Mazama province have aeolian sands that support the most extensive old 

growth stands found in Oregon. 

1.6.2   Range Expansion 

Pre-historic 

During the deglaciation 12,500 to 11,000 years ago, major shifts in climate 

were underway throughout much of the Intermountain West.  These shifts in climate 

were influential to ecological processes, and drove local and regional changes in 

vegetation. (Bentacourt et al. 1987; Miller and Wigand 1994).   During this period in 

geologic history, western juniper were present on the landscape but were scattered 

throughout lower elevations of the Great Basin (Wigand et al. 1995).   Early in the 

Holocene as temperatures warmed, western juniper woodlands replaced limber pine 

(Pinus flexilis James) at intermediate elevations and moved out of local refugia.   
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During the mid Holocene, as temperatures reached their warmest in this 

epoch, some juniper woodland expansion occurred (Wigand et al. 1995).  Plant 

macrofossils, including leaves and twigs, as well as pollen preserved in pack rat 

middens provide evidence that suggest that western juniper has been in eastern 

Oregon for at least 4,000 years. (Mehringer and Wigand 1987).  This northern 

expansion from the Great Basin may have been facilitated by a gradual increase in 

winter and summer precipitation during this time (Wigand 1987).   

The Neoglacial period (6,000-5,000 years b. p.) was dominated by wetter, 

cooler weather in the Northern Great Basin (Wigand 1987).  Western juniper 

migration was accelerated during this time period due to climatic conditions favorable 

to seedling establishment.   Woodland extent and density increased at low and mid 

elevation ranges (Wigand et al. 1995).  The post-Neoglacial drought, occurring 

between 2,500 and 1,300 years ago, was a period of relatively cool temperatures, but 

significantly less precipitation.  During this drought period, there was also a region-

wide decrease in juniper woodland density and a range retraction (Wigand 1995).  

Evidence of western juniper pollen in packrat middens at the Base of Steens 

Mountain declined dramatically during this time and represents an upslope retreat of 

juniper woodlands (Merhinger and Wigand 1990; Wigand 1987).   

Western juniper woodlands underwent another expansion 1,000 years ago and 

retreated again 700-500 years ago, as is evidenced by pollen counts in the Great Basin 

(Wigand and Nowak 1992).  With the development of winter precipitation, juniper 

woodlands began a gradual re-expansion 400-500 years ago. (Merhinger and Wigand 
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1990). 

Historic 

In the late 1800’s juniper woodlands began to establish that still exist today 

(Tausch and West 1988, Gedney et al. 1999, Landis and Bailey 2005).  These 

woodlands were confined to shallow soils and rocky areas where understory 

vegetation was limited, and fires were infrequent due to a lack of surface fuels 

(Burkhardt and Tisdale 1976; Miller and Rose 1995).  Before western settlement, 

western juniper woodlands were open and savanna-like, a condition maintained in 

part by natural wildfires and fires set by Native Americans (Gedney et al. 1999).  

Juniper seedlings and saplings are fire intolerant in areas where shrub and grass 

density is high enough to carry fire (Agee 1993).   

 In Oregon between 1650 and 1800, western juniper established at a rate of 

2,900 acres/year, increasing to 8,200 acres per year between 1800 and 1850.  By 1900 

the establishment rate reached 23,100 acres per year, and more than half of the 

western juniper forests present today established during this time (Gedney et al. 

1999).  The rapid nature of western juniper expansion in recent times becomes very 

clear by comparing two surveys in eastern Oregon, one conducted in 1936, the other 

in 1988.  The 1936 USDA Forest Service survey estimated that western juniper 

woodlands occupied 419,200 acres.  The 1988 survey of the same region measured 

2,200,000 acres of juniper woodlands, representing more than a five-fold increase in 

52 years (Gedney et al. 1999).  Today, juniper forests, woodlands and savannas 

occupy 9 million acres in northern California, central and eastern Oregon, 

southwestern Idaho, and in patchy stands in southern Washington (Miller et al. 2005).  
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Causes 

While pre-historic climatic conditions may have been the major factor 

contributing to previous expansions in western juniper range, research suggests that 

the current expansion is likely due to both climatic and anthropogenically induced 

changes in the environment (Miller and Wigand 1994).  Fire suppression, the 

introduction of cattle grazing, and increased atmospheric CO2 have been identified as 

the potential causal agents of western juniper aforestation at the present time 

(Burkhardt and Tisdale 1976; Graumlich 1987; Young and Evans 1981; Miller and 

Rose 1999; Knapp and Soulé 1996; Soulé et al. 2004).  

 Tree ring dating of stands throughout their range provide some of the 

strongest evidence of increasing western juniper establishment (Bentacourt 1987). 

One study of juniper woodlands found that in southeastern Oregon greater than 99% 

of the trees sampled established after 1850, with establishment peaking from the 

1890’s through the early 1900’s (Miller and Tausch 2001; Johnson 2004).   The time 

period from 1850 to the early 1900’s coincided with Euro-American settlement of the 

Great Basin, introduction of cattle grazing and a reduction in fire frequency 

(Burkhardt and Tinsdale 1976; Eddleman 1987; Miller and Rose 1999).   

Heavy cattle grazing had the effect of reducing fine fuels, largely contributing 

to the reduction of fire potential on encroached sites (Burkhardt and Tinsdale 1976).  

Pre-settlement fire return intervals have been estimated to be between 15 and 25 years 

in mountain big sagebrush associations and that a 30-40 year fire return intervals 

were sufficient to keep western juniper from encroaching on sagebrush-grassland 

plant communities (Burkhardt and Tinsdale 1976; Miller and Tausch 2001).  
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However, fire return intervals have drastically decreased in this region after 

settlement to greater than 100 years (Miller and Rose 1999).  These changes in land 

use have created an environment favorable to the establishment and growth of 

western juniper seedlings (Taush 1999). 

 Western juniper tree rings also widened during the late 1800's, and this 

increase in radial growth indicated a climatic shift occurring during this time period 

(Miller and Rose 1999). A study of five sites throughout Oregon reported a similar 

pattern of tree ring growth (Soulé et al. 2004). From 1850 to 1916 winters became 

milder and wetter, and springs warmer and moister in much of the Great Basin 

(Graumlich 1987).  These climatic conditions promoted the growth of western juniper 

(Miller and Wigand 1994).   

Soulé and Knapp (1999) examined sagebrush-grassland plant communities 

encroached by western juniper where disturbance regimes of cattle grazing and fire 

had been excluded.  The authors assert that increased rate of juniper establishment on 

sites not exposed to these disturbances has not been adequately explained.  They 

suggest that western juniper expansion has undergone two major pulses—one in the 

late 1800’s that coincides with the introduction of cattle grazing and fire suppression, 

followed by a second one in the post-1950’s that may be driven by  increased levels 

of atmospheric CO2, biological inertia, and increasing annual temperature (Soulé et al. 

2004).    

They suggest that atmospheric CO2 may account increased western juniper 

establishment in the latter part of the 20th century, since seedling survivorship and 

sapwood growth and canopy expansion improves under these conditions.  Increased 
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atmospheric CO2 may contribute to canopy expansion (Knapp and Soulé 1999; 

Knapp et al. 2001).  Potentially, the increased rate seedling development reduces 

mortality due to fire, desiccation, or competition (Soulé et al. 2004).  

 

1.6.3  Effects on Ecological Processes 

Western juniper encroachment changes the structure of the sagebrush steppe 

communities in which it invades (Cottam and Stewart; Tausch and Teuller 1990).  

The impact that western junipers have on the functions of existing plant communities 

has been the subject of growing body of literature. 

Understory plant community  

In sagebrush associations, increasing domination of a site by western juniper 

can decrease cover and size of shrubs (Burkhardt and Tinsdale 1976; Tausch and 

Teuller 1990; Poulsen et al.1999; Miller et al. 2000; Roberts and Jones 2000).   

Koniak and Everett (1982) found that as juniper woodlands reach closed canopy 

stages, the emergence of perennial shrubs and grasses is reduced.  They also observed 

a reduction in overall species diversity present in seed reserves.  Miller et al. (2000) 

noted that as western juniper approached 50% of its maximum potential, big 

mountain sagebrush declined to 20-25% of its maximum potential. A similar 

reduction in species richness among grasses and forbs have been observed in several 

mountain big sagebrush/Thurber needlegrass (Artemisia tridentata 

Nutt./Achnatherum thurberianum (Piper))  associations where western juniper has 

encroached (Miller et al. 2000), and in central Oregon juniper domination has been 

associated with increases in bare ground (Knapp and Soulé 1998).  
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 Not all plant associations have responded to western juniper domination 

with reductions in the understory layers (Bunting et al. 1999).  Low sagebrush and 

bitterbrush (Purshia tridentata (Pursh)) associations did not undergo reductions in 

shrub cover that was observed among other plant community types.  

Nutrient cycling 

Western juniper encroachment has been associated with a change in the 

distribution of soil nutrients in sagebrush-grassland communities. Josiatis (1990) 

observed that calcium (Ca+2), sodium (Na), nitrogen (N), and organic matter (OM) 

were all greater under tree canopies than in interspaces, and this effect increased with 

tree age.   In this study cation exchange capacity and pH were also higher under 

canopy influenced soils compared to those in interspaces.   

 Klemmedson and Tiedemann (2000) studied soils supporting western juniper 

ranging from 21-231 years in age.  They observed increased levels of OM, N, 

phosphorus (P), and sulfur (S) in the litter accumulated beneath tree canopies.  Like 

Josiatis (1990), the researchers observed greater levels of organic carbon (OC), N, P 

in canopy influenced soils compared to interspaces.  They concluded that nutrients 

were potentially being drawn from the interspaces and deposited in soils near tree 

canopies.   Research also indicates that nutrients are most concentrated in the surface 

soil horizon of western juniper-influenced soils (Doescher et al. 1987; Klemmedson 

and Tiedemann 2000).  Bates et al. (2002) compared available nitrogen levels 

between cut and uncut woodlands, and found increased N availability following 

treatment.  This pattern did not persist into the second year following treatment.   

  Higher nutrient concentrations associated with soils beneath western juniper 
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canopies compared to inter-canopy spaces suggest that the trees form and maintain 

“resource islands” (Miller et al. 2005).  Miller et al. (2000) concluded that resource 

islands are not advantageous to herbs or shrubs as long as the trees remain in place, 

and that soil resource availability increases with their removal.     

Hydrology and soil morphology 

Native vegetation in sagebrush dominated associations plays a pivotal role in 

the water budget in this community type and is important to maintaining hydrological 

processes throughout the arid and semi-arid western U. S. (Reid et al. 1999; Pierson 

et al. 2002).  Typically, infiltration, runoff, evapotranspiration, precipitation, soil 

moisture, and interception are the major components of the water budget in semi-arid 

systems (Blackburn and Skau 1974; Tromble 1976; Lane et al. 1986).  

Evapotranspiration can account for over 90% of precipitation in the water balance in 

these environments (Flerchinger et al. 1996).    While semi-arid systems receive 

limited precipitation, much of which can be lost to evapotranspiration, deep ground 

water recharge can occur on sites where impermeable layers in the soil may permit 

the formation of seasonal streamflow and the feeding of local springs (Roundy and 

Vernon 1999).  

  The encroachment of western juniper has the potential to alter the water 

budget.  The extensive root systems can take up much of the available soil moisture, 

which is then transpired through their canopies (Breshears et al. 1997).  Moisture that 

is intercepted by the canopies of western juniper and does not enter the ground 

through stem flow or throughfall evaporates or sublimates, resulting in a loss of 

precipitation reaching the soil surface (Miller et al.2005). Eddleman et al. (1994) 
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concluded that the potential for interception is less in shrub-steppe communities 

than in juniper woodlands.  Similarly, Young et al. (1984) observed ecologically 

significant interception of precipitation by mature western juniper canopies and 

stems.   Skau (1964) reported that during a single high intensity storm, junipers 

intercept .13 to .94 inches of water.   A study in central Oregon examined interception 

by western juniper of incoming precipitation and found that dense woodlands may 

reduce winter soil moisture recharge by 50% (Eddleman and Miller 1999).    

 In semi-arid environments, erosion and surface overland flow are results of 

rainfall rates exceeding the infiltration, interception, and surface storage capacities of 

the soil and vegetation (Wilcox 2002).  Since western juniper encroachment can lead 

to reductions in herbaceous and shrub cover, (Burkhart and Tinsdale 1976) soils on 

encroached sites are more susceptible to soil crusting, decreased infiltration and 

increases in soil erosion (Pierson et al. 1994; Wilcox 2002). Davenport et al. 1998 

concluded that soil erosion potential (SEP), which is determined by climate, 

geomorphology, and soil erodability, in addition to ground cover influence erosion in 

juniper woodlands.  

1.6.4  Western Juniper Management 

Western juniper, like many other natural resources, is managed to enhance or 

maintain ecological, social, and economic benefits to society.  A variety of 

management strategies have been employed to remove invasive western juniper while 

preserving old-growth juniper woodlands. 

 

 



 24
Motivations 

Since the settlement of the west began, cattle ranchers have grazed their cattle 

on the forage available to them on public lands (Monsen 2004).  The increasing 

domination by invasive western juniper of sagebrush-steppe plant associations has led 

to a reduction of desirable forage.  Historical motivations to manage western juniper 

have focused on improving understory forage density and quality (Cottam and 

Stewart; Burkhardt and Tisdale 1969; Monsen 2004).  More recently, we have begun 

to recognize that there are important benefits provided by juniper woodlands and that 

the sagebrush-steppe produces more benefits than just high quality forage.  Today the 

motivations for managing western juniper are more diverse (McArthur and Goodrich 

2004).   

On public lands, western juniper management centers on meeting social 

needs.  As areas of wilderness/urban interfaces increase, Growing concern over 

wildfires drive the funding of initiatives to thin western juniper woodlands to reduce 

fuel load (John Swanson. personal communication. 18 April 2006).  Western juniper 

woodlands also are managed to provide enjoyable recreation opportunities and 

enhance the aesthetic values of the landscape (Keith Brown. personal communication. 

19 April 2006).  The BLM Prineville, Oregon District Office manages western 

juniper to meet multiple needs.  In some places they preserve western juniper 

woodlands to provide cover for wildlife, while trying to reduce fuel loads in others.  

In highly visible places they manage western juniper in ways that are aesthetically 

pleasing to a public that values trees.  They seek to identify and preserve old growth 

juniper woodlands that are structurally and morphologically distinct from post-
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settlement woodlands.  (Miller 2001; John Swanson.  personal communication. 21 

April 2006). 

In California, Oregon and northeastern Nevada, there is growing interest in 

finding economic uses for invasive western juniper (Fadali et al. 2006) The California 

and Oregon BLM are investigating using western juniper as a biomass fuel to produce 

electrical power (Ron Reuter. personal communication. 11 May 2006). This form of 

juniper management requires identification of high density juniper woodlands that are 

accessible to a road—conditions that make juniper harvest economically feasible.  

Old growth juniper woodlands as well as those that provide cover for wildlife need to 

be identified and preserved from harvesting (Klaesius 2002). 

In Utah, juniper woodlands are managed to provide winter range conditions 

for ungulates, particularly mule deer that derive important thermal cover from juniper 

woodlands (Leckenby and Adams 1986).  The Utah BLM manages juniper 

woodlands through chaining.  This technique is not widely used outside of Utah, but 

it allows land managers some precision in cutting the areas they treat and those that 

they leave (Fairchild 1999; Stevens 1999).  The Utah Division of Wildlife Resources 

recommends that leave areas are at least 40 acres in size and no more than .25 mile 

apart. Utah juniper woodlands near ridges and drainage bottoms are also left to form 

contiguous cover for ungulates (Fairchild 1999). 

The sagebrush steppe also provides valuable environmental services—plant 

community diversity, food sources for wildlife, ground cover, hydrological functions, 

soil retention, aesthetics, and recreation opportunities (Goodrich and McArthur 2004). 

The sagebrush-steppe provides habitat for elk, mule deer, and pronghorn horn, 50 
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species of small mammals, numerous avians, and 13 carnivore species. (West and 

Young 2000). Sagebrush-steppe plant communities provide breeding ground and 

habitat for a diversity of wildlife, particularly for species that are obligates to that 

community like sage grouse (Centrocercus urophasianus), pygmy rabbits (Sylvilagus 

idahonesis), and Townsend’s solitaires and sage thrashers (Oreoscoptes montanus)  

(Wisdom et al. 2002; Wirth and Pyke 2003).  Robust research in this field provides 

evidence that western juniper encroachment is associated with the loss of these 

functions and has fueled attempts to remove or control them (Miller et al. 2005).   

 Restoration of the sagebrush-steppe should strive to re-create these functions in 

disturbed landscapes using economically sound, socially backed, and ecologically 

sustainable management strategies (Workman and Tankana 1991; Palmer et al. 1997).  

To this end, researchers are attempting to gain an understanding of historical juniper 

densities and mean fire return intervals in order to re-establish historic conditions 

(Miller and Tausch 2001; Floyd et al. 2004; Landis and Bailey 2005). 

Techniques and Tools 

Land managers have attempted to control western juniper through chemical 

treatments.  Tebuthiuron [N-[5-(1,1-dimethyl)-1,2,3,4-thiadiazol-2-y]}-N,N’-di- 

methylurea] pellets, an herbicide that shown some success in controlling other woody 

species, were applied aerially and directly to trees.  Britton and Sneva (1981) found 

that the aerial applications killed only 22% of the targeted western juniper, while 

substantially reducing the biomass production of herbaceous vegetation.  Native 

understory species occurred less frequently on treated plots.  This response may have 

been due the low ecological potential associated with the low sagebrush that 
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dominated this study area (Miller et al. 2005); however, the findings of this study 

were consistent with another study that examined the application of tebuthiuron 

(Scifres and Mutz 1978).   Van Pelt and West (1993) investigated the application of 

tebuthiuron at stem base, mid crown and at dripline.  Their study area varied across 

sagebrush-steppe plant communities and juniper age classes.   They found that 

tebuthiuron most effectively results in defoliation and mortality of medium sized 

saplings when applied to the tree base.  The researchers suggested that this 

application location also offers the most operational advantages and minimizes 

damage to non-target plants. 

 Picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid)  has also been 

widely used to manage Utah and one-seed juniper (Juniperus monosperma), and 

Johnsen and Dalen (1990) reported that when applied within canopy driplines of 

trees, they observed that it consistently killed Utah junipers under 2 meters tall.  They 

also observed that while there was some damage to understory vegetation due to the 

application of picloram, the damage was less than that caused by tebuthiuron. The 

understory damage caused by picloram did not persist into the second year following 

the treatment application. 

Chaining has been carried out from the 1950’s to the early 1970’s with the 

goal of improving forage production for livestock (Monsen 2004). This method 

employs anchor chains or cables that are positioned between two crawler tractors 

traveling parallel to each other. Chaining can effectively uproot trees greater than 2 

feet tall, with moderate disturbance to understory shrubs (Stevens 1999).  Sites are 

often chained twice, with the second application performed perpendicular to the first.   
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Seeding of understory plants is performed between chainings, which allows the 

seed to be covered by the second application (Miller et al. 2005; Stevens 1999).   This 

method is no longer widely used due its high economic costs, ranging from $60-$200/ 

acre, and the public perception that it is highly disruptive to the environment 

(Chadwick et al. 1999).   

Chaining is still employed in Utah with the goal of developing thermal cover 

for big game (Fairchild 1999; Stevens 1999).  One formal study has been published 

that examined the ecological responses to chaining.  Leckenby and Toweill (1983) 

observed that out of the seed mix applied to chained sites only two seeded Agropyron 

species successfully established.  The use of chaining has been discontinued in 

Oregon on public lands since the 1970’s (Miller et al. 2005). 

More recently, controlled burning has become a widely used tool in western 

juniper management in the northern portion of the Intermountain West.  Managers 

use controlled burning as a way to mimic naturally occurring fire regimes that used to 

inhibit the encroachment of western junipers into the sagebrush steppe (Whisenant 

2004).  Fire regimes in the pre-settlement environment were influenced by 

topography, climate, plant community composition, fuel structure, fuel moisture 

content, and fuel continuity. (Miller and Tausch 2001).  All of these factors varied 

across juniper woodlands.  

Since the introduction of fire suppression policies and the settlement of the 

west, historical fire regimes have been significantly altered (Miller and Tausch 2001; 

Baker and Shinneman 2004).  Typical fire return intervals for mountain big sagebrush 

prior to western settlement were 12-25 years (Miller and Tausch 2001).  In this 



 29
ecosystem, where junipers are encroaching due to anthropogenic activities, the 

mean fire return interval has increased to greater than 100 years (Miller and Tausch 

2001).  The domination of these plant communities by trees changes the fuel 

continuity and loading, contributing to the potential for increased fire size and 

intensity (Miller and Rose 1995, 1999; Miller et al. 2000).  During the transitional 

stages of juniper woodland development, sagebrush associations can be restored 

effectively by prescribed fire, but once juniper woodlands have closed canopies, 

treatment becomes difficult and expensive (Miller and Tausch 2001).  

Old growth juniper woodlands that established prior to settlement are 

ecologically distinct from those that have established since settlement.   Fire regimes 

in these communities are also very different.  Floyd et al. (2004) sampled six stands 

in Arizona that were over the age of 400 years.  They found that in these old growth 

juniper woodlands, stand replacing fire return intervals are 400 years or longer.   

Their data does not suggest that aggressive management, such as prescribed burning 

is appropriate in these stands.   

DeBano and Klopatek (1988) compared soil, litter, and duff in burned and 

unburned soils that have been influenced by juniper encroachment.  In burned soils, 

the researchers found more organic P under canopy influenced soils compared to 

interspace soils.  The burning on juniper-influenced soils reduced phosphates activity 

significantly.   Covington et al. (1991) studied nutrient conditions in soils where 

juniper slash piles had been burned.  They noted an immediate 50-fold increase in 

ammonium concentrations in the soil.  One year after burning, they also observed 
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nitrate concentrations that were 20 times greater than those observed in unburned 

soils.  The elevated nitrate levels did not persist after five years. 

The response of the understory plant community to removal of western 

juniper by prescribed fire depends largely on the phase in which the juniper canopy is 

in, the presence of native understory species prior to the burn, and the condition of the 

seed bank (Whisenant 2004; Miller et al. 2005).  

Since 1990, chainsaw cutting has become the most widely used method for 

controlling western juniper on public lands in the state of Oregon (Miller et al. 2005).  

Chainsaw cutting can be used in combination with slash dispersal, prescribed 

burning, post-treatment grazing, and natural revegetation, and/or re-seeding (Monsen 

2004). Simply cutting the trees and leaving them in place generally costs $36 to $80/ 

acre; however, this treatment can cost as much as $250/ acre if the trees are limbed 

and the slash is scattered (Chadwick et al. 1999; Miller et al. 2005).  Partial cutting of 

western juniper on sites may offer a way to build up enough fuels on sites to carry a 

prescribed fire in phase III woodlands where there can be a lack of understory 

vegetation.  This treatment method may be a more cost effective way to control 

western juniper and restoring understory plant communities (Miller et al. 2005). 

Treatment by chainsaw cutting has the advantage of offering a high degree of 

control on the part of the applicator in terms of selecting which trees to remove. 

Chainsaw cutting does not have the unpredictability associated with fire, or the 

potential to negatively impact non-target species, that is a risk associated with 

herbicide applications (Van Pelt and West 1993).  Chainsaw cutting can be employed 

on a variety of terrains, and is not limited by season, as are prescribed burns.  
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Chainsaw cutting and leaving the boles in place does change fuel loading and 

continuity, creating situations where wildfires may occur (Miller et al. 2005). 

Chainsaw cutting can only reasonably be applied to smaller areas than can be 

managed by prescribed burn, and it comes at a higher economic cost than prescribed 

fire does (Chadwick et al. 1999).  Because cutting has a minimal influence on small 

trees, sites must often be re-treated. 

Ecological responses to chainsaw cutting have been studied in the High Desert 

and John Day Provinces in Oregon, where the formation of western juniper 

woodlands has been particularly extensive.  One study, that included three different 

sagebrush associations, found that following the removal of junipers by cutting, 

density and cover of perennial shrubs and grasses increased on all sites (Eddleman 

2002).  Eddleman and Miller (1999) observed similarly higher forb and grass cover 

on cut plots (14%) compared to un-cut plots (8%).  In southeastern Oregon  Bates et 

al. (2000) compared cut and un-cut western juniper woodlands and found that 

perennial plant basal area was 3 times greater and plant diversity was 1.6 times 

greater in the cut woodlands.  The same study found two years after the treatment 

application, nitrogen was 9 times greater on cut plots compared to uncut plots.  In a 

study of 80-year-old western juniper stands in southeastern Oregon the removal of 

western junipers from treated plots, understory cover, density and diversity increased 

significantly compared to un-treated plots (Bates 1998).   Eddleman (2002) reported 

shrub cover was 0.4 percent in uncut juniper, compared to 9.4 percent in adjacent, 

treated stands. 
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1.7 Figures and Tables 

Table 1: Topographical characteristics within study sample units. 

Sample 
unit 

Slope 
(deg.) 

Aspect 
(deg.) 

Elevation 
(m.) 

Eagle 1 1 65 1280 
Eagle 2 15 128 1097 
Eagle 4 22 54 1067 
Eagle 5 2 8 1219 
Carey 1 4 203 1136 
Carey 2 5 126 1116 
Carey 3 7 187 1094 

Dunham 1 5 342 1097 
Dunham 2 8 30 1073 
Dunham 3 8 17 1097 
Dunham 4 6 65 975 
Dunham 5 5 8 1195 

Salt 1 6 3 1189 
Salt 2 1 8 1158 
Salt 3 10 238 1341 
Salt 4 9 62 1036 
Salt 5 0 0 914 
Nstern 1 251 1036 

Houghton 6 355 1131 
Spring 1 2 106 1144 
Spring 2 4 138 1250 
Spring 4 15 116 1258 
Spring 5 10 171 1254 
Spring 6 14 193 1250 
Spring 7 10 175 1250 
Spring 8 12 246 1266 
Spring 9 17 125 1305 

96Ranch 1 0 0 1301 
96Ranch 2 0 0 1298 
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Table 2: Aboveground biomass for various forest types world-wide. 

dominant species aboveground 
production (ton/ha) Source 

Douglas fir, Oregon Coast 718  Geir and Logan 1977 
temperate deciduous 422  Art and Marks 1971 
evergreen hardwood 575 Art and Marks 1971 
tropical forest 415  Art and Marks 1971 
Douglas fir, western hemlock, 
and noble fir, Oregon Cascade 
Range 

1070                  
(average among 11 

forests) 

Waring and Franklin 
1979 

temperate hemlock forest, 
Japan 600  Waring and Franklin 

1979 
Ponderosa pine, Front Range, 
CO 52.7  Hall et al. 1994 

western juniper, central 
Oregon 10.58 Gohlz 1980 
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Figure 1: Map of sample unit locations.  Inset represents their locations relative to 
county lines. Circles = sites in both GIS and age class analysis, triangles = sites only 
in the GIS analysis, and squares = sites only in age class analysis. 
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Chapter 2: Spatial Modeling of Western Juniper (Juniperus 

occidentalis) Densities in Central Oregon 
2.1  Chapter Summary 

This portion of the study focused on predicting western juniper densities at a 

regional scale based on topographical characteristics of the landscape on managed 

sites.  The development of the predictive model required the integration of spatial and 

statistical analyses.  Incident radiance and elevation were used as potential indicators 

of post-treatment juniper density.  Known juniper densities and topographical values 

extracted from a digital elevation model (DEM) were used to create a linear 

regression model.  The model was used to predict juniper densities for unsampled 

locations within the study area, and those densities were ground truthed to assess 

model accuracy.  Study results indicate that incident radiance and elevation together 

are significant predicators of juniper density in managed areas of the sagebrush 

steppe.  

2.2 Rationale and Significance 

The increased density and range expansion of western juniper into areas that 

were previously dominated by shrubs and grasses have been negatively associated 

with changes in ecosystem structure and function.  These changes include increased 

soil erosion, decreased cover and diversity in the shrub and herbaceous layers, and a 

change in hydrological function (Tausch and Teuller 1990; Pierson et al. 1994; 

Knapp and Soule 1998; Klemmedson and Tiedman 2000; Roberts and Jones 2000).  

Concern regarding the impacts these changes have on the shrub-steppe has fueled 
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efforts to completely remove western juniper from the landscape (Landis and 

Bailey 2005).  

On public land in Oregon, western juniper is typically removed by cutting the  

trees, followed by a prescribed burn 3-5 years later.  While effective at eradicating 

junipers from small parcels of land, this method is time expensive and time 

consuming (Miller et al. 2005).  Since widespread cutting and burning does not 

address the root causes of juniper aforestation, the lifespan of this type of treatment is 

limited, and ultimately must be re-applied.  Given that western juniper now dominates 

millions of acres in Oregon alone, current treatment methods are inadequate to the 

task of halting or even stemming the invasion.  

Western juniper seedlings are fire intolerant, and wildfires have historically 

inhibited the conversion of sage steppe to western juniper woodlands (Miller et al. 

2005).  Controlled burning might be a cost effective and ecologically sound way of 

abating the spread of western juniper woodlands.  However, due to the expanding 

area of the urban-wilderness interface in the Intermountain West, controlled burns 

may not be a viable management option in all settings. 

Controlling western juniper encroachment is a multi-faceted and complex 

problem.  Restoring portions of sagebrush-steppe from juniper encroachment in 

Oregon will require that stakeholders make choices about which lands we are willing 

to invest in treating and insuring their long-term protection.   Hobbs and Humphries 

(1995) suggest that in areas experiencing vegetative invasions, we can evaluate areas 

by their level of risk for invasion and their productivity, both ecological and social, to 

determine what type management activities are appropriate.  They suggest that sites 
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that have the greatest risk for invasion but also the greatest productivity warrant the 

most intensive restoration efforts.  Sites with high value and low risk for invasion 

must also be identified and protected.  Their model for decision-making can also be 

applied to western juniper management. 

Geographic Information Systems (GIS) technology is a powerful tool in 

prioritizing management and restoration efforts.  GIS makes available to researchers 

the ability to analyze spatial and temporal relationships, view ecosystems from the 

microhabitat to landscape scale, combine spatial and non-spatial data, and assess the 

arrangement of habitat features and resources (George and Zack 1999).  GIS also 

enables us to predict the spatial distributions of main and dominant species in plant 

communities at the landscape scale.  The information gathered from GIS analyses can 

be used for restoration planning and decision-making, and implement management 

activities at a regional scale (Zhao et al. 2006).  The objectives of this part of study 

were to use GIS to:  

1) assess juniper densities in the study areas that are under BLM management 

and 

2) build a model that relates topographical features to juniper density. 
 

2.3 Methods 
 
2.3.1  Site Selection 

   
The study area, located south of Prineville, Oregon, is bounded by the 

following coordinates: 44.553°, 43.691°, -119.648°, and -121.092°.  The study area 

encompassed twenty-nine allotments of public land that are under the management 

the BLM Prineville District (Fig. 1).   Multiple photo points and vegetation transects 
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have been permanently located within the allotments.  Allotments were included in 

the study based on the following criteria: 1) western juniper were cut by mechanical 

means and the area subsequently prescribed burned, 2) the treatment regime was 

applied prior to 1993, 3) detailed management records, including the date and type of 

treatment action and a plant association classification exist, 4) information that 

allowed the classification of the pre-treatment canopy structure as savannah, 

transitional or closed-canopy exist, and 5) researchers could get to and locate the 

permanent photo point marker.   A more detailed description of the study area is 

provided in chapter 1. 

2.3.2  Data Collection  

We established twenty-seven 30m X 30m sample units within the BLM 

allotments, orienting them so that included within their bounds was a BLM photo 

point and a vegetation transect.  All allotments had undergone a thinning followed by 

a prescribed burn 3-5 years later.  Sites were not randomly selected, and the study 

was observational in design.  Some sites had different dimensions, dictated by the 

landscape (ie a creek running through the allotment), but in all cases, an area of ~ 900 

m2 was maintained. Slope, aspect and elevation measurements were recorded within 

each plot (Table 2). The location of each plot and the junipers within them were 

recorded using a Trimble GeoXT GPS unit.  Individual juniper trees were counted 

and their heights and basal area were also recorded.  Trees were also assessed for 

their vigor, based on the following classes: strong—bearing lush dense foliage, 

moderate—bearing lush foliage, but is less dense, poor—foliage is present, but much 

of it is yellowish in color, and dead—having no foliage.   We also recorded the 
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location and diameters of all the juniper stumps within each of the plots. Stumps 

bearing upturned branches were also noted. 

In addition to the field collected data, we obtained a portion of the National 

Elevation Dataset (NED) from the USGS and allotment and treatment polygons from 

the Redmond BLM office.   Sources, coordinate systems and datums are defined in 

Table 3. 

 

2.3.4  Data Preparation  

GPS data collected in the field were differentially corrected using Trimble 

Pathfinder software and separate shapefiles for the location of the plot, the junipers, 

and the stumps were created for each study site.   Arc GIS 9.1 was used to transform 

all data layers into the UTM, zone 10 coordinate system.   Since the layers provided 

by the BLM contained multiple datums, on-the-fly projection was used to analyze the 

data.  

2.3.5   Model building 

 Spatial analysis included using the NED to create a slope and aspect layer for 

the study area.  Sample unit corners were originally represented as points and were 

converted to polygons.   Then the juniper point files were overlaid onto the plot 

polygon files for each site.  By using the intersection by location tool, the number of 

junipers that were completely within plot boundaries were determined, and plot 

densities were calculated.  The NED was used to generate a slope and aspect layer.  

Using the editor function with the midpoint tool, a center point was assigned to each 

plot.  With the information tool, associated slope, aspect, and elevation values were 
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extracted.  Elevations generated by the NED were within ± 5 m of those measured 

in the field.  Slope and aspect values extracted from the NED varied 1-2 ° with those 

measured in the field.    

These values, along with juniper densities, were put into a matrix in Excel.  

Aspect and slope were used to calculate incident radiance for each site using the 

methodology described by McCune and Keon (2002).  Sites were classified as having 

a low (0-1.5 junipers/100 m2), medium (1.6-3.5 junipers/ 100 m2) or high (3.6-6.0 

junipers/100m2) juniper density (Fig 2).  These classification were chosen based on 

natural breaks among the study sites.  Using S+ 7.0 software, standard regression 

techniques were used to model the effect of incident radiance and elevation on juniper 

density.   Analysis of the data indicates that the variables vary linearly and that linear 

regression is an appropriate tool for modeling juniper density (Fig. 3). An additive 

model was constructed, and a comparison of quartiles of standard normal to the 

residuals associated with each site indicate that the data is normally distributed (Fig. 

4).  Residuals vs. the fitted data suggest that Eagle 1, Salt 3, and Dunham 1 may be 

outliers (Fig. 5).  However, neither the leverage nor the Cook’s values associated with 

sites suggest that they these sites unduly influence the model; therefore, these points 

were retained in the analysis (Fig. 6).    

2.3.6   Model Prediction   

Allotments treated before 1993 were used to create a pool from which six 

were randomly selected (Fig.7).  A line drawn through the widest portion of the 

treatment unit within these allotments and was used to locate a midpoint where 

juniper density could be predicted for the treatment unit.   The slope, aspect and 
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elevation values were extracted from the GIS layers used to build the model.  From 

these values, incident radiance was calculated, and the equation generated from the 

model stage was used to predict the juniper densities for these sites (Table 4).   

Predicted values were ground truthed by setting up 900 m2 plots, centered on the test 

coordinates, and the predicted densities were compared to those observed in the field. 

2.4   Results 

Western juniper densities ranged from 0 to 5.788 trees/100 m2 among the 27 

sample units included in the study.  General trends in the model indicated that 

increasing elevation was associated with increasing live tree density.  Increasing 

incident radiance was associated with a decrease in juniper density.  The additive 

model below was selected as the statistically most robust representation of the data 

(F-statistic: 3.189 on 2 and 24 degrees of freedom, the p-value is 0.05). Standard 

errors are reported in parentheses beneath the associated parameters. 

=-5.57 + 0.004 (elevation) – 9.45 (incident radiance)  
     (4.88)     (.003)                            (3.85) 

 
The model suggests that, if incident radiance is held constant, that a 100 m 

change in elevation results in a .04 increase in trees/100 m2 (95% CI .01-.09 trees/ 

100 m 2).  A unit increase in incident radiance results in a decrease of 9.45 in juniper 

density at constant elevation (95% CI 2.9-16.0 trees/ 100 m2 ).   

Ground truthing of the model revealed that it over-predicted low juniper 

densities ranging from 0-.6 trees/100 m 2 and under-predicted the density for test site 

6.  However, this test site had an observed density of 8.0 trees/ 100 m 2, which was 

outside of the range used to construct the model.  The model generated the most 
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accurate estimations for sites that had observed densities ranging from 1.1-3.4 

trees/ 100 m 2 (Fig. 8).  The majority of the sites used to construct the model also fell 

within this range 

2.5  Discussion  

Juniper densities varied widely over short distances within the study area 

following application of the treatment regime. However, radiance and elevation 

appear to be strong predictors of juniper density in the study area.   Generally, 

increasing elevation and decreasing incident radiance were associated with increasing 

live western juniper density.  Johnson and Miller (2006) also observed similar trends 

among exposure and elevation and western juniper density on un-treated stands. 

The model created in this study generated the most accurate estimations for 

medium density (1.0-3.0 trees/ 100 m 2).  However, the range of topographical 

variability captured in this study, and the model function could be improved by 

including more sample units. Johnson and Miller (2006) examined 77 sites in Oregon 

and Idaho and were able to capture 60% of the variability of juniper densities among 

their study sites using elevation and exposure.  Variability in juniper density among 

sites was not fully explained by the topographical features measured in this or in 

Johnson and Miller (2006).   

Previous research indicated that western juniper seedling establishment is higher 

beneath the canopy shrubs or bunchgrasses (Miller and Rose 1995; Soule et al. 2004) 

Seedlings may benefit from increased soil moisture and cooler temperatures that exist 

in these safe sites (Miller et al. 2005).  The importance that understory community 

structure and composition may have in the establishment and development of western 
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juniper woodlands warrants further investigation. 

2.6  Conclusions 

The use of a spatial model to predict western juniper densities is a valuable 

tool in the effort to manage these woodlands throughout the sagebrush steppe 

ecosystem.  The ability to identify areas of low, medium, and high western juniper 

densities could facilitate management objectives.  Often limited financial and human 

resources, are available to address the extensive and variable nature of western 

juniper encroachment.   Using GIS technology to identify areas where juniper density 

and desired management objectives intersect can be an efficient and practical way to 

prioritize treatment efforts across the landscape.  

Using spatial information to predict juniper densities can also benefit efforts 

to restore the sagebrush steppe ecosystem. This model can be used to identify 

contiguous areas where woodland densities heave not yet reached a stage in their 

development where restoration while desirable, may no longer be economically 

feasible.  Identifying these areas at a more regional scale will facilitate restoration 

projects that are more contiguous and greater in extent, which benefit wildlife are 

more likely to be sustainable, and have the capacity to sustain ecosystem processes. 
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2.7 Figures and Tables 

Table 3: Data sources, datums and coordinate systems. 

data layer source coordinate system datum 

DEM 
USGS National 

Elevation Dataset 
http://ned.usgs.gov 

geographic, 1 arc-second resolution NAD 83 

Oregon county map BLM, Redmond OR custom NAD 83 

BLM allotments BLM, Redmond OR UTM, zone 10 NAD 27 

highways BLM, Redmond OR custom NAD 83 
treated areas  BLM, Redmond OR UTM, zone 10 NAD 27 
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Figure 2: Western juniper densities in sample units.  Red = high density, orange = 
medium density, and yellow = low density.  Polygons represent BLM allotments. 
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Figure 3: Bivariate scatter plots of the study variables. Aspect is log transformed.  
The scatter plots demonstrate linear relationships exist between the variables. 
 

 
Figure 4: Normal probability plot.  The dashed line indicates the expected residuals 
for a normally distributed dataset containing the same number of samples as the 
experimental one.  Sample units are plotted based on their order residuals.  The 
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closeness of the data points to dashed line is an indication of normally distributed 
data. 

 
Figure 5: Sample units, plotted along the regression line fitted by the model against 
their residuals.  S+ flagged three study sites as potential outliers, since their residuals 
are greater than 2 standard deviations from the mean. 
 

 
 
Figure 6: Sample units plotted against their Cook’s Distances.  This measure is an 
indication overall influence that each sample unit has on the estimation of the 
regression coefficients.  Cook’s Distances greater than 1 indicate sites that are 
influential in the model fit.  All study sites have values less than .3. 
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Figure 7: Locations of the six test sites used to test model predictions.  Polygons 
represent BLM allotments. 
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Table 4: Juniper densities predicted by the model compared to those observed in the 
field. 
 

sample unit allotment radiance elevation 
(m) 

predicted 
density 

(tree/100 m2) 

observed 
density 

(tree/100 
m2) 

difference 

1 Carey -0.5353 1165 4.1 1.7 -2.4 

2 
Eagle 
Rock -0.4074 1168 3 0.6 -2.4 

3 Dunham  -0.3457 1207 2.5 3.4 0.9 
4 Dunham  -0.0330 1171 -0.55 1.1 -0.6 
5 Salt -0.2211 1181 1.2 8.0 6.8 
6 Spring -0.2291 1283 1.7 0 -1.7 
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Figure 8: Juniper densities predicted from the model, based on site elevation and 
incident radiance, compared to the observed values for six test sites.  The model over-
estimated low densities, and underestimated high densities.  The model most 
accurately juniper densities ranging from 2.8 trees/100 m 2 to 4 trees/ 100 m2. 
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Chapter 3: Influence of environment conditions on age structure of 

managed western juniper populations in Central Oregon 
 
3.1  Chapter Summary 

Invasive western juniper management often includes thinning of stands that 

have established after the late 1800’s with the objective of returning them to historical 

densities, reducing fuel loads, and improving the function of sagebrush-steppe plant 

communities (Miller et al. 2005).  Understanding how invasive species respond to 

management activities is important information that can improve ecological 

restoration efforts (Blossey 1999). This analysis examined post-management juniper 

populations that occur on public land in central Oregon.  The objectives of the study 

were to determine what age structures currently exist among juniper populations that 

have been altered by treatment and to determine if there are differences in the 

development of these age structure in relation to environmental variables.  The data 

were analyzed using a multivariate statistical approach, and the findings indicated that 

1) the majority of the sites included trees that reestablished following treatment 

application 2) seedlings begin to reestablish on study sites on average 8 years 

following treatment application and 3) understory diversity and cover is  associated 

with the re-establishment of juniper seedlings on treated sites. 

3.2  Rationale and Significance   

Millions of acres of western juniper woodlands exist throughout the sagebrush 

steppe ecosystem of Oregon (Gedney et al. 1999).  Observations of aerial photos and 

evidence of historical fire regimes, as well as stand reconstruction analyses using 

statistical tools, suggest that invasive juniper woodlands today have greater densities 
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and more closed canopies than they did historically (Gedney et al. 1999, Miller and 

Tausch 2001, Landis and Bailey 2005).     The increased density of juniper woodlands 

in some areas and their invasion into other areas that were previously dominated by 

shrubs and grasses have been negatively associated with increased soil erosion, 

decreased cover and diversity in the shrub and herbaceous layers, and a change in 

hydrological functions (Roberts and Jones 2000, Knapp and Soule 1998, Klemmedson 

and Tiedman 2000 and Pierson et al. 1994).    

Concern over the impact that invasive western juniper have on the landscape 

has fueled attempts to remove them via mechanical cutting and subsequent controlled 

burns.  However, in savannah and transitional stands, western junipers can provide 

vertical structure including microhabitats, breeding ground, food sources, thermal 

cover, and places for perching and nesting that benefit wildlife (Driscoll 1964, Lederer 

1977, Leckenby et al. 1986, Willis and Miller 1999). Current management removes 

seedlings, saplings, and mature trees, altering the vertical and spatial structure of the 

population.  Habitat selection by wildlife depends on the presence of multiple 

structures and functions present at multiple spatial scales, and the lack of a single but 

necessary structure, such as a particular age cohort of trees, may make habitat 

unsuitable for wildlife (George and Zack 2001). 

Research in western juniper management has focused on documenting the 

chronology of the species expansion since 1850 (Burkhardt and Tisdale 1976, Taush et 

al. 1981, Knapp and Soule 1996, Miller and Rose 1999, and Miller et al. 2005) and 

the impacts of western juniper woodlands has on shrubland communities, (Klopatek 

1987, Taush and West 1995 and Bates et al. 2000).  Little work has been done with 



 52
the objectives of understanding how management strategies alter the structural 

attributes of juniper woodlands, and how seedling reestablishment densities following 

the application of management regimes is related to topographical conditions, plant 

community structure or pre-treatment stand development. 

Topographical features such as elevation and radiance, which is a measure of 

heat at a specific slope and aspect, form resource availability gradients that influence 

the structure and development of plant communities across the landscape (Whittaker 

1975, Tilman 1982, Decoq 2002).  Elevation, a proxy of temperature, and radiance, a 

proxy of moisture, light and temperature, form fundamental constraints on plant 

communities.  (Whittaker 1975).   They may be limiting factors in the reestablishment 

of juniper seedlings in the sagebrush steppe. 

In addition to topographical features, seedling reestablishment patterns may be 

influenced by understory species composition, making particular community types 

more vulnerable to seedling re-encroachment.  Seedlings require the availability of a 

safe site in which they can develop (Radosevich et al. 1997).  Beneath the canopies of 

shrubs and bunchgrasses exist microhabitats where stressful environmental conditions 

are reduced, and juniper seedlings have a safe site that favors their establishment and 

growth.  This study examined the null hypothesis that structural components of the 

understory have no influence on the reestablishment patterns of western juniper 

seedlings on treated sites, and the alternative one that understory species composition, 

cover, diversity and/or richness do influence those patterns. 

Seedling reestablishment may also be related to soil characteristics including 

pH, water capacity, soil texture, and depth.  Plant associations are also linked to soil 
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conditions.  In this study, plant association type was used as a proxy for local soil 

conditions. 

Miller et al. (2005) described three phases of woodland development and their 

subsequent impact on understory ecological function. In phase I, trees are present, but 

the shrub and herb component are the dominant vegetation types influencing site 

function; Phase II, trees are present with shrubs and herbs, and all three layers 

influence site function; and Phase III, trees are the dominant layer and they are the 

primary influence on site function.   The authors suggest that the transition between 

Phases II  and III represents a threshold, both in the influence the canopy vegetation 

has on the understory plant communities and in restoration options.  

Understanding how current management strategies have shaped the age class 

structure of juniper woodlands, as well how seedling reestablishment patterns are 

influenced by environmental conditions will provide land managers with valuable 

information in planning treatment prescriptions.   

Specific questions addressed in this study were: 

1) What age structures currently exist among western juniper woodlands that 
have undergone a thinning followed by a prescribed burn twenty years ago? 
 
2)  Does the interval of time between site treatment and seedling 
reestablishment vary with topographical features or with plant community 
structural attributes? 
 
3)   Is seedling re-establishment frequency related to elevation and/ or 
radiance? 
 
4)  Is seedling re-establishment frequency related to plant community type, 
diversity or understory basal cover? 
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3.3  Methods 
 
3.3.1 Site Selection   

The study area, located south of Prineville, Oregon, is bounded by the 

following coordinates: 44.553° and 43.691° (latitude), -119.648°, and -121.092° 

(longitude) (Fig. 1).  This area, according to measurements recorded at the NOAA 

weather station in Burns, OR, has received, on average, 10.57 in. of annual average 

precipitation over the past 30 years.  Mean daily temperatures ranged from 24.4º F in 

January to 65.9° F in July for the same time period.  A more detailed site description is 

provided in chapter 1. 

The study area encompasses multiple allotments of public land under the 

management the BLM Prineville District.  Multiple photo points and vegetation 

transects have been put in place by the BLM throughout these allotments to assess the 

ecological impact of their management.  An allotment was included in this study if it 

met the following criteria: 

1) western junipers were extensively cut from the area by mechanical means,  
    and the cutting was followed by a prescribed burn; 
 
2) the treatment regime was applied prior to 1993;  
 
3) detailed management records exist that include the date of the treatment 
application and a plant association classification determined from vegetation 
surveys; 
 
4) photos taken at established photo points exist that allowed the researcher to  
    classify the pre-treatment canopy structure as phase I, phase II, or phase III; 
 
5) researchers could get to and locate the permanent photo point marker. 

 
 



 55
3.3.2 Data Collection  

Within the BLM allotments included in the study, we established twenty-nine 

30 m by 30 m sample units orientated so that a BLM photo point and vegetation 

transect were included within their bounds (Fig. 9).  Some plots had different 

dimensions due to features in the landscape (i.e. a creek running through the 

allotment), but in all cases, an area of approximately 900 m2 was maintained.  Within 

each plot, slope, aspect and elevation measurements were taken to establish 

topographic conditions at each sample unit.   The locations of each of the plots and the 

juniper within them were recorded using a Trimble GeoXT GPS unit.   

  Within each sample unit, five 1m2 quadrants were established in order to assess 

plant community structure.  Shrubs, grasses, and forbs were identified to species, their 

abundances were counted and total understory basal cover was estimated for each 

quadrant.   Between June and October 2005, we collected samples from the nearest 20 

western juniper trees that occurred within 30m from the centers of the sample units .  

Samples were taken from these trees by cutting a cross section from each of their boles 

as close to the ground as was possible. Cross sections were prepared by sanding one 

surface with progressively finer grits of sandpaper.  Sample ages were estimated by 

counting the growth rings under 30 magnification in order to establish the age of 

individual samples and the overall age structure of the population.  Since the samples 

were not cross-dated, the ages attributed to each of the samples are estimates. 

Of the 32 sampled sites, 20 had at least 10 trees occurring within 30m of the 

plot center and were included in the age structure analysis. Following the methodology 

of Soule et al. (2004), a minimum of 10 trees in a 900 m2 ranging in age from 1 to 83 
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years, were necessary to capture the age distribution of the western juniper 

population in the sample units used in the study. 

BLM treatment records were used to establish the pre-treatment conditions at 

each of the study sites.  Plant associations were determined from classifications made 

transect surveys that included the identification of species present as well as 

estimations of their covers.  This information along with edaphic features associated 

with the sites were used to select the appropriate plant association indicated by the 

plant association guide, Bunchgrass Plant Communities of the Blue and Ochoco 

Mountains: A Guide for Managers. (Table 5).  The phase of woodland development at 

the time of site treatment was determined from photos collected at permanent photo 

points, using the morphological characteristics described by Miller (1999) and Miller 

et al. (2005).   

3.3.3 Data Preparation   

The species counts observed among the five sub-plots in each sample unit were 

aggregated, and the Shannon Diversity Index (H’) was calculated, following the 

methodology described by Magurran (1988):  

H′ = -∑ pi ln pi 

where H’ = the diversity index, ln =natural logarithm, i = total number of a species 

observed, and pi is the proportion that species represents of the total species present. 

We calculated incident radiation for each sample unit using slope, folded 

aspect and latitude, following the methodology described by McCune and Keon 

(2002).  We used McCune and Keon’s second equation: 

-1.236 +1.350*cos(x)*cos(y)-1.376 *cos(z) *sin(y)*sin(x) -.331*sin(x)*sin(y)+.375*sin(z)*sin(y) 
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where x= latitude of the plot, y= slope, and z=folded aspect.  Total understory basal 

cover values from each of the five quadrant were aggregated to generate an estimate of 

cover for each sample unit.                 

3.3.4 Statistical Analysis  

Background to Ordination Techniques  

Ecological data is often challenging to analyze using traditional statistical 

approaches.  Ecological studies are often observational in design because the scale and 

complexity of the environment is difficult to model using experimental approaches.   

Many interactions that are part of ecological communities are complex and difficult to 

identify and quantify.  Ecological data often is not normally distributed in Gaussian 

curves.  More often, community data yields distributions where data points are 

clustered near the origin of the axes with a few observations extending out to the ends, 

a pattern that McCune and Grace (2002) described as “dust bunny distributions”.  

Community data may be also poly-modal (Fig. 10).   For all of these reasons 

traditional parametric, multivariate statistical approaches are often inadequate tools for 

identifying dominant relationships occurring in ecological studies. 

Ordination, a non-parametric method, is a statistical tool that can be applied to 

multivariate studies.  It avoids the distributional assumptions that are required by 

parametric methods but are often not met by ecological data.  Ordination tools arrange 

sample units along a scale (axis) or multiple scales, with the purpose of graphically 

summarizing complex relationships among sample units and extracting a feZpal 

Components Analysis (PCA) and Non-metric Multidimensional Scaling (NMS).  
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Multi-response Permutation Procedures (MRPP), another non-parametric tool, was 

used to test difference between groups hypotheses. 

Ordination Procedures 

The existing age structure for each western juniper population included in the 

study was characterized by the following descriptors: minimum age, maximum age, 

average age, the most frequently occurring age class (1-10, 11-20, 21-30…), the skew 

of the age distribution, and the interval between treatment of the site and the 

establishment of the first post-treatment seedling.  This data formed the main matrix 

for the analysis, containing 20 sample units as rows and the 6 age structure variables 

as columns.  The environmental data pertaining to each site, including radiance, 

elevation, plant association type, Shannon Diversity Index values, total understory 

basal cover and pre-treatment canopy structure formed a second matrix with 20 

sample units as rows and the six environmental variables as columns.  Plant 

association types were coded as follows: sagebrush/bluebunch wheatgrass/Sandberg 

bluegrass = 1, sagebrush/bluebunch wheatgrass/ Idaho fescue = 2, sagebrush/Idaho 

fescue-junegrass =3, bitterbrush/bluebunch wheatgrass/Idaho fescue = 6, and Idaho 

fescue/bluebunch wheatgrass/lupin = 7.   The canopy structure that existed prior to 

treatment application was coded as phase I = 1, phase II =2, phase III = 3, and 

unknown = 0.   

The main matrix columns were relativized by their standard deviates in order 

to put the age descriptors on a more equal scale, but not by rows since any difference 

in row totals is considered meaningful.  Coefficient of variance (CV) values of 23.3% 

and 93.6% for the unrelativized sample units and age structure variables, respectively, 
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provide a quantitative justification for this decision.  The second matrix remained 

unrelativized since the absolute values, not the proportions of the values, were critical 

to assessing the influence environmental variables have on the age structure of the 

juniper.  An outlier analysis was performed for both matrices using Euclidean distance 

measures and a requirement of a standard deviation of less than ± 3 from the average 

for row totals.  No outlying study sites or age structure variables were detected.   

Ordination of the data was performed using PC-ORD version 5.36, and 

Euclidean distance measures were used throughout the analysis.  Initial exploration 

showed that linear relationships exist between some age structure variables; therefore, 

PCA on a correlation coefficient matrix was chosen to ordinate sample units in tree 

age space (Fig. 11).  

A randomization test was performed, using a thousand randomizations of the 

age structure variables, and the eigenvalues associated with the study data were 

compared to those of the randomized data.  Joint plot overlays were used to compare 

the environmental variables to the age structure ordination. 

A comparable analysis was performed using Non-Metric Multi-Dimensional 

Scaling (NMS) to test the accuracy of the relationships identified by PCA.   Distances 

between sites were calculated using Euclidean measurements, and the sample units 

were ordinated in tree age space. NMS ordination was repeated using the starting 

coordinates that created the most stable solution to avoid relying on a local minimum 

as the final solution.  A Monte Carlo test was performed, using 250 randomized runs 

of the data, to the test the significance of the axes identified within the ordination.  The 

Monte Carlo test measures the probability that relationships in the data could form 
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merely due to chance. Potential environmental correlations with the ordination were 

assessed using joint plot overlays.   

Multi-Response Permutation Procedures (MRPP), calculated with Euclidean 

distance measures, were used to assess the likelihood that age structures differed with 

plant association or pre –treatment canopy structure.   In order to test these 

hypotheses, plant association types were re-coded as follows: sagebrush-dominated 

=1, not sagebrush dominated = 0.  Pre-canopy structure was recoded so that closed 

canopy =1 and savannah and transitional canopies = 0.  Groups were weighted by 

n/sum (n). 

3.4  Results 
 
 Age distributions were visualized with a series of histograms (Figs. 12-31).  

Many of the populations were composed of re-established seedlings and mature adults 

that survived the treatment application because they were simply missed at that time.  

Individuals ranged in age from 1-83 years. Distributions were typically bi-modal, with 

a single peak among trees that established 1-20 years since the treatment application, 

and another peak encompassing trees that established prior to the treatment and 

survived the application.  Troughs occur in the distributions around the time of the 

treatment application.   Across all the populations, the minimum estimated age from a 

cross section was two years, the maximum was 83 years, and the average age was 21.9 

years. Among all juniper populations in the study, the interval between treatment and 

re-establishment of the first seedling ranged from one to twenty-nine years. This 

structure in the data was mirrored when all sample units containing <10 trees were 

included. (Table 6).  The bi-modal nature of the age distributions within the sample 
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units was also observed among sample units included in the study and all sample 

units where trees were aged. (Figs. 32 and 33). 

 On average, seedlings began to re-establish 6.5 years after treatment 

application.  In many cases the nearest seed sources to the sample units were the 

individuals that survived the treatment application or were live, upturned branches that 

were left on stumps of cut trees.  Three sites that have undergone dense re-

encroachment are located down-slope from mature seed-bearing trees along a 

ridgeline. 

   Using the Rnd-Lambda stopping rule, PCA identified two axes that captured 

67.99% of the variance in the data and are unlikely to be formed by chance alone (axis 

1 p-value = .024, axis 2 p-value = .002) (Tables 7 and 8).  

 A joint plot overlay indicated that average, minimum, and most frequently 

occurring age class contributed to the formation of the first axis, and skew of the 

population distribution form the second axis (Fig. 34).  Among the environmental 

variables, diversity measures were most strongly correlated with the second axis (r=-

.580) (Fig. 35). Understory basal cover values were correlated with the second axis as 

well (r = .574) (Fig. 36).    Incident radiance, understory species richness, nor 

elevation were strongly associated with either axis (Fig. 37 and 39).   

The NMS ordination resulted in a stable solution after 85 iterations, yielding a 

final stress of 4.8 and instability of 0. Clarke’s rule of thumb describes this level of 

stress as an indication of an excellent representation of the data, with no risk of false 

inferences (McCune and Grace 2002).   Stress in the ordination was reduced from 

31.666 to 10.26 over the first 20 steps.  Only minor reductions in stress were achieved 
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after the 55th step in the ordination, indicating that the ordination is an acceptable 

representation of the data (Fig. 40). 

The NMS ordination produced three axes with lower stress than expected due 

to chance alone (axis 1 p-value = 0.12, axis 2 p-value =0.004, and axis 3 p-value = 

0.004) (Table 9). The distances of sample units in ordination space compared to their 

original distances in the un-ordinated age distribution matrix is an indication of how 

well the ordination represents the original data. Axis 1 is most strongly correlated with 

those in the original data (R2=.413).   Axes 2 (R2=.247) and 3 (R2=.310) are somewhat 

correlated with the original data.  Together, the first three axes in the ordination 

explain 97% variance in the data. 

Joint plot overlays of the main matrix variables onto the NMS ordination 

revealed that all age structure variables were important in the formation of the three 

axes (Fig. 41).  Average, minimum and maximum ages dominated the formation of the 

first axis (R2= -.82, -.560, and -.891, respectively) but they are only correlated with 

species richness in the understory community (Fig. 43).  This relationship does not 

have a great deal of ecological significance. 

On the second axis of the ordination, the importance of skewness (r = -.753), 

most frequent age class (r = .737), and the interval of time between treatment and 

reestablishment (r = .624) emerges (Fig. 42).  These age variables are correlated with 

understory diversity (r = .563) and basal cover (-.574). (Fig. 44-45).  The formation of 

the third axis is largely controlled by the most frequently occurring age class (r = .572) 

and time to first reestablishment (r = .572) (Fig. 42). Understory basal cover, richness, 

nor diversity had strong correlations with the third axis. Neither elevation nor radiance 
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correlated strongly with the age class variables on any of the ordination axes (Fig. 

43-47).   

Joint plot overlays give an indication that age structures may vary with 

sagebrush domination in plant associations, but it is not statistically significant 

(MRPP, A=0.016, p-value= 0.19).  Post-treatment age structures that originate from 

savannah and transitional woodlands present a modest but statistically significantly 

difference (MRPP, A=0.08, p-value=0.005) to those structures of closed-canopy 

forests.  Comparing the plant associations individually to the NMS ordination revealed 

that three types were associated with the third axis. The sagebrush/bluebunch 

wheatgrass-Sandberg bluegrass (Artemisia tridentata/ Agropyron spp/Poa 

secundai).association was correlated with older most frequent age classes.  This 

association is generally found on warmer drier sites.  The Idaho fescue/bluebunch 

wheatgrass/lupine (Festuca Idahonesis/Agropyron spp./Lupinus spp.) association, 

which are cooler, wetter locations, were associated with younger most frequent age 

classes. 

3.5  Discussion 

            Efforts to remove western juniper from public land in central Oregon have 

resulted in distinctive age class distributions on many sites within the study area.  If 

the application of the treatment regime had eliminated most age classes, and left a few 

older trees for ecological and social benefits they confer to the landscape, then age 

distributions would have been moderately to strongly negatively skewed, with a single 

peak at the oldest age cohorts.  However, the distributions among the study sites are 

bi- or tri-modal.  The peak that occurs among individuals that have reestablished 
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following the application of the treatment regime are re-encroaching seedlings.  The 

second peak, occurring among trees in age cohorts ranging from 25-40 years, are trees 

that survived the treatment application.    Surviving trees among the 20-40 year age 

cohorts have not reached their greatest reproductive capacity.  Junipers can begin to 

suppress understory vegetation at 45-50 years old and begin to produce significant 

quantities of fruit at 50-70 years in age (Miller et al. 2005).  The trees that fall into 

these age classes could potentially reach points in their development when they can 

negatively impact understory plant communities in 5-25 years. 

Both the direction of the skew of the population and the time interval in which 

the majority of individuals in the population established, are indicators that the 

population is growing, declining or stable over time.  Positive skew values to the age 

distribution shows that majority of the members of the population have established in 

the past 15 years, since the treatment application.  On 10 of the sample units included 

in this study, the majority of the trees established after the application of the treatment 

regimes.  Juniper is regenerating most densely on these sites, in comparison to the 

other 10 sites in the study.  Nine populations contain trees in age classes that indicate 

they established following treatment, but in these cases, the regenerated trees do not 

make up the most frequently occurring age classes in the population.  In total, eighteen 

of the twenty sites are experiencing some degree of re-encroachment.  The remaining 

site, Spring Creek 6, did not have evidence of re-encroachment twenty years after 

treatment application. 

Both the skews and the distributional patterns of the age classes among the 

study sites indicated that the application of the treatment regime did not result in 
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declining or stable populations on many of the sample units.  While some pre-

reproductive trees have been eliminated, the abundance of trees in both the 1-15 and 

21-41 age ranges are indications of an increasing population.  

Both the PCA and NMS ordination extracted similar relationships among the 

age class and environmental variables. In both the PCA and NMS ordinations, sites 

whose populations were composed mostly of trees with ages <20 years were also were 

associated with the most diverse understory plant communities.  This finding suggests 

that among the populations we studied, diverse sites are experiencing the most 

reestablishment of juniper seedlings.  While ecological diversity often keeps plant 

communities resilient to establishment of invading species, juniper seedlings have 

better establishment and growth rates in diverse communities where existing shrubs 

and bunchgrasses create a microhabitat under which they can develop.   (Burkhardt 

and Tisdale 1976, Miller and Rose 1995, Soulé and Knapp 2000, Miller et al. 2005).  

The lack of a microclimate on less diverse sites may partly explain why less juniper 

reestablishment occurred among populations where trees in the 30-50 year age classes 

were most frequent. 

The positive correlation between areas that had closed canopies (>20% cover) 

at the time of treatment and re-encroaching seedlings suggests that these areas have 

the potential to be dominated by western juniper woodlands.  The existence off 

mature, seed-bearing trees on the site before treatment may have formed a viable seed 

bank in the soil.  The remaining mature trees that surround the treated area are also 

providing an abundant seed source.  
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  Sites with high basal cover are experiencing less re-encroachment than 

sites with less basal cover.  Cheatgrass (Bromus tectorum L.) and Sandberg bluegrass 

(Poa secunda) were often the most abundant species in the understory plant 

community on these sites.  Neither of these grasses form large dense bunches and may 

not function as nurse plants.  Cheatgrass may also exert a competitive advantage over 

western juniper seedlings.  Moisture levels do not prohibit cheatgrass invasion; the 

weed can establish in sites with moisture regimes ranging from moist to xeric and is 

most abundant on dry sites (Mack and Pyke 1984; Stubbendieck et al. 2003). It 

typically grows faster, roots more deeply, and produces larger and heavier roots than 

do native plants even in the presence of droughty conditions (Nasri and Doescher 

1995).  It is also cold hardy, grows from the rootstock during the winter and can 

germinate in near freezing temperatures, before many native plants emerge (Mack and 

Pyle 1984). The biology of cheatgrass may give it a competitive advantage over 

western juniper seedlings that have poor water use efficiency compared to mature 

trees (Miller et al. 1992). 

3.6  Conclusions 

Effective and sustainable restoration requires that management applications 

should, ultimately create ecosystems that meet social, economic and environmental 

needs.  The majority of the sites included in this study are undergoing some degree of 

re-encroachment that on average begins eight years following the application of the 

treatment.  Nineteen of the twenty sites have a peak in their distributions among pre-

reproductive trees.  In 5 to 25 years, these trees could begin to suppress understory 

vegetation that confers soil stability, prevents erosion, maintains hydrological 
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functions, and creates habitat for wildlife (Blackburn and Skau 1973, Klemmedson 

and Tiedmann 2000, Miller et al. 2000, Johnson 2004.).  Consideration should be give 

to how the application of the widely used strategy of thinning western juniper stands 

and subsequently burning them is influencing age distributions of the populations.   

Among the sample units in the study, the ones with the most diverse understory plant 

communities had the most risk for seedling re-encroachment.   Because of the 

important ecological, social, and environmental values associated with diverse 

understory communities, these areas need to be identified, and given priority in 

restoration efforts, and maintained from further encroachment by western juniper. 
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3.7  Tables and Figures 

Figure 9: Sampling design. 
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Table 5: Plant associations for the study sites and their typical soil conditions. 
 

plant association (common name) plant database code # 
sites 

soil 
pH 

soil 
texture  

bedrock 
type 

depth 
to 

bedrock 
(in.) 

water 
capacity

mountain big sagebrush/bluebunch 
wheatgrass/Sandberg bluegass 

ARTRV/AGSP-
POSA12 13  - basalt, 

ryholite, tuff 6 - 

mountain big sagebrush/bluebunch 
wheatgrass/Idaho fescue ARTRV/FEID-AGSP 1 6-7 

sandy 
loam, silt 

loam 

basalt, 
ryholite, tuff, 

serpetine 
12-40 4-6.5 

mounatain big sagebrush/Idaho 
fescue-junegrass ARTRV/FEID-KOCR 1 6.4-

7.2 

sandy 
loam, silt 

loam 

basalt, 
andesite, tuff, 

graywacke 
22-40+ 2-7 

bitterbrush/bluebunch 
wheatgrass/Idaho fescue PUTR2/FEID-AGSP 1 6.2-

7.3 

loam over 
clay-rich 

layer 

basalt and 
tuff 10-30 2-7 

Idaho fescue/bluebunch 
wheatgrass/lupin FEID/AGSP/LUPIN 4  - basalt 12-36 - 
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Figure 10:  A series of hypothetical models for species’ distributions in ecological 
communities.  Differently dashed lines each represent a single species. a.) represents 
hypothetical linear responses of species abundances over an environmental gradient.  
This model is not representative of ecological communities, but is the basis for 
popular statistical tools.  b.)  represents the Gaussian ideal, of smooth, curved 
distributions along the environmental gradient. This model poses challenges to linearly 
based statistical tools if a researcher is interested in species interactions.  Both c. and 
d. represent  more realistic community responses to an environmental gradient.  These 
distributions can be more analyzed more fully with non-parametric multivariate 
approaches.  (Adapted from McCune and Grace 2002).
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Figure 11: Bivariate scatter plot of age structure descriptors.  Multiple descriptors vary 
linearly with each other making PCA an appropriate ordination tool for the data. 

 
Figure 12: Age distribution for the Eagle 1 population. The site was treated in 1990.  
The most frequently occurring age classes are composed of regenerated seedlings. 
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Figure 13: The age distribution for Eagle 3.  The first peak in the distribution is 
composed of regenerated seedlings, and the second is composed of pre-reproductive 
trees. This site was treated in 1987. 
 

 
Figure 14: The age distribution for Eagle 5.  The distribution contains a large peak 
among regenerated seedlings, and smaller peak among trees in the 25-35 age classes.  
This site was treated in 1987. 
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Figure 15: The age distribution for Carey 1, which was treated in 1986.  Most of the 
individuals at this site were regenerated seedlings.  A small peak occurs in the 
distribution among mature trees.  
 

 
 
Figure 16: The age distribution for Carey 2.  The site was treated in 1986. A peak 
occurs in the distribution among regenerated seedlings.   



 74
 
 

 
Figure 17: The age distribution for Carey 3, which was treated in 1985.  Regenerated 
seedlings make up the most frequently trees in the distribution. 
 

 
Figure 18: Age distribution for Dunham 2, treated in 1985.  The regenerated seedlings 
form the most frequently occurring trees in the distribution. 
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Figure 19: Age distribution for Dunham 3, treated in 1985.  The regenerated seedlings 
compose the most frequently occurring trees in the distribution. 
 

 
Figure 20: Age distribution for Dunham 5.  The site was treated in 1987.  The bimodal 
nature of the distribution is due to trees that survived the treatment application and 
those that regenerated. 
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Figure 21: Age distribution for Salt 1.  The site was treated in 1989 and has experience 
some seedling reestablishment. 
 

 
Figure 22:  Age distribution for Salt 2, which was treated in 1986.  Regenerated 
seedlings are a small component of the population. 
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Figure 23: Age distribution for Salt 3.  Regenerated seedlings dominate the 
distribution.  Treated in 1986. 

 
Figure 24: Age distribution for Salt 4, treated in 1985.  The distribution is strongly bi-
modal with peaks occurring among trees that survived the treatment and those that 
regenerated. 
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Figure 25: Age distribution for Spring Creek 2, treated in 1986.  Almost all trees in the 
distribution are regenerated seedlings. 

 
Figure 26: Spring Creek 6, treated in 1987.  The age distribution very few regenerated 
seedlings. 
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Figure 27: Age distribution for Spring Creek 7, treated in 1987. 
 

 

Figure 28: The age class distribution for Spring Creek 9, treated 1989. 
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Figure 29: The age class distribution for 96 Ranch 1, treated in1985.  A peak in the 
distribution occurs after treatment application. 
 

 
Figure 30: The age class distribution for 96 Ranch 2, treated in1985.  
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Figure 31: Age distribution for North Sterns, treated in 1965. 
 
Table 6: Summary values for the age distribution among all sample units included in 
the age class analysis compared to that when units with < 10 trees is included.  
Populations used in the analysis captured the variability among the larger population. 
 

  minimum maximum average skew most frequent 
age class 

age class 
sites 2 83 21.8 1.36 15-20 

all sites 2 83 21.9 1.33 15-20 
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Figure 32: The age distribution across all sample units included in the age class 
analysis.  The peak among trees in 15-20 and 20-25 age classes of the distributions 
occurs at this more region scale, with peaks occurring among individuals ranging 1-20 
years in age and 31-35 age cohorts. 
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Figure 33: The peak in the distribution is consistent among all trees that were aged, 
including sample units with < 10 trees. 
 
Table 7: Distribution of variance among the first six axes in the PCA ordination.  The 
first two axes account for the majority of the variance in the data. 
 

axis eigenvalue % 
variance cumm. var. broken stick 

eigenvalue 
1 2.55 42.54 42.54 2.450 
2 1.71 28.53 71.07 1.450 
3 0.99 16.49 87.56 0.950 
4 0.46 7.92 95.48 0.617 
5 0.23 3.80 99.27 0.367 
6 0.04 0.73 100.00        0.167 
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Table 8: Comparison of eigenvalues associated with the randomizations of the age 
structure variables and those of the real data. The first two axes identified by PCA do 
not likely form to chance alone.  
 
 

axis 

eigenvalue 
from real 

data 

 
eigenvalues from the randomizations 

  
  

  minimum average  maximum p-value 
1 2.55 1.29 1.82 2.71 0.004 
2 1.71 1.01 1.38 1.79 0.008 
3 0.99 0.689 1.07 1.40 0.785 
4 0.46 0.515 0.81 1.08 1.000 
5 0.23 0.216 0.57 0.90 0.999 
6 0.04 0.088 0.35 0.69 1.000 
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Figure 34: A two dimensional PCA ordination of sample units in tree age space.  
Overlay of differently colored triangles represents plant community association types.  
The angles and lengths of the blue radiating lines indicate the direction and strength of 
the age distribution variables with the ordination axes (ave = average age, min = 
minimum age, max = maximum age, mfreq = the age class with the greatest number of 
individuals, f.est = the interval of time between treatment and establishment of the 
first regenerated seedling, skewness = skew of the sample unit’s age class 
distribution).  Axis 1 is formed by the average, maximum, and minimum ages as well 
as the most frequent age class variables.  The second axis is formed by the skew 
variable.  Samples units located within the lower loop (more encroached) have age 
distributions that are dominated by seedlings that have established following the 
treatment application.  Sample units located in the upper loop (less encroached) have 
age distributions that are dominated by trees that established prior to the treatment 
application. 
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Figure 35: Scatter plot of sample units in tree age space.  Understory diversity values 
are overlaid onto the ordination.  Each triangle represents a sample unit, and the 
symbol size is proportional to its diversity values.  Triangle color indicates the pre-
treatment canopy structure.  Lower right: scatter plot of cover values against Axis 1.  
Upper left: scatter plot of cover values against Axis 2.  Both of these scatter plots have 
least squares regression lines (red) and a smoothed envelope (blue) imposed on them.  
Increasing understory diversity is associated with more encroached sample units (axis 
2, r = -.580).  Blue triangles = phase I woodland development at the time of treatment, 
green triangles = phase II woodland development at the time of treatment, and purple 
triangles = phase III woodland development at the time of treatment.    Similar 
symbology is used in succeeding figures. 
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Figure 36: Scatter plot of sample units, ordinated in tree age space, and overlaid by 
understory basal cover measures.  Basal cover is correlated with the second axis (r = 
.574).  Increasing understory basal cover is associated with less encroached 
populations. 
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Figure 37: PCA ordination of sample units in tree age space.  Increasing triangle size 
is proportional to increased radiance.  Radiance is not linearly correlated with either 
ordination axis. 
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Figure 38: PCA ordination of sample units in tree age space, overlaid by understory 
richness values.  Understory richness is correlated with the first axis (r = .416). 
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Figure 39: PCA ordination of sample units in tree age space. Triangle size is 
proportional to sample unit elevation.  Elevation is not correlated with the first axis 
and is not strongly correlated with the second axis.  
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Figure 40: Stress vs. iteration of the NMS ordination.  .Stress is reduced rapidly over 
the first 20 iterations and becomes increasingly stable over the next 30 iterations.  A 
stable solution is reached after 83 iterations with a stress of 4.8.  
 
Table 9: Comparison of stress in the real data to 250 randomizations. Values indicated 
that the interpretation of the first three axes account for the most reduction in stress in 
the data. 

 
Stress in real data stress in randomized data 

axis minimum mean maximum minimum mean maximum p-value 
1 32.49 44.05 54.66 31.11 46.55 54.66 0.04 
2 10.57 12.97 21.88 16.26 21.08 26.96 0.02 
3 4.71 4.79 4.8070 6.97 11.18 14.54 0.02 
4 1.50 2.29 2.29 3.57 6.16 10.50 0.02 
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Figure 41: NMS ordination of sample units (red triangles) in tree-age space.  This 
scatter plot is composed of the first two axes identified by the ordination.  Average, 
minimum, and maximum ages in distribution form the first axis, and most-frequently 
occurring age class, skew of the distribution, and interval of time to first seedling 
establishment form the second axis.  Length of the blue radiating lines indicates the 
importance of each variable to axis formation. Similar symbology is used throughout 
figures 38- 44. 
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Figure 42:  Scatter plot of the NMS ordination of sample units in tree age space on 
axes 2 and 3.  The most frequent age class variable dominates the formation of the 
third axis. 
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Figure 43:  NMS ordination on axes 1 and 2.  Joint plot overlay of species richness 
values onto the ordination.  Species richness is associated with the first axis (r = -
.474).  Colored triangles represent pre-treatment canopy structure associated with each 
sample unit. (Phase II, III, or I and 0 = unknown).   
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Figure 44: Scatter plot of the sample units in tree age space.  The ordination has been 
overlaid with basal cover values associated with each sample unit.  Increasing triangle 
size is proportional to amount of total understory cover.  This environmental variable 
is most strongly negatively associated with Axis 2, which is formed from population 
skew and interval to first establishment (r =-.574) 
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Figure 45: Scatter plot of NMS ordination of axes 2 and 3.  Diversity values associated 
with each sample unit are overlaid.  Understory diversity has a positive association 
with axis 2 (r = .563). 
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Figure 46: NMS ordination of sample units in tree age space on axes 2 and 3.  
Radiance values associated with each sample unit are overlaid.  Radiance is not 
strongly associated with the ordination axes. 
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Figure 47:  NMS ordination of sample units in tree age space on axes 1 and 2.  
Triangle colors represent plant community association.  Elevation is associated with 
the third axis (.402). 
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Chapter 4: Synthesis 
 

4.1 Chapter Summary 
 

This chapter summarizes the challenges associated with western juniper 

management, highlights the findings of this study, and discusses how this information 

can be incorporated into current practices. 

4.2   The complexity of western juniper management 
 
Western juniper poses management challenges in the sagebrush steppe 

ecosystem.  It is a native species that confers ecological benefits to wildlife in phase I 

and phase II of stand development.  It also adds vertical and horizontal structural 

diversity to the landscape.  Old growth juniper woodlands impart a unique structure 

and function to the landscape and need to be monitored and protected.  However, the 

species is also undergoing an unprecedented expansion in range, and woodlands in 

phase I and II have not reached their maximum stand density (Gedney et al. 1999). 

The encroachment of western juniper in central Oregon is widespread and occurs 

on wide variety of landforms, soil types, and topography.  The aforestation of the 

sagebrush-steppe by western juniper has been associated with the degradation of this 

ecosystem, including  elimination of understory species, loss of habitat for sagebrush-

obligate species, shifts in the water budget and reduction in high quality forage.  

Western juniper encroachment has also altered fire regimes in the sagebrush-steppe.  

The presence of trees changes vertical and horizontal fuel continuity and increases 

surface and aerial fuel loading.   These changes in fuel density and structure increase 
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the risk for catastrophic wildfire, which is of particular concern in the region 

surrounding the study area due to a growing urban/wilderness interface.  All of these 

components make the management of western juniper challenging 

Additionally, western juniper woodlands are managed across the landscape for 

multiple objectives. Near areas of urban /wilderness interfaces the management 

objectives may include a reduction in stand density, to reduce the risk for wildfire.  In 

other areas, maintaining high stand density may be a priority, due to growing interest 

in using western juniper as a biomass fuel.  Some density of western juniper needs to 

be maintained to fulfill other objectives, such as wildlife habitat, recreation and 

aesthetics.  Understanding the relationship between topography, understory plant 

community, and the development of juniper woodlands can also help us to identify 

turning points where the woodland transitions to phase III, where the costs of 

restoration exceed social, economic and environmental gains.   

Thinning western juniper woodlands is often necessary to meet the objectives 

described above. This treatment alters the distribution of age cohorts in the population, 

which and may be creating increasing, rather than stable or declining populations.  

Effective management, for the purposes of restoration, should also include an 

assessment of seedlings reestablishment following treatment application.  

Understanding specific site conditions that influence seedling reestablishment can 

guide the allocation of management resources. 
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4.3   Research Outcomes 

The findings of this study indicated that elevation and radiance are influential 

in the density of juniper woodlands within treated areas included in this study.  These 

topographical variables alone can be used in a spatial model to predict live tree 

densities, but the range and accuracy of the model would most improve with the use 

the inclusion of more sample units in the model building stage.  Increasing elevation 

and decreasing direct incident radiance are associated with increasing juniper 

densities.  This finding is consistent with the work done by Johnson and Miller (in 

press) among western juniper woodlands in Steen’s Mountain, OR and in Idaho. This 

relationship provides some of the information necessary to classify the risk an area has 

for domination by western juniper.  The majority of western juniper woodlands 

throughout Oregon are in phase I or phase II in their development, and their potential 

to increase in density is substantial (Gedney et al. 1999).  Understanding how 

topographical features influence woodland density may help to identify target areas 

that have the ecological capacity to meet management objectives.  Areas where 

topographical feature contribute to high density western juniper woodlands may have 

passed a threshold where restoration is feasible, but they may be valuable sources of 

biomass fuel.  Areas of low western juniper density may be the most economical to 

restore bunchgrass communities.  Our choices about which management prescriptions 

to apply should be met by the capacity of the land to support them.  

The results of this study indicated that radiance and elevation were not as 

strongly correlated with seedling reestablishment following the application of a cut 
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and burn treatment as were variables associated with understory plant community 

structure.  Johnson and Miller (in press) observed in their study, the rate of seedling 

establishment increased significantly with increasing elevation and decreasing 

exposure.  The topographical range was greater in the study conducted by Johnson and 

Miller (in press) and their model may have captured more variability.  In neither their 

study nor the current one, were elevation and radiance sufficient to explain all the 

variability in western juniper woodland density or in seedling establishment patterns, 

which suggests that other important environmental variables influence spatial and 

temporal heterogeneity of western juniper woodlands. 

Understory plant community diversity was positively associated with stands 

undergoing reencroachment.  Increasing cover was not associated with age class 

distributions dominated by reestablished seedlings.  Sites that have high species 

diversity values have more shrubs and bunchgrasses present on them that create safe 

sites for juniper seedlings.  Sites with high cover values also tended to have low 

species richness and diversity and were dominated by exotic grasses, including pure 

stands of cheatgrass.  Western juniper seedlings may be a poor competitor against 

cheatgrass due to the ability of the cool season grass to exploit soil moisture that is 

available early in the growing season.    Cheatgrass stems do not form bunches and 

may not create the necessary safe site for seedling establishment.  

Gedney et al. (1999) described the layered age structure of untreated juniper 

woodlands in Oregon, and found that 31% of the plots that they examined, western 

juniper populations were composed of multiple age cohorts, ranging from < 10 years 
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to > 100 years.   This pattern of distribution among age cohorts in the treated stands in 

this study had a very different pattern characterized by distinctive bi-modal peaks at 

the 1-10 year and 21-41 age classes. These peaks among these age classes is an 

indication while the treatment regime is eliminating some pre-reproductive trees, more 

have regenerated and others survived the treatment application.  These seedlings may 

also be exploiting the ecological space that becomes available through the removal of 

the over story trees.  Members of these age cohorts contribute to increasing nature of 

these populations and their continued risk for eventual domination by mature western 

juniper. 

In the course of collecting the data for both the spatial and age class analysis, the 

researchers noticed that some of the stumps in the sample unit were bearing live 

branches.  In many cases, these branches were indistinguishable from live trees, until 

we located the stump of the main stem.  These branches often bore lush foliage, and in 

some cases, they were bearing fruit.  (Table 10).  At least one stump bore a live, 

upturned branch on 27 of the 33 sample units included in the study.  On average, 21% 

of the stumps left on a site bore a live branch.  This finding indicates that when all the 

lowere branches are not removed from the stump, it can remain viable, bear seed and 

contribute to the aforestation of bunchgrass communities.  

4.4 Management Implications 
 

Both the spatial and the age class analysis yielded findings that can aid in the 

management of western juniper woodlands, with the objective of restoring the 

sagebrush steppe.  Hobbs and Humphries (1995) proposed an integrated approach to 
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the management of plant invasions that could be applied to the aforestation of the 

western juniper as well.  In their proposed framework, they suggest that the 

assessment of management priorities for a region should be based on 1) the risk for 

invasion and 2) the value of the site in terms of both conservation and production (Fig. 

46). Using the elevation, incident radiance, species richness and diversity as well as 

plant association type could be used to determine what level of risk for aforestation by 

western juniper is associated with the site (the location of the region along the vertical 

axis of the graph in Fig. 46).  The placement of the region along the horizontal axis 

could be determined by the quality of wildlife habitat, the suitability and the cost of 

restoration, and/or by the presence and abundance of high quality forage.  The 

placement of the sites within this framework would suggest the appropriate course of 

management given site value and risk for domination by western juniper.  A site that is 

on a south facing slope, at an elevation of 3,200 feet, and has an understory plant 

community that is dominated by 2-3 species may have a low risk for juniper 

aforestation.  The conceptual model suggests that if the same site also low 

conservation and production value, then an appropriate management activity would be 

to monitor it, but not to actively remove juniper.  On the other hand, a site with north 

facing slopes, at an elevation of 4,100 feet and a diverse understory has a high risk for 

domination by western juniper, but an appropriate management activity would be 

restoration if an increase in ecological and economic values could be achieved.  

Prioritizing western juniper management becomes difficult for regions that may fall 

inside the dashed box in the conceptual model.  Sites with these risk and value 
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characteristics make them marginal candidates for multiple management approaches.  

In these cases, no single management approach that is clearly suited to the site, and a 

more adaptive strategy may be warranted.  

Understanding the role that topography and the understory plant community 

have on the spatial distribution and the reestablishment western juniper seedlings is 

valuable information for managers as they seek to meet multiple objectives in the 

stewardship of the sagebrush steppe ecosystem.  The aforestation of western juniper is 

extensive and variable across central Oregon.  We will need to assess regions for their 

risk of aforestation and choose prescriptions that reflect the capacity of land, both to 

support juniper woodlands and to meet economic, social and environmental 

objectives.  
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Figures and Tables 
 
Table 10:  Western juniper structure on post-treatment sites.  The juniper column 
contains the number of junipers that were intentionally left or survived.  The stumps 
column described the number of stumps that were located within the sample unit, and 
the live branch column refers to the number of stumps that were bearing a live, 
upturned branch from a cut stump. 
 

site junipers live 
branch stump 

live 
branch/stump 

(900 m sq) 
Carey 1 17 0 17 0 
Carey 2 23 2 5 0.4 
Carey 3 20 1 11 0.09 
Dunham 2 23 1 11 0.09 
Dunham 3 14 0 28 0.00 
Dunham 4 17 4 28 0.14 
Dunham 5 25 0 8 0.00 
Dunham 1 7 1 9 0.11 
Eagle 1 48 1 41 0.02 
Eagle 2 8 4 16 0.25 
Eagle 4 35 1 19 0.05 
Eagle 5 31 1 19 0.05 
Houghton 37 4 10 0.40 
North 
Sterns 12 2 5 0.40 
Salt 1 39 4 11 0.36 
Salt 2 27 2 24 0.08 
Salt 3 82 5 19 0.26 
Salt 4 14 0 7 0.00 
Salt 5 0 0 30 0.00 
Spring 1 1 1 10 0.10 
Spring 2 21 0 6 0 
Spring 4 5 0 12 0 
Spring 5 0 0 14 0 
Spring 6 0 3 23 0.13 
Spring 7 12 2 5 0.4 
Spring 8 0 0 3 0 
Spring 9 1 23 10 2.3 
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Figure 47: A conceptual model for prioritizing the management of invasive western 
juniper (Adapted from Hobbs and Humphries 1995). 
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Table 1: Full listing of sample units used in both studies, with their associated BLM-
numbered photo point marker.  Plant community and pre-treatment canopy codes are 
explained on page 57 in the text. 
 

Sample unit BLM 
code 

yr. of 
treat 

slope 
% 

aspect 
deg. 

elevation 
ft. 

plant 
comm. 

diversity 
index 

pre-
treatment 
canopy 

Eagle Rock 
1 PP-1 1990 8 W 4200 1 1.79 2 
Eagle Rock 
3 PP-2 1987 15 NE 3500 6 1.81 0 
Eagle Rock 
5 PP-8 1987 4 SW 4000 1 1.97 0 
Carey 1 PP-4 1986 3 W 3726 1 1.81 3 
Carey 2 PP-5 1986 10 E 3661 0 1.66 3 
Carey 3 T-2 1985 4 S 3588 1 1.48 2 
Dunham 2 TC-8 1985 1 NW 3520 7 2.13 3 
Dunham 3 TC-6 1985 13 W 3600 7 2.30 3 
Dunham 5 TC-3 1987 15 NW 3920 7 2.00 3 
Salt Creek 1 T-1 1989 4 NW 3900 1 1.76 2 
Salt Creek 2 PP-2 1986 4 NW 3800 3 1.76 2 
Salt Creek 3 PP-21 1986 12 SW 4400 7 2.23 3 

Salt Creek 4 
PP-

141 A 1985 8 E 3400 1 2.21 2 

N Sterns 
PP-

134 A 1965 0 0 3400 1 0.42 1 
Spring 
Creek_2 PP-1 1986 4 SE 4100 0 1.16 2 
Spring 
Creek_6 T-1 1987 9 SE 4100 1 1.24 1 
Spring 
Creek_7 T-1 1987 8 S 4100 1 1.59 1 
Spring 
Creek_9 T-1 1987 13 SE 4280 1 1.81 1 
96 Ranch_1 PP-1 1985 0 0 4270 1 1.18 2 
96 Ranch_2 PP-1 1985 0 0 4260 1 1.53 2 
Eagle Rock 
2 PP-1 1990 36 E 3800 2 N/A 2 
Dunham 1 T-1 1987 0  3920 1 N/A 1 
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Dunham 4 TC-6 1985 0  3860 0 N/A 3 
Salt Creek 5 T-1 1989 12 S 4300 1 N/A 2 
Spring 
Creek_1 PP-1 1986 0  4000 0 N/A 2 
Sping 
Creek_3 P-B20 1970 0  4500 4 N/A 2 
Spring 
Creek_4 T-1 1987 8 E 4300 1 N/A 1 
Spring 
Creek_5 T-1 1987 12 S 4300 2 N/A 1 
96 Ranch_3 PP-1 1985  W 4360 1 N/A 2 
96 Ranch_4 PP-3 1987 0  4620 5 N/A 2 

 


