
AN ABSTRACT OF THE THESIS OF

D. Benjamin Swartley for the degree of Master of Science in Forest Products and

Forest Science presented on 17 October 2002.

Title: Juniper Utilization: Issues of Chemistry and Management

Signature redacted for privacy.
Abstract approved:

LI Josep)i-Th Karches'

I ,-;'

Signature redacted for privacy.

Western juniper (Juni,erus occidentalis) poses both a challenge and an

opportunity for natural resource management in the rangelands of the northern

Great Basin. The continued expansion of western juniper on the rangelands of the

interior Northwest will likely continue as there are currently no practical options for

returning this area to a pre-settlement state. Range managers face declining

economic resources from both private and public funds to carry out development

goals. Because economic resources are scarce, an efficient method of juniper

management is needed to sustain both ecosystem function and economic use.

£fSteven R. Radosevich



One method of efficient management would be to develop economic incentives for

land owners to extract marketable products from juniper woodlands. These

products could then pay for, or reduce the cost of, management activities such as

juniper removal and native plant restoration. A promising avenue for the

development of such products is the extraction of natural oils from juniper trees.

Research was executed to isolate and identify a potentially useful natural

compound from the heartwood of western juniper. This compound, Hinokiic acid,

was previously unobserved in the heartwood oil of western juniper. Now that its

presence has been confirmed, ideas for the possible uses of the oil can be

explored.

By itself, the development of new products from juniper cannot provide all of the

tools needed for range managers to more efficiently manage this species.

Methods to determine the possible outcomes of management activities on the

juniper system would also be valuable. The juniper system is complex and

research into its natural functions is ongoing. With published data gathered

through previous studies, an organizational and predictive population model was

constructed for a hypothetical western juniper population. This is a first effort to

model such a plant population and is designed to serve as a basis for future study.

Overall, this research provides an example of a framework for combining forest

product development with ecosystem management.
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JUNIPER UTILIZATION: ISSUES OF CHEMISTRY AND MANAGMENT

General Introduction

Western juniper (Jun,oerus occidenta/is Hook var. occidental/s Vasek) is the

predominant tree of the Northwest extension of the pinyon-juniper woodland

ecosystem of the intermountain region and the southwest Great Basin (Dealy et al.

1977). The range for western juniper extends to the northeastern corner of

California, northwest Nevada, southwestern Idaho, and scattered parts of

southeastern Washington (Uttle 1971). The heaviest concentrations of the

species are found in the high desert and rangelands of central and eastern Oregon

(figure 1).

Figure 1: Range of western juniper in Eastern Oregon (Gedney et al., 1999) (blue
represents the historic range, while colored dots are the modern
appearances of the species)
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Though many consider western juniper to be an invasive weed species, it is native

to the area described above and is better characterized as a native species that

becomes dominant under favorable environmental conditions (Belsky 1996). A

member of the Cupressaceae family, with waxy scale-like leaves that conserve

moisture in its xeric environment as wells as spreading fibrous lateral roots that

further enhance its survivability (Roche 1983). Reproduction is by seed with the

fruit resembling a waxy blue berry that is dispersed primarily by birds or by

overland waterflow.

Prior to about 1860, western juniper was limited to areas of poor soil, including

rock outcrops, shallow soils, fractured bedrock and pumice (Miller et at. 2000,

Miller & Tausch 2001). By the late 1800's however, the expansion of juniper

included more fertile and productive soils as well as the invasion of other plant

communities. The expansion coincides with the arrival of Euro-Americans to the

native range of juniper and the accompanying changes in environmental

conditions brought about by these settlers (Miller & Wigand 1994). The greatest

change came in the form of disrupted fire intervals in the region caused by fire

suppression and the reduction of fine fuels from cattle grazing (Miller & Rose

1999). Without fire to control juniper seedlings at their early stages of

development, trees were able to survive and grow beyond the capacity of the now

infrequent fires to kill them. Consequently, western juniper expansion has

continued and it is now estimated that 8.5 million acres (5 million in Oregon) of

land are occupied by western juniper (Miller & Tausch 2001).
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As Western juniper woodlands expand, they tend to displace the plant

communities that previously occupied a site. This raises concerns about the effect

that a dominant juniper canopy has on community structure, composition,

diversity, and overall productivity (Bates et al. 2000, Miller et al. 2000). The

greatest concern comes from ranch owners who worry about the reduction in

forage for their livestock (Swan 1998). Expanding juniper woodlands also have

been reported to dry seasonal streams raising concerns about watershed

productivity and quality (Buckhouse 1999)

Efforts have been made to address similar concerns about the even more

extensive Pinyon-Juniper woodlands in the southern Great Basin (Belsky 1996).

Efforts towards the control and removal of pinyon and juniper included: fire,

herbicides, chaining, bulldozing, and manual removal by chainsaw. Most of these

large-scale methods have serious ecological disadvantages and thus juniper

control has been limited to manual removal by chainsaw in the Northwest. This

method is extremely expensive and time consuming. Ranchers are expected to

spend an estimated $13 million over the next 10 years to control western juniper

on their lands (Swan 1998).

One effort to manage western juniper focuses on the development and marketing

of products derived from the species. The hypothesis is that if juniper harvesting

can be made profitable, or at least less expensive, by income earned from juniper

products then the species could be managed economically and without reliance on



scarce public funds. Another view is that juniper represents a severely

underutilized resource that could create economic growth in areas where other

resource-based industries have left or never existed (Swan 1998).

One potential avenue for product development from western juniper lies in the

exploration of natural oils and chemical compounds from the various tissues of the

plant. Like other members of the family Cupressaceae, juniper wood has a

pleasant odor and durability properties that are derived from the extractive

components found in the tree.

Research into oils derived from juniper has occurred in the past, most focusing on

identifying the components of steam-distilled oils (Adams 1987, Adams 1987,

Adams 1991, Adams 1991, Adams 1995, Clark 1990, Ho 1995, Kurth and Ross

1954). A 1977 report describes the possible commercial uses of the western

juniper oils, but also states that more work was needed in order to create market

potential (Herbst 1977)

When western juniper heartwood is extracted with an organic solvent, rather than

by steam distillation, additional compounds are found. This is evident by

comparing the results of the gas chromatograms obtained for the two methods

used during this study. Figure 2 shows the presence of additional peaks in the

organic extraction, which represent compounds not observed in the steam

distillation.

4
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Previous experience with a similar ether and steam extraction process of Alaska

Yellow Cedar (Chamaecyparis nootkatensis), revealed the presence of three new

compounds; two were derived from steam distillation and an additional compound

from the ether extract (Xiong 2000). Additional useful compounds have been

found from close analysis of juniper essential oil (Zhou et al. 1999) prompting us

to explore this species further. The unknown compound indicated in figure 2 had

not been detected before in juniper heartwood, and it was hoped that it might

yield a marketable product.

Though a marketable product may be obtained from western juniper heartwood, it

is difficult to predict what effect (if any) such a discovery might have on the fate

of juniper populations harvested for essential oil production. The population

dynamics of western juniper are complicated. This complexity necessitates the

recognition of a wide diversity of juniper stand types (Miller et al. 2000), which

derive from the many different associated plant communities, soils, aspect, and

other conditions where juniper is found. For this reason it will ultimately be

necessary to investigate juniper stand response to management activities in a site-

specific manner (Belsky 1996; Miller et al. 2000; Bates et al. 2000; Waichler et al.

2001).

Though much effort has been put into the removal of western juniper, it is not

known if such efforts are at all effective in long-term exclusion of the species.

There has been research done on the response of understory vegetation to juniper

removal, and these studies have given mixed results based on the differing juniper
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stand types (Evans and Young 1985; Evans and Workman 1994; Bates et al. 1998;

Swan 1998; Bates et al. 2000; Miller et al. 2000). However, the re-establishment

of juniper populations themselves has not been well studied. With the absence of

research on juniper re-establishment in mind and the possible harvest of western

juniper resulting from the development of new products, a study that projects the

effects of juniper removal on juniper populations and the chemistry of juniper oil

was conducted.

Justification and Expected Accomplishments

The management of expanding western juniper woodlands is limited practically by

the cost of management and by the inability to gauge the effect that any activity

would have on juniper populations and associated plant communities. Finding an

economic incentive through the development of new products from juniper is one

way of creating management options that are practical and efficient. However,

other researchers have voiced concerns about the incomplete understanding of

the possible effects that product extraction could have on the juniper system. For

example:

"Before large-scale juniper clearance or logging programs are

initiated, managers must understand and carefully evaluate the

consequences of their actions" (Belsky 1996).

"There is concern that lack of a good ecological database will

hamper or misdirect decision making for understory restoration

and commercial use of western juniper woodlands" (Bates et

al. 2000)



To address these concerns and more efficiently identify what types of products

could be used to attain management objectives, it is necessary to pursue product

development and its ecological consequences concurrently.

By organizing data and understanding what effect various actions could have on

juniper populations, a greater understanding of juniper ecology has been gained

and more informed management decisions can be made. The return of juniper to

its historic range and its complete removal from productive grasslands is

unrealistic. The area of land affected by western juniper encroachment (8 million

acres) is too large, climatic conditions different, and social and economic

conditions changed. The only option is management (Miller et al. 1999).

However, resources for managing the rangelands and natural resources in general

are not in great supply so the activities done must have a high probability of

achieving desired goals. This study adds to the knowledge needed to choose

among possible management activities.

Though not immediately relevant to juniper management, the identification of new

compounds from a species in itself adds to the knowledge base of the chemical

complexity of life. Currently some systematic parameters are used to screen for

the plant species that show the most promise for the discovery of new chemical

compounds that are of practical use to society. These methods include: scientific

observation (the systematic documentation of nature), more common observation

(e.g. Juniper fence posts last longer than others), taxonomy (e.g. Juniper is in the

8



same family as cedars and there are useful compounds found in cedars), and

Traditional Environmental Knowledge (TEK) (e.g. ethnobotanical studies).

For example if the model of juniper population response indicates that the harvest

of a certain tree size causes a decline in juniper populations, then our search for

new products should focus on developing products that can be made from that

size tree. The directing of product development to attain desired ecological

response enhances the chances of developing useful product.

Discovery and development of natural products often does not account for the

impact that the exploitation of the product has on the environment or the local

culture or economy to which the source species is connected. These aspects of

the natural resource are often addressed only after exploitation has proceeded for

some time or when negative impacts are unavoidable. By pursuing studies of the

ecological consequence of western juniper harvest concurrently with the isolation

of potential products from the species, a more holistic and perhaps sustainable

approach to the resource management can be achieved.

Expected Accomplishments

Isolation and description of a newly observed compound from western

juniper heartwood.

. A simulation model designed to organize data and predict the effects that

manual harvest might have on one type of western juniper population.

9



A possible framework to combine forest product development with

ecological management for more efficient pursuit of both goals.

Research Approach

This study is divided into two parts. The first part is the isolation and identification

of a chemical compound newly observed in the heartwood of western juniper.

The chemical analysis of the new compound uses standard techniques for the

isolation, and characterization of the compound.

In part two of this thesis, a model was developed for a hypothetical western

juniper population. This model projects the consequences of harvesting juniper

trees. Much of the data needed to construct the population-based model was

derived from previous studies. Field verification of the model predictions was also

made for certain sites that represent the conditions and disturbances simulated by

the model. Although Juniper community associations play an important role in

determining dynamics of a population, this study focuses on only one such

community (Junioerus occidental/is-mountain big sagebrush (Artemesia tridentate

subsp vaseyana)). The method has the potential to be extended to other juniper

community associations.

10



Chemistry of Juniper Heartwood Oil

Literature Review

The principal interest in the chemical extraction of juniper is in the oil

component of the various plant tissues. The principal characteristic of an

essential oil is its aromatic nature, which is a function of the aromatic and other

high volatility compounds that comprise the oil. The oil may be extracted from

plant tissues (heartwood in this case) using either steam distillation, expression

(i.e. crushing and squeezing) or extraction by solvent (Bruneton 1995). In this

study the oil from juniper heartwood was extracted using a non-aqueous

(organic) solvent.

There are over 60 known species of juniper found worldwide, and oils derived

from the species are similar but each has its own unique composition and use in

different cultures (Gunther 1952, Leung & Foster 1996, Adams 1991a). In

common terminology the term "Cedar Wood" oil is used to describe oils derived

from multiple species in the Cupressaceae family, most from the genus

Juniperus. The most common species of juniper in western commercial use are:

Jun,oerus ashe, Jun,oerus communis, Junierus oxycedrus, and Jun,oerus

virginiana (Lawless 1995). All of the oils dervived from these species have the

following main components in differing percentages (all are in the sesquiterpene

11



group of organic compounds): a-cedrene, 3-cedrene, thujopsene, cedrol, and

widdrol (Adams 1991a).

The oil of western juniper (Junierus occidentalis) heartwood shares the same

general characteristics of the other Juniperus species. The first investigations of

the constituents of western juniper oil showed that the primary components

were cedrol and cedrene along with other unidentified substances (Kurth &

Lackey 1948; Kurth & Ross 1954). More intensive studies of the two varieties

(var. occidental/s and var. austra/is) of western juniper gave a better separation

and identification of the essential oil components. Table 1 shows the percent

composition of the oil for both juniper varieties (Adams, 1987).

Table 1. Percentage of major constituents found in two varieties of Jun,oerus
occidental/is

12

occidentalis australis

%Yieldofoilw/w 2.33 1.78

%a-cedrene 8.8 3.3

%13-cedrene 2.6 1.3

%Thujopsene 18.9 20.1

%Cuparene 1.5 1.5

% Cedrol 38.9 38.2

%Widdrol 1.6 1.6

Sum % of major
constituents

72.3 66.0



Most analysis of Junierus oils has been on the identification of the major

components shown in Table 1. More detailed analysis of the components of

three major economic species (J. ashe4 J. virginiana, and Cupressus funebrLs)

has revealed up to 41 different chemical constituents ranging from 0.1% to 30.7

% makeup of the oil (Adams, 1991a; Adams, 1991b). The analysis of the

heartwood constituents for Juniperus occidenta/is var. occidental//s has not been

extensive and has only been performed on the steam extracted oils. Detailed

analysis of the chemical components of the oil extracted from western juniper

leaves has been accomplished, with the resulting composition differing greatly

from that of the heartwood. The primary constituents of the leaf oil are Bornyl

acetate, Sabinene, and p-Cymene (Von Rudloff et al. 1980). Ho (1995) presents

a more complete summary of the leaf oil components, citing 51 compounds.

Extraction of Jun4,erus tissues has been done to test the extracts for

antimicrobial and antifungal activity (Clark et al., 1990). This research found that

Junierus occidenta/, var .occidenta/is possessed some activity against certain

bacteria and fungi which differed from the steam extracted oil. However, further

analysis of the oil composition and reason for the biological activity was not

pursued.

Recently compounds not before observed in western juniper also have been

isolated from the oil. Zhou isolated (+)-dihydromayurone as a natural product

from the steam extracted oil of western juniper (Zhou et al. 1999). Further,

13



recent work by Xiong (2000) has isolated new compounds in Alaska yellow

cedar (Chainaecyparfs nootkatensis), a member of the family Cupressaceae.

Xiong isolated a compound in the ether extract that is thought to be destroyed in

the steam extraction (Xiong 2000). The work by Zhou et al. and Xiong, as well

as the presence of newly observed peaks in the GC (figure 2) suggest that

opportunities to discover compounds with biologically active properties are

reasonably good for western juniper.

14



Extraction

Isolation!
Purification

Methods

All analyses were accomplished using western juniper heartwood originating from

sites in Central Oregon. Considerable analysis of the steam distilled juniper

essential oil had previously been done (Adams 1991a, Adams 1991b Adams

1987a, Adams 1987b, Adams 1995, Von Rudloff et al. 1980, Zhou et al. 1999).

Thus, this project focused on analysis of the solvent extracted oil; specifically, a

compound that had been newly revealed by gas chromatography analysis of the

ether extracted juniper heartwood.

Figure 3. The general strategy the extraction and analysis of juniper essential oil

General
Structure
Determination

3-D Structure
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General Laboratory Procedures for Natural Products Isolation and Characterization

Nuclear Magnetic Resonance Spectroscopy (NMR) experiments were conducted

using a Bruker Model AM 400 spectrometer with the XWINNMR software package,

using CDCI3 as the solvent and TMS as an internal standard for chemical shifts

given in parts per million (ppm). DEPT (Distortionless Enhancement by Polarization

Transfer) experiments were performed using a 900 pulse. 1H-'3C HETCOR (Hetero

Nuclear Correlation Spectroscopy) was also performed on the instrument

according to the standard procedures described in the Bruker technical manuals.

A gas chromatograph (GC-17A Shimadzu, Japan) was used to monitor composition

of fractions and identify pure compounds against standards. The gas

chromatograph (GC) was equipped with a flame ionization detector (FID). The

column (3OmxO.25mm DB-5, 0.25km, J&W Scientific, Folsom CA) was

temperature programmed from 100° C for 1 minute, then to 150° C at a rate of 5°

C/mm, then to 220°C at 3° C/mm, and finally to 240°C at 5° C/mm and held at that

temperature for 2 minutes. Data was collected using a CR501 Chromatopac

recorder. The following Time Program was used to remove the solvent peak from

the integration



Time Program

0.01 Print Date$, Time$;

0.02 L. On

5.0 L.Off

Analysis Parameter File

Width 5 Slope 300

Drift 10 Mm Area 3000

T.DBL 0 Stop Tm 42.3

Atten 3 Speed 5

Method 41 Format$ 0

Spi. Wt 100 Is.Wt 1

Gas Chromatography-Mass Spectroscopy GC-MS analysis was carried out on a HP

5988 GC/MS to confirm the identity of previously known compounds in western

juniper heartwood, and to analyze the unknown compounds. Two microliters of a

587ng/pJ solution of the distillate dissolved in hexane was introduced into the

injector port that was maintained at 250°C. A 30m x 0.25mm ID DB-5 column was

used and temperature programmed from 50° C initially held for 5 minutes to 300°

C finally at a rate of 5°C/mm. The transfer line temperature was 280° C. The MS

was operated in electron impact mode with a 70 eV (electron volt) ionization

potential and was scanned from 50-560 m/z (mass to charge ratio).

17
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The optical rotations were measured on a digital polarimeter (JASCO, MODEL DIP-

370, Japan) with a Na lamp (589nm) as the light source. Chloroform was used as

the solvent.

Analytical thin-layer chromatography (TLC) was performed on aluminum plates

pre-coated with Kieselgel 60 F254 (EM, Germany) to monitor the course of column

separation and act for a preliminary guideline to select a mobile phase for column

separation. The solvent systems used for TLC analysis were:

Hexane

Hexane: Ethyl acetate (15:1, 9:1, 8:2, 7:3, 6:4 v/v)

Dichioromethane

Dichioromethane : Acetone (20:1 v/v)

The spots on TLC plates were visualized under UV (560 nm) light, sprayed with

acidic vanillin solution (lg vanillin, 5OmL absolute ethanol, and lOmL concentrated

hydrochloric acid) followed by heating, and/or dipped in saturated KMnO4 solution

and then washed with water. A combination of UV light and spraying with the

sesquiterpene indicator spray (acidic vanillin) gave the best results. Important

plates were photographed for record using an Olympus CAMEDIA digital camera

C-2000 Z with 2.1-mega pixel resolution. The pictures were taken using the

macro function at highest resolution, and no flash. Lighting was provided by a

swing arm magnification lamp through which the camera was focused.



A Buchi Rotavapor Model R-110 equipped with a Buchi 461 Water Bath was used

for the removal of solvent from the samples under reduced pressure by using a

water aspirator. The temperature of water in the bath was maintained at 30°C.

All solvents used were ACS grades and re-distilled prior to use. All water was also

distilled before use.

Sample Western Juniper and Obtaining Starting Material

A large, approximately 70 year old Western Juniper tree (figure 4) was collected

near the town of Mitchell in central Oregon. The coordinates of the tree were N

44 degrees 32 minutes 46.10 seconds Wl2odegrees 13 minutes 47.00 seconds

and was located in a moderately dense stand of similar age and size trees on a

steep slope.

19



Figure 4: Western Juniper Used to Obtain Starting Material for Chemical Analysis

The heartwood was separated from sapwood and bark and then chipped to

approximately l5xlOmm chips. Chainsaw shavings were also collected to give a

finer starting material, which provides for better extraction. The chips and

shavings were stored in a freezer until used.



Extraction of the Oils

Extraction by organic solvent

Heartwood chips were extracted three times with diethyl ether for 24 hours at

room temperature to ensure complete extraction of the oil. The combined ether

solution was dried with anhydrous sodium sulphate, filtered, and evaporated to

give the oil.

The greatest component of the juniper oil is Cedrol (Table 1) and thus this peak

was the most prominent in the GC analysis. Extraction with Hexane provided a GC

with a larger unknown peak in comparison to the Cedrol peak. Therefore Hexane

was used for the extraction of chips and shavings in order to increase the yield of

the unknown compound. Typically, hexane extraction results in a 3.5 to 4.5 %

yield of oil by weight.

Steam distillation

Steam distillation of the heartwood chips was accomplished to compare the

chemical composition of the distillate with the hexane extract. The comparison

allowed a determination of whether the unknown compound was destroyed by the

steam, lost in the boiling vessel, or simply not distilled and left in the chips. Steam

distillation was carried out in the glass apparatus shown in figure 6. The yield after

7 hours of distillation was 1.6% by weight. The oil was recovered by extraction of

the combined water/oil distillate with diethyl ether. The diethyl ether solution was

21
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dried over anhydrous sodium sulfate and evaporated on a rotary evaporator under

reduced pressure to yield a yellow oil.

Figure 5: Steam Distillation Apparatus used for the Obtainment of Essential
Oil



Isolation of Compounds

Separation and purification of the essential oil components was attempted by

traditional column chromatography. A degassed slurry of solvent and adsorbent

(Kieselgel 60 PF2 Silica gel, Germany) was poured into a glass column whose

diameter and height were determined by sample size. The solvent was then

drained until its level was just over the top of adsorbent. The oil was dissolved in

the appropriate solvent and introduced to the top of the column. The stopcock

was opened and the components of the oil allowed to elute.

However, this method was found to be ineffective and slow. Initial analysis of the

hexane extracted oil by Gas Chromatography (GC) and Thin Layer

Chromatography (TLC) indicated that the known compounds of western juniper

heartwood oil would eludebefore the unknown compound, which gave indications

of being very polar. With this in mind, flash chromatography was adopted. The

flash chromatography was performed on a 5Omm(ID)x45cm coated glass column

(ACE glass 5873-60,-46,-32,&7506-10). 260 grams of (Kieselgel 60 PF254 Silica

gel, Germany) was dry packed into the column. Hexane solvent was then

introduced and lowered to just above the adsorbent, and the sample introduced as

described for traditional column chromatography.

23



Four grams of the hexane extracted oil were dissolved in 10 ml of hexane and

introduced to the top of the column. Table 2 shows the solvent systems used to

elude the sample and separate its constituents

Table 2: Solvent Systems Used for Eluding Unknown on flash chromatography
column (References to "fraction" in the following text refer to those
indicated in this table)

The initial Hexane fraction (l000mL) eluded most of the a-cedrene, B-cedrene,

and thujopsene as observed by GC (retention times (Rf) 16.78, 16.97, & 17.22

respectively, in minutes), subsequent hexane fractions contained little or no

compounds.
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Solvent System ratio v/v Total Volume Used Fractions (500m1)

Hexane 100% 3000m1 1-5

Hexane : CH2Cl2 50:50 6000ml 6-17

Hexane : CH2Cl2 4:6 2000m1 17-20

Hexane: CH2Cl2 3:7 2000ml 21-24

CH2Cl2 100% 5000m1 25-29 (l000ml)

CH2Cl2 : Acetone 20: 1 3500m1 30-36

CH2Cl2 : Acetone 12:1 3500ml 36-42
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The next fractions (Hexane : CH2Cl2 (50:50)) began to elude Cedrol ( Rf =22.5-

23), but the peak was minor. Cuparene (Rf 19.0-19.4) was eluted in fraction 7.

fractions 8 and 9 showed a pink color on the column. However, when analyzed

with GC, fractions 8 and 9 were found to contain only small quantities of Cedrol.

The greatest amounts of Cedrol were eluted from fraction 10 till fraction 20 with

fraction 11 being the most concentrated. The GC of fraction 17 exhibited a peak

at Rf 26 which is believed to be Dihydromayurone (Zhou et al. 1999). Fractions

21 through 30 showed only trace peaks in the GC.

At fraction 30, CH2Cl2 : Acetone (20:1 v/v) was introduced as the solvent and

resulted in a very broad GC peak ranging from 30.5 to 32.5. This broad peak

corresponded with the initial GC peak for the unknown compound in both Rf and

shape of the peak. The peak was present in fractions 30-34 with the greatest

concentration in fractions 31 and 32. TLC analysis of these fractions revealed that

they were composed of a major UV absorbing streak, and at least 2 minor

constituents (Figure 6)



UV absorbing
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Figure 6: TLC of Fractions 30-35

An initial C-13 NMR spectra was obtained for fraction 31. However the spectrum

showed significant impurities. Fractions 30-34 were combined and crystals began

to form after some evaporation at room temperature. These crystals were

inseparable from the oil that coated them. To accomplish better purification, the

oil and crystals were dissolved in CH2Cl2 and introduced to a Rotary

Chromatography Apparatus (Figure 7).



Figure 7: Chromatatron Rotary Chromatography Apparatus

Twenty-milliliter fractions were collected with a Gilson FC-100 fraction collector

and progress observed using a UV lamp. Table 3 shows the solvent systems used

for this separation.



Table 3: Solvent Systems Used in Rotary Chromatography

Because the rotary chromatography instrument exerts a centrifugal force on the

sample, much less polar solvent systems are used than for normal TLC or Column

Chromatography. Use of low polarity solvents also allows the disk to act as an

increased separation substrate thus increasing separation resolution.

The progress of the separation was monitored using a UV (560 nm) lamp.

Commercial silica gels are mixed with a compound that fluoresces when

illuminated with UV radiation. The released radiation is normally seen by the eye,

but when a compound that absorbs these wavelengths is adsorbed onto the gel, it

blocks the transmission of the light and results in a dark spot or streak. Figure 9

shows the compound as it was eluting across the plate. Separation is achieved by

coordinating the fraction collector with the arrival of the streak at the outside wall

of the chromatatron.
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Solvent System ratio v/v Total Volume Fractions (2Oml)

Hexane 100% l000ml l000ml

Hexane: Ethylacetate 18:1 500m1 1-23

Hexane: Ethylacetate 9:1 300m1 24-36

Hexane : Ethylacetate 8:2 200m1 37-45

MeOH 100% 50m1 46-50



Figure 8: Rotary Chromatography Under UV Light. (The dark circular band
(bounded by red) is the unknown Compound moving across the circular
plate)

The fractions collected in conjunction with the streak were 4-6. An additional, but

smaller streak was noted during fractions 13-15, and was also collected.

Fraction 4 was placed in a round bottom collection flask and allowed to evaporate

at room temperature for 24 hours. This resulted in the formation of long white

crystals (Figure 9).
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Figure 9. Crystals of the Unknown Compound

These crystals were then analyzed using TLC and GC to determine their purity.

Only slight impurities were present so further characterization was done using GC-

MS and NMR.

Three Dimensional Structure Determination

These experiments were unnecessary as the 3-D structure for the isolated

compound was determined by previous research (see Discussion).



Results of Essential Oil Analysis

Fractionation and Isolation

The hexane-extracted oil was separated using flash chromatography on a silica

column. The initial Hexane fraction (l000mL) eluded most of the a-cedrene, B-

cedrene, and thujopsene as observed by GC (retention times Rf: 16.78, 16.97, &

17.22 respectively (times in minutes)), subsequent hexane fractions contained

little if any compounds.

The fractions collected using the Hexane : CH2Cl2 (50:50) solvent system began

showing signs of eluted Cedrol ( Rf =22.5-23), but the peak was minor.

Cuparene (Rf 19.0-19.4) was eluted in fraction 7. The bulk of Cedrol was

eluted from fraction 10 through fraction 20 with the greatest concentration of

cedrol observed in fraction 11. Fraction 17 showed peak at Rf 26, which is

believed to be Dihydromayurone (Zhou 1999).

At Fraction 30, CH2Cl2 : Acetone (20:1 v/v) was introduced and resulted in a very

broad GC peak ranging from 30.5 to 32.5. This broad peak corresponded with the

initial GC peak for the unknown compound in both Rf and shape of the peak. The

peak was present in Fractions 30-34 with the greatest concentration in fractions

31 and 32. TLC analysis of these fractions revealed that they were composed of a

major UV absorbing streak, and at least 2 minor constituents (Figure 6).
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Solvent Front

C' C'
C' C'

Retention Time in minutes
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These fractions were combined and separated with a Rotary Chromatography

apparatus. Crystals were obtained for the UV absorbing portion and analyzed with

GC (Figure 10).

Figure 10: Gas Chromatogram of Purified Crystals (Only one peak is prominent
at about Rf 31, this is the same position as the unknown peak in
the GC of the whole oil (figure2))



As can be seen in the chromatogram the compound is relatively pure with only

slight contamination from other compounds (possibly dehydration or

rearrangement products due to interactions with the column and heat). The peak

makes up over 85% of the area as integrated by the GC program. Comparison

with the original hexane extracted oil shows that the isolated peak corresponds

with the newly observed peak of interest.

Structure determination of unknown compound (Hinokiic acid)

Figure 11: Structure of Hinokiic Acid

CO 2H
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ElMS of this compound exhibited a strong M molecular ion peak at m/z 234

indicating that the molecular weight was 234. This corresponds to a chemical

formula of C15H2202. The other fractions for the ElMS are shown below in figure

12 and major fractions in Table 4.

Figure 12: GC-MS Spectrum

Mass to Charge Ratio (m/z)
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Table 4: Abundance of peaks shown in GC-MS spectrum (figure 12)

The ElMS spectrum also corresponds with a spectrum obtained from the whole

hexane extracted oil one year prior to the isolation of the unknown, providing

more evidence that this compound is indeed the newly observed compound from

the exploratory studies.

The 13C NMR shows signals of 15 carbons at 172.83, 136.23, 131.66, 41.94,

40.42, 37.43, 35.04, 34.34, 31.88, 29.43, 28.71, 27.15, 19.79, 16.90, and 11.84

ppm. These resonances indicate 1 signal in the region of Carbonyls (172.83 ppm),

and 2 in the region of double bonds (136.23 and 131.66 ppm). The resonance at

11.84 ppm is a very unusual shift for carbon atoms and was the key to directing
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m/z Abundance m/z Abundance

43 30 163 16

55 53 173 7

69 62 178 6

81 47 179 2

91 62 191 12

111 50 192 8

123 (base) 100 205 10

136 20 219 3

149 31 234 20

150 17



Dept 900 experiments confirmed the presence of two methine carbons (16.9 and

136.24 ppm), five methene carbons (11.85, 19.79, 37.44, 40.42, and 41.95 ppm),

and three methyl carbons (27.15, 28.72, and 29.44 ppm). The other carbons

(31.88, 34.34, 35.05, 131.66, and 172.83 ppm) are all quaternary carbons.

With this information we compared our compound with others in the thujopsene

ring family. Comparisons with Hinokiic acid matched exactly.
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our structural assignment. This resonance appears almost exclusively for

cyclopropane ring carbons. This knowledge led us to explore the Thujopsene ring

system (figure 13).

Figure 13: Structure of Thujopsene.



Table 5: Comparison Between Reference Hinokiic Acid and Unknown Compound
(NMR in CDCI3)

(Ohashi et al. 1994) used a different numbering and carbon status system than

the one employed here. The system used in this study is based upon that

suggested by Chemical Abstracts and utilized for the Thujopsene ring system in

(Zhou et al. 1999). Though differences exist in numbering and some errors (e.g.
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'3C spectra Reference H.Ohashi
(Hinokiic Acid)

172.83 (s, C15) 172.6 (s. C15)

136.23 (d, C3) 135.9 (d. C8)

131.66 (s, C2) 131.2 (s. C7)

41.94 (t, C5) 41.9 (t, c9)

40.42 (t, C4) 40.1 (t, ci)

37.43 (t, C7) 37.2 (t, c3)

35.04 (s, C8) 34.8 (s, 4)

34.34 (s, C8a) 34.1 (s, 5)

31.88 (s, C4a) 31.3 (s, 10)

29.43 (q, C10) 29.3 (q, 11)

28.71 (q, Cii) 28.2 (q, 12)

27.15 (q, Ci2) 26.9 (q, 15)

19.79 (t, C6) 19.8 (t, c2)

16.90 (d, Cia) 16.8 (d, C6)

11.84 (t, Ci) 11.7 (t, ci3)
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two C15 assignments) were made in Ohasi et al. (1994). Close inspection reveals

that the two compounds are the same. Final assignment of carbons was

confirmed using '3C-1H HetCor spectroscopy (Table 6).

Table 6: 13C and 1H NMR Spectra. Protons are listed with their Carbon (from
HetCor Spectroscopy)

13C (ppm) 'H (ppm)

172.83 (C15) -

136.23 (C3) 6.75-6.79 (1H m)

131.66 (C2) -

41.94 ( C5) 1.62-1.69 (2H dd)

40.42 (C4) 1.92-1.99 (2H dd)

37.43 (C7) 1.39-1.50 (2H m)

35.04 ( C8) -

34.34 ( C8a) -

31.88 ( C4a) -

29.43 (ClO) 0.68 (3H)

28.71 (Cli) 1.13 (3H)

27.15 (C12) 1.19 (3H)

19.79 (C6) 1.62-1.69 (2H dd)

16.90 ( Cia) 2.06-2.11 (1H m)

11.84 ( Ci) 0.7-0.82 & 0.83-0.89 (iH
each, m)



Optical rotation was determined for this compound. Optical rotation was [a] -

69.1° (c = 1.2, CHCI3) for the crystals after isolation. However, with further

drying the rotation was [a] -74.8°. These results differ from the rotation of [a] -

88.00 found by Ohashi et al. (1994) and that of [a] 90.4° found by Glasby

(1982).

Additional traits observed for the compound confirm that this is an organic acid.

Both the TLC and GC showed wide peaks or trailing which is characteristic of an

acid, and the long retention on the column indicates the highly polar nature of the

readily exchangeable H.

Three dimensional structure and stereochemistry determination were not

necessary as these have been done using Lanthanide induced shift nuclear

magnetic resonance (LIS-NMR). The conformation is given below (figure 14)

(Norm 1979)

Figure 14: Three Dimensional Structure of Hinokiic Acid

COOH
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The question of whether steam distillation destroys this compound was

investigated by using a seven-hour steam distillation process. The steam distilled

oil, the wastewater, and the dried and extracted shavings were all analyzed for the

presence of Hinokiic acid using GC. The steam distilled oil, and the wastewater

did not show a peak for Hinokiic acid. However, shavings recovered after

distillation did show the presence of Hinokiic acid. This suggests that the

compound is not destroyed by steam. It is likely that the compound is not volatile

enough and too polar to be extracted by the steam. Hinokiic acid therefore

remains in the wood only to be brought out by organic solvents.

Notes on Hinokiic acid

Hinokiic acid is frequently found in the various tissues of plants of the order

Cupressales. Hinokiic acid was first isolated by Uchida (1928), who extracted it

from the leaves of the hinoki tree, ChamaecyparLc obtusa, a Japanese cedar

species. The structure, and orientation of this compound were subject to debate

with many degradation and other chemical analysis studies performed (Uchida

1928, Uchida 1928, Erdtman and Thomas 1958, Akiyoshi et al., Norm 1961). At

first the compound had two names, thujopsenic acid and widdrenic acid until the

two were found to be the same compound. The final structure for Hinokiic acid



was established by (Norm 1961). This was followed by the establishment of

absolute stereochemistry in 1979 (Norm et at. 1979).

The structure of Hinokiic acid is based upon the ring skeleton of Thujopsene, and

is known to be a common congener of this compound in the Cupressales.

Thujopsene was first isolated from the wood oil of the Japanese Hiba tree

Thujopsis dolabrata (Yano 1913, Uchida 1928) and is thought to be the major

active component of the oil. Hiba oil itself has been used for centuries as an

antiseptic and as an industrial perfume (Lawless 1995) pp 226. In a web search

the oil was found to be applied to cutting boards to give them anti-bacterial

properties(T&G woodware 2002).

It appears that Thujopsene, Hinokiic acid, Widdrol, and Cuparene are linked in a

biosynthetic pathway in Juniperus species. (Ho 1995) presented a possible

pathway along with other pathways for the compounds commonly found in

Juniperus species. It is likely that other associated compounds such as

Dihydromayurone (Zhou et al. 1999) are part of the same pathway. This

information on common biosynthetic pathways is useful because, a species that

possess one of these compounds is likely to possess the other compounds in this

biosynthetic pathway, and thus possess some of the attributes of other species

that have these chemicals. Therefore western juniper oil likely has some of the

same properties, and potential uses as Hiba oil.

41



Simulated Population Dynamics and Management
Options of Western Juniper

Literature Review

Juniper Ecology

In order to produce a model that represents the regrowth of a juniper population

after it is cut, an understanding of juniper establishment and life cycle is needed.

Of particular interest is the rate of establishment for individual juniper trees. Also

of interest is the survival of seed, seedlings, and mature individuals, and the

amount of seed produced by individuals of reproductive potential (Ferson 1994).

This type of information, specifically for western juniper, is scarce and that which

is available is scattered in research unrelated to this topic, in unpublished data, or

in Extension documents.

Eddleman suggested the following three stages of development for western

juniper : suppressed, subdominant, and dominant trees (Eddleman 1987). If

seeds and seedlings are added to this list, a complete life cycle is represented. In

most cases, western juniper requires the presence of a "nurse plant" for the

establishment of seedlings, and that mountain big sage brush (Artem/sia tridentata

subsp. vaseyana) and mature junipers are the primary "nurses" for newly

established seedlings (Eddleman 1987). However, other plants may also serve
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this function including: rabbit brush (Chrysothamnus nauseosus), aspen (Popu/us

tremuloides), low sagebrush (ArtemLsia arbuscula), mountain mahogany

(Cercocarpus ledifolius), and bitterbrush (Purshia tridentata) (Eddleman 1986,

Eddleman 1987, Miller & Rose 1995, Wall et al. 2001). These nurse plants provide

cover from the harsh environments and solar radiation common to the interior

west. It has been theorized that the nurse plants may also draw up water through

hydrologic lift to a level that is accessible to the young tree.

Western juniper trees may be solely male, female, or produce male and female

cones (Eddleman 1987). Each female cone can produce 1-3 berries that mature

approximately two years after pollination (Vasek 1966). Berry production is a

function of age and size of the trees. Eddleman found that trees under 10 feet tall

had little capacity for prolific berry production (Eddleman 1987). Western juniper

is known to reach its full reproductive potential, if it is a dominant tree, at 50-70

years of age (Eddleman 1987, Miller & Rose 1995). Many factors influence the

spread of juniper seed including: level of seed production, bird and other animal

utilization, and overland water flow (Eddleman 1984, Fisher et al. 1990, Miller &

Rose 1995, Chambers et al. 1999, Miller & Rose 1999).

Rates of survival and establishment for western juniper seedlings are not well

known. However, as already discussed, higher survival and growth rates are

expected where a nurse plant is present than if the seedling germinates in the

open (Miller & Rose 1995). The benefit from establishing under mature juniper is

much less than other nurse plants. Most data for this variable comes from Utah



juniper (J. osteosperma), which is similar to western juniper (Miller 2001)(Miller

pers. corn). Rates of emergence between open interspaces and under "nurse"

plants have been documented by Chambers et al. (1999).

Once established there appears to be a short period (4 years) of relatively high

mortality for Utah junipers after which they are resistant to disease and other

pressures (Van Pelt et al. 1990). After the initial four-year period and without the

introduction of fire, most juniper seedlings will survive and continue to grow

though they may be suppressed by more dominant trees.

After establishment, growth rates for individual juniper trees vary, depending on

soils, community associations, and establishment (Eddleman 1987, Fisher et al.

1990, Miller & Rose 1995, Chambers et al. 1999, Miller et al. 1999) For example,

Miller and Rose found a difference in growth of western juniper seedlings that

were 2-30 years old according to establishment site: under sagebrush 3.3 cm/yr,

under J. occidentalis 2.7 cm/yr, and in the open interspace 2.4 cm/yr (Miller &

Rose 1995).

Another factor influencing growth is stand development at time of establishment

of new juniper seedlings. When a juniper stand is first established, the dominant

trees have a high growth rate which eventually slows as the stand achieves crown

closure (Miller and Rose 1995, Eddleman 1986, Eddleman 1987). These studies

also show a lower growth rate for trees that establish after the dominant trees

have begun to grow. This difference in growth rates causes a permanent level of
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dominant trees, mixed with subdominant, and then underlain with suppressed

trees that may be very old.

There have been attempts to calculate the growth of pinyon-juniper stands in the

southwestern United States, as well as model this growth (Chojnacky 1987,

Chojnacky 1988, Folliott et al. 1988, Smith and Schuler 1988, Chojnacky 1996,

Chojnacky 1997). These models provide a starting point to develop equations to

model western juniper population growth, however, data needs and outputs are

not compatible with the goals of this study since they focus mostly on biomass

and potential wood yield rather than on life stages and numbers of trees.

Modeling (RAMAS/Stage)

Modeling of western juniper population dynamics has not been attempted

previously. Therefore, the modeling proposed will help organize data on western

juniper and provide a simple representation of stand level juniper population

dynamics.

The life history stage-based population model can be constructed for a species

whose life cycle can be broken into distinct units or stages. These units can be

based upon age class (called a Leslie matrix) or size class (called an Usher matrix)

(Akcakaya et al. 1999). The stages and the transitions between them represent

demographically significant intervals such as germination, maturation,

reproduction, death, etc. in the lifecycle of the plant (Ferson 1994). As long as
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stages can be defined and there is a known progression from one stage to another

this type of model is viable.

From the life history of the organism, a matrix can be constructed and using

matrix algebra these transitions and values can be multiplied to provide a

population projection for the species. Thus with a starting population of n

individuals in X number of stages, a projection of the population can be achieved.

Enright and Ogden used a matrix model to simulate the populations of the woody

species Araucaria spp. (Enright & Ogden 1979). This model has as its variables:

initial number of individuals per stage, growth rate, survival rate, proportion

moving to the next class, proportion remaining in the same class, and number of

seeds per tree. This is the example from which the model of western juniper has

been constructed.

A simple example of this cycle and calculations is adapted from (Radosevich et al.

1997).

Consider a plant population with four life stages each with an initial population of:

Seed 750 individuals

Seedling 100 individuals

Mature 100 individuals

Old 50 individuals



And where the rates of survival and advancement for each stage are

In addition seedlings, mature plants, and old plants produce 5, 15, and 10 seeds

respectively each year. The life history matrix that can be created for this

hypothetical population is shown in table 7.

Where the top row is the initial population of each stage. The axis show the

stages. The second row is the number of seeds produced by each plant of a

certain stage, and the diagonal decimal values are the rate of survival and

advancement to the next stage. Thus the cell at row 2 column 1 (more darkly

shaded cell in table 7) is the rate of seed survival and advancement to the

seedling stage.

Utilizing matrix algebra, each stage's survival and advancement rate are multiplied

by the number of individuals in that stage. The number in the top row of each

column in Table 7 is multiplied by all the numbers in that column for each stage

(see Table 8).
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Seed to seedling .1

Seedling to Mature .6

Mature to old .3

Old survival 0.0



Table 8: Multiplication of matrix values for one time increment

Table 7: Life history matrix for hypothetical population.
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750 100 100 50

Seed Seedling Mature Old

Seed 0 5 15 10

Seeding 0 0 0

Mature 0 0.6 0 0

Old 0 0 0.3 0

0(750)+ 5(100)+ 15(100)+ 10(50)

0. 1*(750)+ 0*(100)+ 0*(100)+ 0*(50)

0*(750)+ 0.6*(100)+ 0*(100)+ 0*(50)

0*(750)+ 0*(100)+ 0.3*(100)+ 0*(50)

0 5 15 10

X

750

0.1 0 0 0 100

0 0.6 0 0 100

0 0 0.3 0 50

2500

75

60

30



Therefore at time 2 (the next time increment) a new population distribution is

projected to be:

Seeds 2500 individuals

Seedlings 75 individuals

Mature 60 individuals

Old 30 individuals

The process can then be repeated to find the distribution at time 3, 4, 5, and so

on. The RAMAS program records these values for each time step and displays

them in tabular and graphic form. Thus, the number of individuals versus time

can be examined.
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Methods

Model Construction Utilizing RAMAS/Stage

The rates of survival and life history advancement used to construct a population

model are best determined experimentally. However, in most population studies

there are limited data on such rates for a specific species occupying a specific area

and environmental circumstance. It is therefore often necessary to utilize data

that is not specific to the study location, or at times, even to the species in

question. Data collected for similar species or species that occupy the same

ecological niche might be used as the starting point for the model. In all cases the

model must be tested and verified before it can be used to accurately predict

population growth and/or the possible effects of various actions on that growth. A

diagram of the stage model developed for this study is shown in figure 15.
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Staaes (clear Boxes): Discrete and significant divisions of the life cycle. The models Stages are based
primarily on height classes.

Survival Rates (S): Percentage of those individuals that survive each yearly cycle and remain in that
stage the next year. S1= seed survival, 52= Seedling Survival, S3= Sapling Survival, S4= Mature Co-
dominant Survival, S5= Mature Dominant Survival.

Advancement Rates (A): Percentage of those individuals in a given stage that survive and then advance
to the next stage. A1= Seeds that germinate to become seedlings, A2= Seedlings that grow into
saplings, A3= Saplings that grow into co-dominants, A4= Saplings that skip the co-dominant stage and
grow directly to dominant, A5= co-dominants that grow into dominants.

Fecundity (F): Number of seeds produced by mature individuals per year. F1= Number of seeds
produced by co-dominant trees, F2= Number of seeds produced by dominant trees.

Figure 15: Life cycle and Model Schematic for Western Juniper 51
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Explanation and Values of Model Components

The stages used to model the life history of western junirer

Seed,

Seedling, (0-25 cm in height and possessing juvenile foliage)

Sapling/suppressed, (25-200 cm in height)

Mature co-dominant, (> 200 cm in height usually 2"' wave of

establishment which causes slower growth from the dominant 1 wave,

these trees also have a lower fecundity)

Mature dominant. (> 200 cm in height usually 1 to establish with highest

individual growth and provide bulk of cover, and bulk of seed production)

This or similar classification has been proposed by other researchers. For example

(Eddleman 1986, Eddleman 1987) suggested the mature dominant, co-dominant,

and suppressed stages. (Van Pelt et al. 1990) suggested that seedlings were <

25 cm and that saplings ranged to 200 cm.

Sapling /Suppressed Juniper Stage and Rates

Suppressed juniper are trees that are chronologically mature (possibly as old as

the dominant trees), but because of their location in the stand and competition

from stronger individuals are physically still small. They occupy the same position

in the canopy as sapling junipers and because there is no evidence that they

behave differently than trees of the same height they are placed in the same

stage as saplings.
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Derivation of Values for Model Components

Seed survival (Si) and seed advancement to seedlings (Al)

Field data on seed survival for western juniper is not available. Germination rates

under laboratory conditions, where these were calculated over a multi-year period

were used as a surrogate. The data used to establish the rates used in the model

are from studies designed to determine the effect of stratification on germination.

Young et al. (1988) found that western and Utah juniper seed is highly dormant

when fresh and requires some form of dormancy breaking, most likely cold moist

stratification. Similar results were found by other researchers (Johnsen 1959,

Chambers et al. 1999). These researchers also found that total emergence is low

and the year of seed production influences the viability of the seeds.

In a controlled laboratory experiment, after seeds had been cleaned and sorted for

viability, Young et al. (1988) found that from 10-37% of western juniper and 10-

34% of Utah juniper germinated. With optimal conditions and cool moist

stratification, they achieved up to 93% germination. In studies that better

simulated field conditions, seeds were planted in pots and left outside for

stratification, resulting in 10-16% germination (Young et al. 1988).

In a study associated with research on Pinus monophylla establishment (Chambers

2001) carried out germination and seedling survival studies for Junierus
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osteosperma under more natural but still controlled conditions. She planted

juniper seeds under mature trees, under sagebrush, and in the open. The seeds

were planted in a grid with varying depths, but protected from predation. She

found that germination might be linked to depth of burial, but not necessarily to

establishment site. Germination and emergence rates for this test ranged from

2.6 to 19.8%.

These rates of germination were under optimal conditions where the seeds were

prepared before planting and protected from seed predators. Because

germination values were determined under optimal conditions, the lowest value of

germination (2.6%) was used to simulate field conditions. The 2.6% base rate

was further divided in half to better account for the reduced survival due to

environmental conditions. Thus the seed survival rate (Si) used in the model was

1.3%.

Al (the rate of seed advancement to the next stage) was calculated by dividing

the survival rate of 1.3% by five (20%). This calculation is to represent the

dormancy period experience by junipers and indicates that, of the seeds that

survive from year to year only 0.3% (1.3% x .2) will germinate in any year. Again

this rate has not been studied directly. The 20% germination factor was

determined from longevity studies of juniper seed conducted by (Johnsen 1959),

which showed that germination for alligator juniper (Juniperus deppeana) was

greatly reduced from 75% for new seed to less than 30% after 5 years of storage.
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In the model, any seed can survive for up to five years without germinating, but

also has an equal chance of germinating during any one of those years.

Seedling survival (S2) and seedling advancement to saplings (A2)

Fisher (1990) conducted studies on the establishment of one-seeded juniper

(Junioerus monosperma). This study attempted to encourage the growth of

juniper seedlings transplanted to a strip mine restoration area, but also included

unassisted controls. The survival rate of J. monospernia seedlings ranged from 10

to 33% after five years from planting for seedlings up to 24.9 cm tall. Their

mean survivorship (21%) was used in the model to approximate seedling survival

rates of western juniper.

Eddleman (1986) proposed the height growth rate of 2.3 to 6.4 (mean 4.3) cm per

year for western juniper seedlings in a semi-closed stand. Since the seedling

stage is defined in the models as a height of 0-25 cm, approximately 17% (25 cm

/ 4.3cm) of surviving seedlings (21%) will grow enough to advance to the next

stage. Thus A2=3.5%, the other surviving seedlings will remain in the seedling

until the next model iteration (S2 = 17.5%).
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Saøling survival (S3) and advancement to mature co-dominant (A3) or directly to
mature dominant (A4)

Van Pelt et al. (1990) studied the survival and growth of Junioerus osteosperma

and P/aug edul/s after chaining - removing juniper trees with a chain strung

between two tractors. This work contrasted different survival rates between the

two species after the disturbance. Van Pelt observed 23 permanent transects

established on a site in central Utah for 26 years. Individual trees were marked

and labeled for survival and growth measurements. Survival rates were

determined for both trees that survived the initial disturbance and trees that

appeared after the chaining event. The survival rates were 67 and 63 % for the

missed trees and for post-treatment germinates respectively. The mean of 65%

was used for this S3 in this model.

Growth rates for this stage of the western juniper life cycle are variable

depending upon site, climate, and conditions for growth. Eddleman (1987)

proposed rates for height growth depending upon stand condition. The rate of

2.3-6.4 cm/yr for western juniper growth in a closed stand, 6.8-9.0 cm/yr for

open grown western juniper and 9.0-16.5 cm/yr for dominant trees. Van Pelt et

al. (1990) described height growth rates of 3-11.5 cm/yr, while Fisher (1990)

suggested 3.9-4.9 cm/yr. High, medium, and low height growth rate were

established to account for variation in site or environment and used in the model.

These growth rates were 16.5 cm/yr for the high, 11.5 cm/yr for the medium, and

4.3 cm/yr for the low growth rate.
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The sapling/suppressed stage in the model is defined as being 25-200 cm (175 cm

range) tall. Therefore, the percentage of those trees moving on to the next stage

(mature dominant or mature co-dominant) was calculated by dividing 175 by the

rate for each of the three scenarios: high, medium, and low. This equations

results in 0.024 for low, 0.067 for medium, and 0.091 for the high rate. The

numbers are then multiplied by the percentage of surviving trees (65%) to obtain

the rate of advancement. Further, 40% of the advancing saplings advance in the

model directly to the mature dominant stage, while 60% pass first through the co-

dominant stage. The 40:60 ratio was taken from a typical stand percentage of

dominants vs. co-dominants established by Eddleman (1986). The results of these

calculations are shown in Table 9.

Table 9: Transition rates used for three model levels

Growth Rate

Model Rate High Medium Low

S3 58.8% 60.8% 63.4%

A3 3.7% 2.5% .95%

A4 2.5% 1.7% .63%
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Mature co-dominant survival (S4) and advancement to mature dominant CA5) and
mature dominant survival (S5)

Numerous studies (Van Pelt et al. 1990, Miller & Rose 1995) have stated that once

mature, very few juniper suffer from mortality. In the model, 97% of mature trees

survive and remain in the co-dominant stage while 98% of mature dominant

plants survive from year to year. Because both stages establish the upper canopy

they grow at similar rates and thus change of status is unlikely. The rate of 0.5%

for co-dominant advance to the dominant stage reflects this stable distribution.

Seed Droduction for mature co-dominant (Fl) and dominant trees (F2); Fecundity

There are numerous paths by which seeds are lost during their development and

dispersal. Beyond disease, insects (Keen 1958) and other animal predation,

juniper fruits often develop but do not contain a viable embryo, and thus no seed

(Nobel 1990, Fuentes & Schupp 1998, Chambers et al. 1999). Fuentes and

Schupp (1998) estimated that from 0 to 17.3 (mean of 5.6%) percent of all seeds

were filled with viable embryos. Data on seeds per tree comes from a study on

Junierus ashef where it was estimated that 7,744 to 226,944 cones per tree

could ripen in a good year (Chavez-Ramirez 1993). When seed production per

tree and percent filled seeds are taken together, a range of 433 to 12,708 seeds

per tree per year. This number was further reduced by half to account for a two-

year period of ripening for western juniper seeds. The fecundity of the co-



dominant trees was set in the model at 215 seeds per tree per year, and 6,000

seeds per tree per year for the dominant trees.

Additional data on western juniper fecundity has been collected, but it was not of

use for this model. Eddleman (1987) studied the reproductive ecology of western

juniper and found that for juniper producing abundant seed, there were 4-5

berries or more per square foot of crown surface. However, this is of little use for

the model as the crown surface area of western juniper has not been extensively

studied. Eddleman also found that junipers with heights of 3-6 feet produce only

a berry or two, while those juniper greater than 6 foot tall and 50 years or older

were the most productive. Western juniper can be either dioecious or monoecious

and the gender may be affected by the growing conditions. In open stands

female cones are produced on par with male cones, however, in closed stands

male cones dominate (Eddleman 1987). These additional factors were not taken

into account in the current model, but could be utilized if specific stand conditions

were to be introduced.

Field Methods for Study of Juniper Population Response Following Harvest

A field study of juniper population response following tree removal compared

results with those obtained by the model simulations. This was a limited

observational field study and was by no means comprehensive, but was necessary

since no other studies exist to compare simulated versus actual results.
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Study sites exhibited a range of elevation, aspect, slope and location in the area

southeast of Prineville and into the lower elevations of the Maury mountains.

Population data were collected for cleared juniper stands ranging from 8 to 29

years since the time of last cutting. Sixteen sites were grouped according to age

since cutting (10, 20, and 30 years after cut). Data were collected from six sites

where regrowth had occurred for approximately 10-years since cutting, four sites

approximately 20-years since cutting and five sites approximately 30-years since
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cutting.

Table 10: Site characteristics for Study Sites

Site Code Aspect Slope% Elevation(M) Age of Cut
Al 5 4 1300 8

A2 Sw 5 1100 12

A3 W 14 1450 19

A4 SW 23 1350 29
Bl W 1 900 18

B2 W 1 1050 30
B3 W 3 1100 11

Cl E 12 1200 8

C2 NE 32 1300 12

C3 NW 28 1300 15

C4 N 7 1450 29

C5 S 21 1400 25
Dl W 9 1150 29

D2 SW 5 1200 19

D3 S 3 1100 10
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At each of the sites three random samples were taken, by choosing a random

starting location (from an x,y coordinate based on the length and width of the cut

area) and a random compass heading to achieve a 60 meter-long by 6 meter-wide

belt transect. In each transect, numbers of individual juniper plants were

counted and their heights measured. The heights were then used to place the

junipers into one of one of four stages (seedling, sapling/suppressed, mature co-

dominant, and mature dominant (Figure 15). Counts from all transects were

averaged together to give an estimate of the population size for that site. Cover

of both Juniper and other shrubs were estimated by the line intercept method,

where a line is drawn across the transect and the length of the line intercepted by

a particular species is recorded. A description of the local environment where

each juniper tree in the transect was found was also recorded (open, under

juniper, under sage etc). Every fifth tree contacted by the line was cut and a

cross-section taken at ground level for age determination.

Model Use for Simulation of A Western Juniper Population

The population model was run at three different levels corresponding to the low,

medium, and high growth rate for individual trees and the population. Different

levels were achieved in the model by altering the (A3) and (A4) rates. These rates

were altered because the junipers at this stage were free from competition with

other understory species and established trees, and thus had the greatest

potential for site variation.
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The results of the three levels of simulation were then compared to the observed

field data. These comparisons were made by contrasting the slopes of the

simulated population growth curves with those observed in the field using a simple

t-test and best fit determined. Alterations were made to the appropriate model

could then be made to simulate management activities, which were based upon

elasticity characteristics of the population, and activities suggested by other

management studies.

The first simulation was suggested by the elasticity characteristics which indicated

that the greatest relative sensitivity of the population was found in the survival of

mature dominant trees from year to year. By reducing the starting populations of

the mature classes to zero, the one-time harvest of mature dominant and co-

dominant trees was simulated. This one-time harvest of juniper-dominated stands

would be carried out to restore the numbers of juniper to a pre-invasion status.

Elasticity characteristics of the population indicating that the greatest relative

sensitivity of the population was to be found in the survival of mature dominant

trees from year to year, suggested the second simulation as well. This meant that

the rate for mature dominant survival (S5) should be changed to simulate the

annual harvest of mature dominant individuals to prevent juniper re-growth and

domination. This rate was lowered to 90% survival from year to year.
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Analysis of historical patterns of fire in the sage brush-juniper steppe suggested

the conditions of the third simulation. Frequent return intervals of fire suggested

that the survival of the seedling stage could be altered. This was done by

lowering the rates (Al) and (Sl) to nearly zero (.08% and .16% respectively).

This is to simulate the death of virtually all seedlings and newly recruited seedlings

when a fire event occurs. The simulations were plotted using the RAMAS

software.



Results and Discussion of the Simulations and Field Studies

Statistical Analysis and Comparisons of Field Observations with Model Simulations

Simple regression analysis was used to analyze the field data and compare it to

rate predictions calculated by the theoretical model.

The data were log transformed to equalize variance between observations of

different aged sites. The data were then fit to the following equation.

(eqi) logY = B0 + B1X +

Where Y is total number of individuals per acre, and X is years since cutting.

Results of this analysis are shown in figure 16.
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Figure 16: Observed Regrowth Following Juniper Cutting (95% confidence
intervals are shown in green, 95°h prediction intervals are in red)
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The final equation for the observed data (with 95% Confidence intervals) is:

(eq 2) log indivi/acr = 3.26 (2.46 to 4.05) + 0.117 (0.08 to 0.16) Age

Where: idivi/acr = Total number of Juniper plants per acre, and standard errors

for the intercept (Bo) and Age (Bi) are 0.368 and 0.019 respectively.

Sites
Years since Cut vs Total # Individuals
Upper 95% CI
Lower 95% CI
Lower 95% P1
Upper 95% P1

R2= 745
n= 15
MSE=O.31



3000

2500 - Observed Lwr95%CI
Observed Upr95%CI
Observed Lwr95%Pl
Observed Upr95%PI- Ramas Medium Pred1,,

S-- Ramas Low Predichom
Rarnas F-hgh Predlc5c,

___.___.__*_

. S *

0 5 10 15 20 25 30 35

Years After Cut

The comparison of the three levels of model prediction based on literature values

to field observed data are shown in figure 17.

Figure 17: Comparison of the three levels of population simulations to field
observations (95% Confidence intervals for the field observations
are shown in green, 95% Prediction intervals for field observations
are in red)

No model simulation fit the observed data perfectly, however, the medium

simulation best fit the data for old cuts and the low simulation fit best in the

younger cuts. This might be explained by variable growth rates experienced in

juniper stands. Younger juniper focus much of their energy to root growth, and
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much less to above ground growth, whereas older junipers increase their above

ground growth (Miller pers. corn.). However, analysis of the slopes of the

population growth curves shows that the slope of the high RAMAS prediction

matches most closely with the observed slope (Figure 18). A t-test confirmed that

the slope of the high RAMAS model was the only model that was not significantly

different from the observed slope (Table 11).

Figure 18: Comparison of the slopes of the 3 RAMAS models after log
transformation. (*The two highlighted lines are not significantly
different to 0.1 level)

- Observed data
Observed data points
Ramas Low Prediction
Ramas Medium Prediction
Ramas High prediction

slope=O. 117

slope=O.02

slope=O.063
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Figure 19:
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Results of the high model simulation after initial populations were
lowered. (95% Confidence intervals for the field observations are
shown in green, 95% Prediction intervals for field observations are
in red)
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Table 11: t-test for significant difference between the slopes of the three levels of
model simulation and the slope from the field observed data (n=15)

Test t-value

High vs observed 1.29

Med vs observed

Low vs observed

The high rate simulation was then rerun using a lower starting population, which

resulted in a better fit between observed and predicted values (Figure 19).

Substantial deviation at young sites was, however, still noted

Observed Lwr95%CI
Observed Upr95%CI
Observed Lwr95%PI
Observed Upr95%PI

Ramas High Prediction Refit
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The slope of observed field values (Figure 18) indicates that the median number of

individuals per acre increases by 12% (95%CI 8.3% to 17.4%) for each year after

cutting. The high model simulation predicts 10% increase per year for the

relatively constant population growth period from 5 years to 29 years which

corresponds to the range of observed data.

This high population growth rate for juniper may seem surprising considering it is

normally thought of as a slow growing conifer. However, as Eddleman states:

Western Juniper is viewed by forest researchers as a slow growing conifer.

Others frequently feel the plant suddenly appears and rapidly develops to

maturity. (Eddleman 1986)

Other researchers have found an increase rate of growth of all species present at

a site (including trees) when juniper is removed (Arnold et al. 1964, Aro 1971,

Tausch & Tueller 1977). Tausch and Tueller (1977) found that this effect lasts 2

to 3 times longer for tree growth than for understory species.

Lowering the starting numbers of individuals in the simulation improved the fit to

the observed data (figure 19). Yet predictions for the population of young sites

remained high. This result suggests that the rates of change between the earliest

juniper life stages in the model are too high. However, further modification to

these rates would require additional field research to obtain better and more

specific data at the smallest (and correspondingly youngest) stages. This

inaccuracy in the model was insufficient to change the qualitative use of the model

or the estimates of the population responses of juniper stands that might result
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following cutting. As will be discussed below, (see elasticity) errors in the earliest

stages of western juniper are not very influential on the overall population

dynamics of the species.

Sensitivity Analysis and Scenario Derivation

The transition rates used in the study model were estimates based on previous

research conducted on juniper species. Many of the data used were not for

western juniper but rather for similar juniper species, adding an element of error

to the estimates presented here. Nonetheless the creation of the model and the

estimates derived from the hypothetical population provide insight into which

population transitions are most important for the population growth of this

species. The simulations are also able to suggest where variation in size class

distribution, site characteristics, or other factors of population growth are of most

consequence.

One of the principal values calculated from population models is the dominant

eigenvalue (k). X indicates the overall population growth rate, with values greater

than one indicating population growth and values below one indicating population

decline. The value for the juniper model high rate simulation presented above

(figure 15) was 1.044 indicating that the projected juniper population can grow by

4.4% per year. Other important values that are derived from population dynamics

models are the relative sensitivities, or elasticity, of the population (Ferson 1994).

These values are expressed as percentages which sum to one for the entire matrix

and suggest how sensitive the population (represented by ?) is to individual
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transitions between stages. Thus, a small change to a transition that has a high

elasticity can have a large impact on the population growth. Altering a rate with a

small elasticity has virtually no impact on the population, unless the alteration is

extremely large. The elasticity values for the simulated juniper population in this

study are shown in Table 12.

Table 12 Elasticity of Transitions for the Simulated Juniper Population

As can be seen from the table, the transition from Mature Dominant to Mature

Dominant (that is those mature trees that survive from year to year and remain in

the same age class) account for over 63% of the proportional sensitivity. All other

values are below 10%. Thus the transition that has the greatest impact on the

population of juniper is the survival of the most mature age class, which is also

the stage with the largest individuals. The effect of this finding will be examined

further when management activities are simulated.

Not only is information about elasticity important in identifying the most sensitive

stage and transition, but it also can provide a way to gauge the importance of

Seed Seedling Sapling Mature Co-
dominate

Mature
Dominate

Seed .00086 0 0 .00348 .04148

Seedling .04496 .00862 0 0 0

Sapling 0 .04496 .07417 0 0

Mature Co-
dominate

0 0 .00726 .09548 0

Mature
Dominate

0 0 .0377 .00378 .63724
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error and information limitation in the parameterization of a model. Elasticity

analysis for error importance has proven useful in past studies (Crouse et al. 1987,

Crowder et al. 1994). As seen in Table 12, any change in the mature dominant

survival rate (S5 from the model, figure 15) will have a large impact on the

population. Therefore, errors associated with the calculation of this rate are

important and necessitate strict collection and synthesis. However, error in the

other transitions ( e.g. seedling survival), has very little impact on the model

projections (Table 12) and thus less accuracy is required for this transition to

obtain realistic model projections.

The overwhelming importance of the mature dominant survival transition on

model outcomes indicates that if management measures are desired for juniper,

this is the stage of its lifecycle where efforts should be targeted for greatest

impact on species abundance. For example, management might be a biological

control agent (pathogen, insect pest etc) that reduces the survivorship of the

mature plants. The harvest of the mature juniper from a population also should

have a large impact on the population level of this species.

Another consideration in any proposed management strategy is the value of

mature and old juniper on the landscape. Because juniper is a native species to

the Great Basin, its historic presence suggests that not all juniper should be

removed. Historic accounts describe juniper as occupying rocky outcrops and

other areas of shallow low productivity soils. Additional historic accounts of the

northern Great Basin describe the presence of scattered large old-growth juniper
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(Miller & Wigand 1994, Miller & Rose 1995, Belsky 1996, Miller & Rose 1999,

Waichier et al. 2001). Today, ranchers and other landowners often desire old

juniper for scenic purposes and to provide cover for livestock and wild animals.

One rancher is quoted in (Bragg 2000), "Those trees, I wouldn't take $1,000

apiece for," in reference to removing some old juniper on his property. Old

growth juniper is characterized by more than its larger size (Waichier et al. 2001)

and is different than the mature dominant stage projected in our model. It seems

necessary to balance several desired outcomes for juniper management

techniques. This is particularly true as the model suggests that the mature

dominant developmental stage, which incorporates these large trees, is the most

sensitive stage for population growth control measures.

Model Limitations

The management options presented below were simulated using the model and

parameters explained above. This model also incorporates several assumptions

that without modification for a specific scenario, should only be applied to a

limited set of juniper population conditions. These assumptions and limitations are

described below.

In its current form, the model is applicable only to juniper stands re-establishing

after removal of all large trees. This limitation is important because the dynamics

of juniper stands at different stages of structural development can behave in
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markedly different ways (Eddleman 1987, Miller et al. 2000). Two examples of

scenarios that differ from re-establishment are: Well established stands and newly

established stands. Development in well established closed stands tends to be

static with low survival of seedlings and saplings (Miller et al. 2000). Newly

established stands will not have seedlings that survived the original cutting, and

give re-establishing stands advance regeneration. Factors such as the two

mentioned above, are important in determining growth rates of individuals and

consequently the survival and advancement rates of the developmental stages of

stands. Adjustments to the parameters in the model would be necessary should

simulation on a stand having a different stage of structural development be

desired.

Associated with structural development stage, the model assumes that geometric

growth can continue indefinitely, obviously not a realistic assumption. Density

dependent survival and growth should have an impact on the population if tree

numbers or size grows large enough. However, when densities are low (as would

be the case with a re-establishing stand), the survivorship and growth rate of the

trees increase which in turn increases the advancement from one stage to another

as depicted in the current model. As density increases, rates will decrease,

causing overall population growth to stabilize.

The model also assumes that the simulated population occurs in isolation and

excludes any influence from other populations. This assumption is most apparent

in the exhaustion of the juniper seed bank after control measures are under taken
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(see scenarios below). Juniper seed is primarily dispersed over the landscape by

birds or overland waterfiow and may enter a recently cleared stand from external

sources, thus eventually replenishing the seed bank. The level of seed dispersal is

not well understood but could vary by specific circumstances. An external input of

seed could easily be added to the model should a user have this type of data.

The current model is deterministic (i.e. non-stochastic) in nature, which precludes

any variation in model results and thus the use of any statistical calculations.

Variability could be introduced into the model, but only if a range of values for the

vital rates of survival, advancement, and fecundity are available. With the current

limitation of field data for western juniper, it was difficult to designate a realistic

range of variation for these parameters. The model opts instead to provide three

levels of growth rate (low, medium, and high) to account for possible variation

that could occur from site to site. Studies designed to measure a representative

sample of the vital rates in the field would be of great value in the creation of a

stochastic model of western juniper population growth.

The recommendations based on the results of the management scenarios below,

should only be applied in the context of the limitations of the model. This model is

based on the vital rates of survival, advancement, and fecundity for a hypothetical

juniper population. The model and recommendations derived from it do not take

into account other factors that influence the ecosystem and management

decisions. For example the stage of stand development at the time of

management activity should influence the decision on what management strategy



to employ for that particular stand. The structure of the stand influences many

aspects of the population dynamics of the stand (as already mentioned above).

Chief among the influences is the stand structures effect on fuel availability for

fire. In general closed stands have suppressed understory vegetation, which

provides little fuel and little chance of intense fire. Additionally, the stand

structure will have influence on the presence of understory vegetation that

impacts the survival of seedling junipers. The soil, hydrology, aspect, elevation,

and location of the stand should also be taken into account when planning

management activities.

Management Simulations

Figure 20 displays the population growth for the hypothetical juniper population

before any management activity. In this case, exponential growth of the

population is observed for all stages and in the total population. The distribution

among stages of development is highly skewed to the seed stage (figure 21).

Without seeds included, the population is concentrated in the seedling stage. This

is consistent with Type I population growth and age/size class distribution

(Akcakaya et al. 1999), and what has been observed in most juniper stands (e.g.

few dominant trees, repressed individuals underneath the canopy, and multiple

seedlings under each tree) (Eddleman 1986, Eddleman 1987, Bates et al. 1998,

Miller et al. 2000).
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Figure 20: Growth of unharvested juniper stand. The curve represents all stages
of juniper plants excluding seeds. The red-circled maximum value is to
be compared with figure 22.
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Figure 21: Relative populations distribution of stages within the life cycle of
juniper, the majority of individuals are seeds.

Relative Populations of Stages

100

80
a.

6O

40

2O
w

-I-'
C

Stages

Management scenario 1

Figure 22 displays the results of mature juniper harvest (mature dominant and co-

dominant starting populations are reduced to zero). The juniper population

follows the same population curve as unharvested stands, however the overall

number of trees is dramatically reduced (8-fold in this simulation), and the time

needed to become a closed or semi-closed woodland is increased. The scenario

shown in figure 22 could represent the possible effect of grassland restoration by

the removal of only mature juniper trees. Other studies have examined the

effects on the understory from juniper removal (Evans and Young 1985, Bates et
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al. 1998, Bates et al. 2000, Breese et al.2000, Miller et al. 2000, Brockway et al.

2002). This scenario focuses on the status of the juniper population following

removal and indicates that juniper will eventually re-dominate the site if further

management is not maintained.

Figure 22: Re-growth of juniper population after harvesting mature stages. The
curve represents all stages of juniper plants excluding seeds. The
circled maximum value is to be compared with figure 20.

Years Since Harvest

400 S00



Management scenario 2

Because juniper can regrow and again dominate a site (figure 22) the need for

continued management or maintenance is suggested. The elasticity values (Table

12) show that mature dominant stage survival is the most sensitive transition.

Therefore, the possibility of a yearly harvest of the mature juniper population

(which would reduce its survival) could have an impact on the population.

To test this strategy a simulation was run where mature juniper survival (Rate =

S5) was reduced by 8%. The results of this harvest simulation on the hypothetic

juniper population are dramatic. A. was reduced to 1.0024, indicating a very small

0.2% population growth each year. This growth rate could be further reduced by

a greater harvest, but it is essentially at equilibrium. Figure 23a shows the

predicted population trends undergoing this harvest management.

Other figures (23b-d) show the effects of ongoing harvest management on other

stages. Again the majority of individuals are in the seedling stage (23b). Initially

seedlings continue to increase following the harvest disturbance (point 1). The

continued increase represents the germination of seeds that were in the seed

bank prior to harvest. Once the reserve seed is used up, the population falls

dramatically (point 2) and then stabilizes (point 3). The exhaustion of the seed

bank occurs under the assumption that there are no external inputs.

Sapling population falls (23c) as the remaining saplings are recruited to the

mature stages. Since there is lower replacement from the seedling stage, sapling

80



81

population will also stabilize. The mature stage populations are considerably lower

(23d) (due to the original harvest) and then reach a stable state with slight

recruitment from the sapling stage. This scenario could eventually resemble an

open landscape with widely spaced large juniper trees but with little chance of

becoming a closed stand.



Figures 23a-d:Juniper populations when an 8% annual harvest of mature
dominant juniper is undertaken
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Management scenario 3

High elasticity (Table 12) indicates where a small alteration in transition rates

would create a large impact on the entire population. Utilizing the elasticity values

in this way is useful to determine the most efficient strategy for management

activities, such as tree removal. However, impacts on the population can still be

achieved at other stages and transitions if the alteration or management activity is

large or intense enough. Though changes in very sensitive stages need only be

small, these small changes may still not be very easy to achieve, as is currently

the case with harvesting (or simply removing) large juniper trees, which is a labor-

intensive activity (Swan 1998). Thus another option for juniper management

might be to cause a large disturbance (decrease the survival) of another stage,

namely seedling or saplings. Though such a great disturbance might seem more

costly and labor intensive than a smaller disturbance in the larger stages, there is

the possibility that such disturbance might be easier to carry out. For example

controlled burning, the reintroduction of fire to the landscape, might provide such

an option.

Junipers that have attained sufficient height are not usually susceptible to the low

intensity high return interval fire that is typical of grassland communities. The

amount of fine fuels present in a juniper stand is dependent on the structural

stage of that stand. Thus in management scenario 3, the simulation of introduced

fire assumes a level of fuel that would effect only smaller junipers and thus target

the juniper seedling stage and the transition from seed to seedlings (figures 24a-
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d). Both the number of seedlings and the rate of seed to seedling were reduced

significantly. Though not extremely sensitive according to elasticity analysis

(Table 12), the 2 obtained for the hypothetical population under this scenario was

reduced to 0.9995, which indicates a slight trend toward a decreasing overall

population (figure 24a).

As in the previous scenarios, the bulk of the population rests in the seedling stage

(24b) and thus the total population trend (24a) follows that stage closely. With

the introduction of fire, an immediate and sharp drop in both the seedling and

sapling stages occurred in the simulated population. This decline results from the

destruction of almost the entire population of seedlings (24b) and therefore the

recruitment base for saplings. Saplings are further reduced (24c) by advancement

to the mature stages, which show an initial increase (24d) due to continued

growth and advancement by saplings, but then a leveling off because their

recruitment base is limited by fire-caused mortality. This scenario could also result

in widely spaced large trees with few small trees and little possibility of achieving a

closed woodland status.



Figures 24a-d:Juniper populations when fire is introduced, killing virtually all
seedlings
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Project Conclusions

Use of RAMAS and stage-based modeling

The results of the RAMAS-based model simulations were useful to explore issues

of natural resource management. The model was a relatively simple platform for

data organization and simulation, after the initial learning curve and user

friendliness issues were overcome.

With the type and quantity of data that are usually available for species

populations, such a model is best used for determining general trends and

population curve shapes. Others have used similar models for such purposes and

the following statement from Crowder et al. (1994) provides some guidance.

The purpose of the model simulations is primarily heuristic-- to clarify the

importance of our limited knowledge of particular life history parameters

as a guide to research and management. But we have also used the

model to examine population level implications of particular management

strategies that intervene at different life stages. (Crowder et al. 1994)

I have confidence that the trend predictions made in this thesis are realistic, and

that the life history described in this stage-base format is a good representation of

a western juniper population. Other useful data derived from the models are the

proportional sensitivities (elasticity values), which can be used as a guide for

management objectives.
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The accuracy of any model is limited by the quality and quantity of data that is

available for its the parameterization. In this respect the model highlighted the

need for better data on seed production and seed survival for western juniper.

The data used in this model came from a composite of studies on two closely

related species, as no data was available for western juniper. Data was also

unavailable for the level of seed input from external sources for western juniper,

and thus was not included in the simulation. In general data that was specific to

western juniper was not available for many of the variables needed to parametize

my model. Even when data was available for western juniper, the form of the

data often did not fit the model's requirements and needed to be transformed or

recalculated. With each transformation risks of inaccuracies and calculation error

are introduced.

The quantitative results of the model simulations are not as reliable as the

qualitative results. This limitation is particularly true for simulations of juniper

stands that was left to grow, receiving no management. Such quantitative

predictions for unmanaged stands are not reliable because stands of this nature

were not observed in the field, nor data for these stands derived from the

literature. In this case, the model predicts that the hypothetical population of

western juniper will reach over 8,000 total individuals in thirty years. Most of

these individuals are seedlings (< 25 cm tall) and only 700 individuals are mature,

but these values seem far too high based upon numbers reported in the literature

(Eddleman 1986, Eddleman 1987, Miller & Rose 1995). At these densities, growth



and survival may be reduced and could be modeled by introducing a density

dependent function. The introduction of such a density function was undesirable

for our goal of trend predictions as density dependence functions preclude the

derivation of elasticity values.

For the other simulations the absolute number of individuals predicted by the

model did not agree with the observed field data. As seen in figure 18, this

disagreement could be somewhat remedied by lowering the starting number of

individuals in the various stages. In order to get better quantitative agreement

from the model, better data on the starting number of individuals will be needed.

Additionally, the data on seed production per tree needs to be studied specifically

for western juniper since the values used in this model were a combination of

values from studies on several other juniper species.

Finally, if applied outside of central Oregon mountain big sagebrush juniper

association, these models must be modified to take into account site-specific

variations. The high, medium, or low growth rate simulations might be most

appropriate depending upon the conditions at that site. The determination of

which model best fits local conditions would require further field observation at

any new site and appropriate modification of the model.
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Model Output

The mature dominant stage and the survival of that stage were the most sensitive

stages in the life history of western juniper. Taken by it self the sensitivity of

mature-dominant trees suggests that management actions that target this stage

would be the most effective strategy to decrease juniper populations. As

explained previously (pp 73), other factors than the ones accounted for in the

model should be taken into account when planning management actions. The

actions suggested by the model outputs at the mature-dominant stage could

involve two phases: restoration and maintenance.

In the restoration phase, mature junipers are thinned to low desired density. This

action opens the stand and lowers the absolute numbers of juniper on a site

(Figure 20). However, if left alone juniper will regain dominance and restore its

numbers in as little as 30 years.

Maintenance calls for the annual removal of roughly 8% of the mature juniper, as

presented in management scenario 2. This harvest reduces the overall survival of

that stage, and lowers its contribution to the growth of the whole population.

When mature tree survival is reduce by ongoing harvest, the population becomes

stable (figure 23)

Alternatively, other less sensitive stages of western juniper could be targeted for

management action. Because these stages have low elasticity values, they will

require larger or more intense management actions in order to effect the juniper
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population. In essence, management actions taken at these stages would require

the reduction in survival of those stages to rates approaching zero, as large

percentage decrease as compared to the small eight percent decrease enacted on

the mature dominant trees. The most likely management option for this purpose

is controlled burning. In the controlled burn scenario, fire is reintroduced and

because large fuel loads are not readily available to create an intense fire that

would kill large trees, only the small stages are affected. Seedlings are almost

entirely wiped out. The result is again, a stable population that might resemble a

savanna with widely scattered large trees and few small individuals.

Oil Analysis

When the heartwood of western juniper is extracted by organic solvent, several

compounds are obtained that are also obtained from steam distillation. However,

several compounds that are not present in the steam-distilled oil are also

extracted. Given these facts, it was hypothesized that these compounds might be

unknown substances and potentially have an epoxy functional group as was

observed for Alaska Yellow Cedar extraction using similar methods (Xiong 2000).

One of the additional compounds (comprising 4-6% of the oil) was isolated by

multiple chromatography techniques, purified, and long white crystals obtained.

Structure determination was done utilizing NMR, MS, and optical rotation. Counter

to our initial hypothesis of an epoxy-containing compound, the compound was

determined to be Hinokiic acid (figure 11).
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Hinokiic acid is a known compound but has never been isolated in any tissues of

western juniper. Hinokiic acid is a frequent chemical constituent of the taxonomic

order Cuppressales, and is often found in conjunction with other compounds

bearing the same ring system based on thujopsene (figure 13). Additional

analysis revealed that Hinokiic acid is not destroyed by a 7-hour steam distillation,

nor is it washed out in wastewater from steam distillation, rather it remains in the

wood shavings only to be extracted by organic solvent. The inextricable nature of

the compound may be due to the low volatility of the compound, which is likely

caused by its very polar nature. Longer steam distillation may result in the

destruction of the compound, but this remains to be determined.

Further analysis of the GC and TLC of the isolated oil and fractions of the oil,

showed that additional compounds remained and these have not been previously

describe in western juniper oil. These compounds are not as abundant as Hinokiic

acid and they may be known compounds or entirely new chemicals.

Modeling, Management, and Product Integration

The elasticity values obtained from the model indicate that the mature-dominant

stage of western juniper is most sensitive to manipulation. Because the desired

goal of most landowners in the juniper-abundant region is to reduce the number

of trees, the removal of mature juniper trees as a management strategy is

suggested. However, the removal of juniper trees from the land is a time, labor,
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and money intensive activity. With such barriers, it is unlikely that mature juniper

harvests will be undertaken with great enthusiasm.

Studies have indicated that the presence of downed trees (from mature juniper

cutting) hinders the regrowth of forage species, poses a fire hazard, and

encourages the re-domination of juniper (Bates et al. 1998, Brockway et al.

2002). Downed juniper could provide a safe site for new juniper seedlings much

in the way that sagebrush and other shrubs provide favorable conditions for

survival (Chambers 2001, Burkhardt & Tisdale 1976, Eddleman 1986).

The best way to encourage an action is to provide incentives, especially in

economic form, to perform the desired action. One of the best ways to provide

economic incentives for removal of downed trees is to produce marketable goods

from them.

Thus, products can be designed that utilize the types of wood and other materials

that make up large dominant juniper trees. The oil extracted from the heartwood

of juniper is one such product, as large trees generally have a greater percentage

of heartwood. In order to create a market for juniper heart wood oil, a beneficial

use for the oil must be discovered. Discovery of these beneficial uses is where

research into the oils composition and properties is important.

It is, however, doubtful that marketing of juniper heartwood oil alone could make

the harvest of mature juniper trees profitable. For this reason a multiple product



approach to juniper utilization is suggested. An example of the suite of products

that are being explored for western juniper is provided in Table 13.

Table 13: Juniper based products developed by Reach Inc.(Reach 2001)

'Fence Posts 'Log homes

'Outdoor Decking 'Fire Wood

'Paneling 'Run off Pillows

'Animal Pillow Beds 'Bee Hives

'Livestock shavings 'Energy (from chips)

'Flooring, Molding, Doors 'Essential Oils?

'Artisan Wood 'etc

When economic benefit from such products is combined with the value of a

restored ecosystem and productive rangelands to landowners, juniper harvest and

range restoration becomes a more viable strategy.

Forest products research on juniper heartwood oil lends itself to achieving the

management objective of restoration. The other objective of maintenance, as

demonstrated in the model simulations, requires periodic small harvests of mature

trees. To encourage this practice, products that utilize materials derived from

mature trees are necessary. However, such trees would most likely be new

recruits to the mature stages, and thus of smaller size than the trees removed by
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the initial restoration harvest. These smaller mature trees will likely have much

less heartwood and a greater percentage of sapwood than the larger ones. With

this information, product development based on oils should be directed to those

that can be derived from extraction of sapwood, leaves, and branches.

The isolation and identification Hinokiic acid from the solvent extracted oil of

western juniper heartwood provides better understanding of this tree species and

its potential utilization. With the creation of the stage base model for juniper, a

good organizational and predictive tool has been created that can be used to

obtain general population trend predictions, and suggest areas needing further

research. Integrating results from these two disciplines suggests several

ecologically sound management options and the product development research

that would support those options.
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