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Abstract:

Wear Butte, Montana, Douglas-fir and Rocky Mountain juniper have invaded into the rangeland
ecosystem due to alterations in the natural environment. Approximately 320 hectares of the narrow
transition zone below the. forest border have been invaded. Similarities between the timing of natural
and human impact changes and forest distribution changes were determined by examining tree-age data
collected at the study site.

A combination of reduced numbers of grazing, livestock, increased spring, precipitation following
drought, and the lack of periodic fires appear to have occurred prior to or simultaneous with the
changes: in. the distribution of the local vegetation. It is suggested, that this; combination may have
influenced tree invasion.
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ABSTRACT

A

Near Butte, Montana, Douglas—fir and Rocky Mountain juniper have
invaded into the rangeland ecosystem due to alterations in the natural
environment. Approximately 320 hectares of the narrow transition zone
below the forest border have been invaded. Similarities between the
timing of natural and human impact changes and forest distribution
changes were determined by examining tree—age data collected at the
study site. i :

A combination of reduced numbers of grazing livestock, increased
epring precipitation following drought, and the lack of periodic fires

appear to have occurred prior to or simultaneous with the changes in the

distribution of the local wvegetation. It is suggested that this:
combination may have influenced tree invasion. C
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INTRODUCTION
The Problem

There has been an observable change in the biogeograpﬁy of the
lower forest—grassland ecotone near Butte, Montana. Areas bofdering
older forests, once predominately occupied by shrubs, forbs, and
grasses, have been invaded By trees. An apparént alteration has
'occurfed in the natural conditions -controlling the stdbilify of the

lower foréét-grassland ecotone, allowing Douglas—fir (Pseudotsuga

menziesii) and Rocky Mountain juniper (Juniperus scopplorum) to invade
portioné of the rangeland ecosystem (Figure' 1). Numerous trees,
relatively short in height and narrow in form, are scattered iﬁ various
deﬁsities across the shrub-grassland landscape. The area also has a
unique and environmentally impoftant loéation, situated‘betweeq‘the two
nineteenth century mining settlements of Butte and Anaconda.

Recent alte;ationS'in the environmental dynamics of the area have
resulfed in spatial changes of'the sensitive transition‘zone-between the
forest and grassland ecosystems. These changes have a1s§ affected the
entire regional environment. The doﬁinance of trees in'piace of grasses
or forbs have caused a loss of agricultural or livestock grazing land
due to a decline in forage production, similar to that foupd by Cottam
and Stewarf (1940) and Burkhardt and Tisdale (1976)° Tree in%asion
could‘also increase the potential for crown‘fires (Arno 1980), alfer the

biodiversity of the area, and/o; encourage the spread of tree diseases.




Figure 1. Tree invasion into a rangeland ecosystem in southwestern
Montana.

An area may benefit by the establishment of trees; by possibly creating

environments more conducive to wildlife, or by stabilizing the soil in a

disturbed area prone to wind or water erosion as found by Millones O

(1982).

Vegetation, being unable to migrate rapidly, 1is continually
subjected to the influence of the physical environment, the biotic
community, and disturbance events (Vale 1982). Physical environmental
parameters to which vegetation is exposed include climate, topography,
water availability, and soil and geologic conditions. The biotic
community stimulates competition between vegetal types, it provides soil
nutrition, and it may locally influence microclimates. Disturbance
events affecting vegetation can include those which are natural, such as
fires and droughts, and those which are human-induced, such as air

pollution, set burning, livestock grazing, and logging. These events or
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alterations in the environment can make available new resources and
haebitats and éan. induce silort— or ‘long-term a'lterv'ations in species
coméosition, deiaending upon the duration of the distqrbanée and its
intensity (Vale 1982).

Di-sturbances, natural- or human-induced, may create either
opportunities or stress in plant communities and in individual plants.
The physiological impact of an environmental stress imposed on one part
6f a plant often not only affects that particular part, but affects the‘
entire plant as well (Kozlowski 1979). Generally,' ﬁheri a plant is
stressed, it responds by slow'i'ng down or halting some of its physiologic

”processes.,' such as its growth. rate, reproductive rate, and/or

photosynthetic rate (Treshow 1970; Boyer 1973; Kozlowski 1979). An

individual plaﬁt's response depends upon the type and duration of the

event and the plant’s condition when the disturbance occurred.

Objectives of Study

‘Theré were three major objectives in this study. The first
objective was to determine the geographic extent or amount of area
affected by recent tree invasion. Because of all the seedlings and
saplings visible throughout the study area, it was suspected that the
invasion covered many hectares and had affected a substantial portion of
the ecotone. The second objective was to célculété the timing of the
invasion(s). It was suspected thaj: there were fluctuating intengities
of invasion over time. The final objective.was. to test the poss“ible
effect or probability that cert‘ain events caused the invasion. A

combination of causal agents, both human and natural in origin, were
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suspected to h#ve disrupted natural conditions in the study .area,
creatiﬁg an environment suitaﬁle er tree establishment. Some of the
’results of this study have been reported previously in Dandohgnd Hansen

(1990) .

* Previous Studies

There have béen numerous étﬁdieé investigating the response of
local ?egétatioﬁ to"envirbnmental -changes. In particular, many
researchers have focused on woody plant (trees in particular) invasion
into shrub or grasslaqu. :The reduction of grass and forb cover by
1ivgstock grazing has been frequently described as an important
pre;ursor for the invasion of trees into a shrub-grassland environment
(Johnsen 1962; Blackburn énd Tueller 1970; Vale 1981; Madany and West
1983; ﬁu;ler 1986; Taylor 1990). Grazers remove compeéiﬁg vegetation,
and as grazing intensifies, a decrease in the total number of plants
covering the soil surface may result. Animal hooves compact, scuff, or
. break up.the soil creating'new see&beds or may cause physical daﬁage to
the vegetation (Vale 1982). Livestock are also'selective feeders (Moo£e
et al. 1979) and as grazing intensifies, the preferred species decrease
while the less preferred flourish and dominate. If grazing is heavy and
occurs at a critical or stressful period in the plant's growth cycle,
plant vigor and reprbduction can be retarded. Moreover, the decrease in
leaf area due to grazing could prevent root growth and energy
agsimilation, Light to moderate grazing, on the other hand, c#n

increase some species' vegetative reproduction by encouraging tillering

(Vvale 1982).
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Livestock may also affect soil moisture regimes. Heavy grazing
can gignificantly decrease infiltration rates by dincreasing soil
compaction (Moore et al. 1979; Vale 1982). The reduction of understory
vegetation via grazing in forested areas can result in incréages in
evaporation rates and soil temperatures, and a decrease in soil moisture

(Whitman and Wolters 1967).
| Fir seedlings’ growth rates were found by Hedrick and Keniston
(1966) to increase when land was cleared of trees and then grazed by
sheep for a short feripd. Grazing eliminated. enough understory
competitors to enable tree seedlings to acquire adequate nutrition and
sunlight for better growth (Hedrick an&'Keniston 1966) . Rummell (1951)
found that ét one site, in the absence of grazing (and fire), the amount

of litter and vegetation on the ground was very high, inhibiting tree

seedling establishment. In contrast, at a second site, heavy grazing

was found to reduce the amount of understory vegetation and litter (and’

to some extent, fire) fesﬁlting in tree geedling invasion (Rummell
1951). Madany and West (1983) also found that the combination of
grazing and fire suppression led to a successful development of tree
stands. Where grazing had been heavy, and fires few, understory

vegetation was decreased and tree invasion occurred. On non-grazed

sites, where understory vegetation was dense enough to prevent seedling

roots from reaching the soil, tree establishment was minimal.
Undersfony vegetation in the non-grazed sites also appeared to out-
compete tree seedlings for nqtrients and soii moisture (Madany and West
1983). Barney and Frischknecht (1974) concluded that after a fi;é,

heavy grazing by domestic animals can have a great impact on the
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recovery of an area by reducing the vigor and cover of perennial grasses
thereby encouraging the invasion of sagebrush .and other shrubby plant

species. The livestock may even have aided in the establishment of Utah

juniper  (Juniperus osteosperma) by trampling the seeds and "planting®
them into ;hé soil (Bafney and Frischknecht 1974).

A.region's climatic regime is often cited in thelliterature as
havipg considerable influence on tree invasion. Freezing temperatures,
for example, when a tree is inadequatély cold-hardened, kill shoots,
injure the cambium tissue causing lesions and cankers, and can l;ill the
roots or the éntire plant (Treshow 1970; Kozlowski 1979)., At tﬁe“pther'
extreme, high temperature stress, occurring when temperatures reach thé
45° to 60°C range, can cause s;em lesions and. bark desiccation
(Kozlowski 1979). Adequate moisture conditions are also very important
. to the establishment ’and survival of any piant species. Water is
required for virtually.every asfect of 1ife processes and every chemigai
reactionf Ag the amount of water available decreases, the plant could
undergo physiological stress, limiting its metabolism; growth, and
reproduction (Treshow 1970; Boyer 1973; Kozlowski 1979). Depending upon
the specific eﬁvironmental conditions,‘periods-of tree invasion have
been noted to oécur in response to a variety of precipitation amoﬁnts
~and periods. Tree invasion along the lower forest border has occurred
.eifher during or after‘periods of above normal spring p?ecipitation
(Sindelar 19715. In contrast, a combination of below and above normal
precipita£ion.1evels has also been associated with tree estaﬁlishmgnt
- (Burkhardt and Tisdale 1976; Vale 1981; faylor }990). ‘For example, Vale

(1981) found undefstory vegetation vigor decreased when precipitation
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decreased. This then facilitated tree establishment once precipitation
levels increased iﬁ the less competitive environment (Vale 1981).

Fire has frequently been cited as playing a role in tree invasion
since it can greatly affect the natural chemical and physiological make—~
up of an environment. Soil properties such as infiltration rates and
erosion potential may be altered. There also can be changes in the
composifion of plant and animal species (Vale 1982). Barney and
Frischkneéht (1974) demonstrated that fire had the following impacts on
the local vegétation: " (1) crown cover, basal area, and number of
conifers increésed with the age of the burn; (2)‘trees did not rapidly
establish after a fire (as evidenced by the absence of trees in the most '
recent burns); (3) the amount of sagebrush and perennial grasses
decreased with time since the burny and (4) ground litter was lowest on
the most recent and the oldest burns. v

.The absence of fires has been shown to enable various conifers
phat_were once confined to rocky, non-burnable areas, to invade into
lese rocky areas (Sindelar 1971; Arno and Gruell 1983). Burkhardt and
Tisdale's (1976) research in Idaho also showed that the invasion of

western juniper (Juniperus occidentalis) into the sagebrush environment

was strongly related to the suppression of fires. Vale's 1977 research
in the Warner Mountains of California revealed similar results: the
establishment of certain trees coincided with the suppression of fire
and intensive livestock use.

Tree inyasion into grassland ecosystems has alsgo been referred to
as being a relatively new phenomenon in southwestern Montana. Bakeman

and Nimlos (1985) concluded after analyzing the development of mollisols
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under fir trees, that little vegetative change has occurred within: the
past three hundred years. However, due to redﬁctioﬁ éf fuels by
grazing, coupled with fire suppression, tree seedlings and saplings have
been encoufaged to establish within the older forest as well aslin the
rangeland (Bakeman and Nimlos 1985).

The impact of multiple disturbance events on the establishment of
plant species has been investigated by many scientists. Research
conducted by Blackburn and Tueller (1970), Sindelar (1971), Vale (1981),
and Taylor (1990) revealed that ‘the combination of grazing, fire
suppression, and a change in microcliméte disturbed the environment
énough for tree invasion to occur in each of their respective study
areas. In east—central Nevada, Blackburn and Tueller (1970) discovered
a strong relétionship between the invasion of pinyon pine . (Pinus

monoghzlia) and Utah juniper (Juniperus osteosperma) and periods of

overgrazing, fire suppression, and fluctuating precipitation regimes.
In southwestern Montana, Sindelar (1971) found that Douglas—fir invasion
was caused by a decline in the number of grazing livestock coinciding
with periods of heavy‘épring precipitation. The absence of fire in the
area allowed the trees to persist,

- Two periods of tree invasion in the Cascade Mountains of central
and . southern Oregon (Vale 1981) appear ;o have been affected by a
éombination\of‘the removal of sﬁeep (then grazed by.cattle or not at
alI)‘andgghanges-in precipitation (one.change was characterized by above
normal .precipitation and near normal spring temperatures, _and. the
second;..a sequence. of dry conditions followed by moist conditions).: The

abdence of fire. -also contributed, but to ailesser~degree‘(Vale;iQBL),
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Taylor (1990) found invasion periods in California's Lassen Volcanic
National Park was alsé related to combined variations in the local
‘climate, grazing intensities, and fire history. Most trees .established
once grazing was reduced or stopped, as Qell as when precipitation
levels were above normai. Again, the suppression of fires were found to
have allowed seedlings and saplings to survive-(Taylor 1990).

Few studies have related air pollution as a causal factor in tree
invasion. It has been documented,'however, that vegetation in clése
proiimity to or withinlurban areas may be subjected to various types of
air pollution, sufficient in Quantity or quality to cause physiological
stress and/or death (Kozlowski 1979). The potential impact that aif
ﬁol;ution has on the veget#tion is dependent upon levels.of pollutants
and  type of vegetation. Low levels of pollutants may not- have
éignificant effect upon the plants; Intermediate amounts, howe?er, can
interfere with the plant's physiology, reducing reproduction and growth
rates. and increasing vulnerasbility to insect or disease attacks. High
levels of pollutants,'dépending upon the tolerance of the species, could
cause increased mortality rates and a change in the local vegetation
composition: and structure (vale 1982). vResistance to pollution may
involve ithe plant's ability to prevent the uptake of pollutants, a rapid
incorporation of-pollﬁfants into less toxic products, or a’biochemical
resistance.. (Kozlowski 1979). The impact .of air pollution on an
ecosystem depends largely on the damage done to the dominant species.
Materna (1984) found ;hat if the dominant species are very sensitive;
thein deatthandg decay, may result in. space being..available for

establishment, of other, more tolerant plant species. '-An example:;of ‘this
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is the destruction of montane spruce (giggg sp.) forests which can be
replaced by birch (gggglg sp.) and'ash’(§g£hg§ sp.) trees; after a
disturbance (Materna 1984); |

Fiuoride; a byproducf of elemental phosphorus production, is an .
example of an air pollutant found harmful to the environment (Treshow
1970; Carlson and Dewey 1971): Such a pollutant is being produced at a
plant just south of the study area. Fluoride enters a plant primarily
through the stomata of the needles and leaves. Once inside the foliar
tissue, the fluoride is in a soluble state where it can accumulate at
the tips of conifer needles or leaf m.ax_'gins° causing tip.or margin
necrosis (Treshow 1970; Car;son and Dewey 1971). A reduction in
growth; reproduction, and photosynthesis rates may oécur with continued
exposure, especially during the plant's growing seasgon, and‘death'may ‘
~ follow (National Research Coﬁncil 1971). ‘

Some examples of. fluoride—£olerant or resistant plant species
found witﬁin this project's study area, similar'to those listed by the
National Research Council (1971), include junipers (Junigerus 8pp.) »
alfalfa (Medicago sp.), currants (Ribes spp.), and willows (sglig spp.).
Asters (Aster spp.), aspens (Populus spp.), end some grasses are
moderately tolerant, while Douglas;fir is considered susceptible to

fluoride. (National .Research Council 1971).
Study Area

Geography

The study site is situated approximately six kilometers west of

Butte and 16 km southeast of Anaconda,  Montana (Figure 2). The Deer




Silver Bow

Smeltero

Stack
A793m

Cresk

Co.

T1

LEGEND
@ Interstate
® sState Highway P
—-—County Boundar ~ T
] .y 3( o RAMSAY T
| { D Building % Tailing Ponds ' 46°
BT City % Mi Chglmlc;.alu 00N
own or Ui ine an
y i - BUTTE
=~ Mine Dump
20 | 2 3 4mues 5
SCALE I  p— 1 -
150 | 2 3 4KILOMETERS
1 - i,
. 112°45'W 112°30'W
Figure 2. Location of study area in southwestern Montana (Base from
U.S.D.A. (Forest Service). 1988. Deerlodge ‘National Forest:
ton, D.C.: U.S. Government

Forest Visitor/Travel Map. Washing
Printing Office).




12
Lodge Valley is to the northwest, and to the south, Interstate 90.
Encompassing nearly 18 km? of private land in Silver Bow County, the
gtudy area's boundaries were defined primarily by either ownership
accessiﬁility (northern and western boundaries) or by the absence of
older forest stands (éastern and southern boundaries). The study area
is bounded to the north by mountains with dense forests of
predominately Douglas—fir and Rock& Mountain juniper. The undulating
plains adjacent to the eastern and southern margins are composed of a
combination of cultivated land, shrubs, forﬁs, and grasses. This

rangeland does contain some widely scattered Douglas—fir and Rocky

Mountain juniper seedlings and saplings, but to a lesser degree than

within the study area. The landscape bordering to tﬁe west, an area
similar to the study site, is characterized by a predoﬁinance of shrubs,
forbs, grasses, and invading Douglas—fir and Rocky Mbuntaiﬁ juniper.

Elevafion.ranges between 2034 m in the northwest portion of the
study area to 1630 m in the . southwest. A series of low mountains and
rolling hills dbminatés (approximately -75 percent) the northern and
western portions, while ‘the southern and eastern portions have
relatively low local relief. Ninellocafibns throughout the study area
were. selected for intensive study. Site speéific variations in
location, aspect, . slope, ete. existed within each sampling site or

transect (Table 1).

Geology

The study area is composed predominately of Tertiary porphyritic
rhyodacites, common rocks found in the northern and western mountainous

regions. This unit is composed of plagioclase, biotite, hornblende,

rpe—
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Table 1. Site characteristics for each transect.

. _ Site Characteristics
Transect . Location Aspect "Slope Length Area

(m) (ha)
"1, SW.1/4 of Section 168 - - 13" 90 90

6, T3N R8W

2. SE 1/4 of Section: 40° - 10° 180 180
36, T4N ROW :

3. NW 1/4 of Section 306° 14° 260 . 260
18, T3N R8W : '

4, NW 1/4 of Section 183° 16° 80 80
1, T3N R9W

5. NE 1/4 of Section 240° 13° 190 190
11, T3N ROW :

6. NE 1/4 of Section  290° 12° 190 190

7. SW 1/4 of Section 145° 14° 190 190
-7, T3N R8W :

8. NE 1/4 of Section 196o 8° * *

.2, TSN ROW : :
9. NW 1/4 of Section - 80° - 6° 50 50

6, T3N R8W

# Not measured

quartz, and‘.pyroxene phenocrysts. Thickness of this unit wvaries,
be£ween 90 aﬁd 300 m. The plains consist of a mixture of alluviai~and
fluVial. materials deposifed in the early Quaternary feridd. The
alluvial deposits are uﬁconsolidated, stratified, and poorly sorted.
Fluvial deposits are also unconsolidated and stratified, 1ight-gra§ to
1ight*brown, and are ‘pqssible reﬁnants of a former' alluvial plain.
Deposits of sandstone‘ and siltstone are found in 'ihe ‘soﬁtﬁeastern'

portion of the study area. Underlying the region " and exposed in the
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southeast is the Boulder batholifh. It is composed predominately of
Cretaceous Butte Quartz Mbnzoni%e 'with some sﬁaller. déposité of
alaskite, aplite, and peématite. lThere are né faults evident within the
étudy area itself, however, several exist to the north and northwest

(Derkey and Bartholomew 1988).

Soils
Soils in the study area are quite varied. On the plains, loamy,
mixed, a¥idic-Arg£borolls and Haploborolls'aqd fine-loamy, mixed frigid
Ustic Torrifluveﬁts are the predominant soil classes found. These soils
are characteristically poorly to well drained, formed in alluvium, and
v;ry in depth (Soil Conservation Service study in progress). Little
soil development has occurred on the more rugged ;errain. Some areas,
such as rocky oﬁtcropé. are completely devoid of soil, while others have

a thin layer of coarse gravel underlain by igneous bedrock.

Climate

Wintér and summer. temperature ranges are extreme due in part to
the study area's éontiﬁéntal location; tempe¥a§ures of +34°C and -42°
have been recorded in Butte, Montana (Nﬁtional Climatic Data Center
1989)._7Air temperatureé range from an average -7.6° ¢ in January, to
17.1° ¢ in July, with an annual mean temperaturg'of 4.3° C‘(U;S. Wgathe:
Bureau 1895-1966; Environmental Data Service 1967476; Nationa1‘Climatic
Center 1977-83; National Climatic Data Center 1984-89). The frost-free
season is 70'days (Montagne et al. 1982). |

Preéipitat?on'ih nearby Butte averages 32.0 cm annually with a

late spring maximum (U.S. Weather Bureau 1895-1966; Environmental Data
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Service 1967-76; National Climatic. Center 1977-83; National Climatic
Data Center 1984-89). Most precipitation comes in .the form of snow in
fall, winter, and spring. Wintertime precipitation is associated
primarily with migrating mid-latitude cyclones. Total snow (and sleet)
accumulation averages approximately 137 cm a year (National Climatic
Center -1978—83; National Climatic Data Center 1984—85); Summertime"
rains are often in the form of relatively short convective thunder
showers. Precipitation, on average, is recorded on approximatély 107‘
days each year. Maximum precipitation occurs in June due to the
influence of northward moying maritime tropical air colliding with the
prevailing westerly ﬁlow (National Climatic Data Center 1989). On the
average approximately 5.7 cm of prgcipitation are received during June,
usually occurring as intermittent showers.

At times, warm mini-chinook winds move down the east slopes of the
mountains into the area, melting snow and enabling animals‘to graze on
the exposed grass. In contrast, very cold and dry arctic air masses

occasionally may flow into the region in mid-winter.

Vegetation

Vegetation in the area is composed of a mixture. of rangeland
grasses, forbs, shrubs, and a small variety of tree species. The
dominant tree species (which are expanding the forest—grassland ecotone)
are Rbcky Mountain juniper and Douglas—fir.

The -Rocky Mountain juniper (Juniperus scopulorum) typically

develops into a tall, narrow, and rounded-crowned tree {(Sudworth 1915),
growing to heights of approximately 17 m (Preston 1940). This

particular species has the broadest distribution of any North American
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western juniper. Its'distfibution includes the drier, lower mountains
and foothills of central'British'Coiqmbia and soufhWest Albéxta. to the
east side_of the Continentgl Divide in New Mexico (Fgwells 1965)., It
can be found in a wide range of elevations and is relatively drought
resigtant (Preston 1940), thriving in dri, subhumid or ﬁoist climatic
regimes. Any extended period of moisture st;ggs decreases the rate of
height and trunk diameter growth (Fowells 1965). The tree is moderétely
tolerant to intense light (Sudworth 1915) and therefore can be found in
pure open stands or in mixed forests (Fowells 1965; Burns 1983).

.Rocky Mountain juniper's extensive disfribution throughout the
Rocky Mountains Iand Great Plains is the result 'éf its ‘felative
adaptability to a variety of so0il types and conditions (suéh‘as those
&erived from basalt, ;imeatone. sandstoﬁe. and shale) and its effective
seed distribution via birds (Kirkwood 1922) and mammals. Fowells (1965)
found, however, that if the soil moisture and soil temperatufe regimes
are not adequate, proper tree development .will not occur. In general,
Juniperus species have been noted to invade borderiﬂg grasslands after
compe;ing vegetation is reduced, for e#ample by overérazing (Emerson
1932; .Jéhnseﬁ 1962; Fowells 1965; Blackburn and Tueller‘ 1970; West
1084). ' | | '

The second dominant tree species found in the study site, Douglas-

fir .(Pseudotsggg qenziesii), can also be found. throughout the
mountainous regions of the western United States and southwestern uesnada
(Porter 1964), on a variety of soil types (Fowells 1965). It may reach
‘heights of approximately 30 m, with a crown narrow apd rounded at the

top (Porter 1964). Climatically, Douglas-fif is found predominately
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within humid or moist, subhumid regimes.‘ This particular tree is
ﬁsually associated with a variety of ?ommon forest tree species due to
the fact that it is intermediately tolerant to competition from other
species; Douglas—-fir has also been noted to invade neighbbring
grasslands onhce previous plant inhabitanfs have; been removed by
ﬁisturbancé, such as overgrazing (Hedrick and Keniston 1066; Sindelar
1971; Butlexr 1986).

Douglas—fir establishment is. improved by partial shade and the
presence of litter, assuming the litter does not prohfbit sgeds‘from
reachiqg the éoil and doés not absorb most of the available moisture.
Seedlinés tﬁrive better in previously established forests (having twice
as.fast a grpwth rate) and in sites which have undergone selective
cutting than in an open and exﬁosed clear;cuf. Douglas—fir‘is more
shade tolerant than Rocky Mountain juniper (Fowells 1965);

Understory veget;tioﬁ‘ip the study afeg includes bdig sagebrush

(Artemisia tridentata), silver sagebrush (Artemisia cana), common yarrow

(Achillea millefolium), asters (Aster spp.), Idaho fescue (Festiuca

idshoensis), and rabbit brush (Chrysothamnus nauseousus).

The southern, gentlef sloping portion of the‘étudy area ié partly .
under cultivation. Some crested wheat (Agropyron sp.) and ryegrass
(Lolium sp.) are planted for cattle fodder, along wi;h alfalfa (Medicago
sativa) and hay. Mbsf of the uncultivated land witﬁin the study area is
to the north ‘and west, on the steeper slopes of the surfounding

mountains and hills, where the forest is most dense.
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Human—Related Activities

The area in which tree iﬁvasion has occufred is located in 'a
" historic miéing iégion. Butte, east of the study area, is underlain by
rich mineral deposits ané. until recently, was a center ‘of:~mining
.activities. Butte's legacy as one-of.fhe premier metal mining éamps,
began in the midf18605 wheﬂ shaliow placer gold deposits were found
albng Silver Bow Creek (Malone 1981). Eventually, the gold deposits
were exhausted and the population decreased. Then in 1874, silver was
discovered, and once again Butte became a thriving community. ' In 1882,
éopper.mining:and‘feiatéd;;cfiyities began to dominate the 1andscapeland
have-coniinued until recent times'(Wyckoff and Lageson 1989). -With the
‘ﬁining industry; came leaders 1iké Wiiliam A.-Clafk.from Pennsylvania
and Marcus Daly from irgland (ﬁbl;ne,1981). Their contributions to the
settlement. and developmeﬁt of séuthwestern'Mbntana are legendary (see
Glasscock 1935; Marcosson 1957; Malone 1981). As the number of settlers
increased, the demands for food, lumber, and land also increésed.
putting immense pressures on the physical environment.

In 1883, Marcus Daly built the town of Anaconda along Warm Springs
‘Creek, approximately 28 km northwest of Butte, in a valley to tﬁe west
of Deer Lodge Valley (northwest of study area). There, he cénstructed
copper smelters for his Butte mines (MacMillan 1973; Malone 1981).
Anaconda's "Yore sﬁeltingi.kingdom" lasted until 1980° when the last
smelter was closed and dismantled (Vine 1983). During the time smelters

were active, the Butte/Anaconda area went through decades of unregulated
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emissions of toxic substances that were found to harm plants, animals,
and humans. MaéMillan noted: |

In the normally clear and br;cing atmosphere the smoke stream,

pouring out of the stack a thousand feet above the valley, could

be seen trailing northward down the Deer Lodge Valley for thirty
miles towards the town of Garrison, or often flowing eastward

toward Butte, or swinging around to the south and sweeping up Mill

Valley and filling the narrow ravines leading down from the

Continental Divide fourteen miles away (MacMillan 1973, 120).

At least seven copper ore smelters were operating in nearby Butte
and Anaconda in the early 1880s. At times, the smoke plumes were so
thick that they blotted out the sun. People living in Butte, Anaconda,
and the Deer Lodge Valley complained of vomiting, troubled breathing,
nose bleeds, dand other ailments caused by inhaling the sulphur-tainted
smoke (MacMillan 1972, 1984). Mortality rates were high not only for
mine workers, but for the rest of fhe,populace as well. The local
vegetation and livestock were also thought to have bgen'injured and/or
killed by the emissions from the smeltérs (MacMillan 1973).

Haywood (1907, 1908) studying the impacf of sulphur dioxide upon
the local vegetation, found that althdugh the damage decreased with
increased distance from the smelter, suiphur dioxide damaged the forests
as far away as 32 km north, 13 km south, 24 km west,.and an indefinite
distance east of the smelter in Anaconda. In 1908, Swain aqd Harkins
sampled the vegetation in the Deer Lodge Valley and surrounding areas
for arsenic ana copper after it was discovered that local livestock
became ill or died shortly after a new smelter was constructed. Their
results indicated that the smelter smoke wgs.transporting toxic met;is

into the .area, and these metals were then accumulating in the tissues of

local vegetation (Swain and Harkins 1908).  As might be expected,
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concentrations of trace elemeﬁts such as arsenic, cadmium, lead, copper,
and zinc were found to decrease away from the smelter stack. The
topography and prevailing wind patterns were thougﬁt to have influenced
concentration levels (Tetra Téch 1987). 1In a study carried out by the
Air Quality Bureau (Raisch et al. 1979) in Deer Lodge and Silver Bow
Counties, human mortality rates from lung disease, cerebrovascular
disease, and respiratory cancer were found to have increased between
1968 and 1973. The study contributed theée diseases to continuea air
pollution emissions from nearby smelters (RAisch et al., 1979). And,
just before the smelter closed inﬂAnaconAa in 1980, the air quality of .
the Butte/Anaconda area was tested. It was discovered that federal and
. state standard levels of suspended particulates were exceeded for
generally all the areas sampled (Gelhaus 1981).

There are still scars on the landscape from the mining era:
abandoned steei hoist frames, smoke stacks, company buildings, tailing
piles, settling ponds, open pits, and changes in the natural biotic
community (Renewable Technologies 1985). Silver Bow Creek (south of
study area) is so polluted that the Environmental ‘ll’rotéction Agency
declared a large portion, from Butte to the Warm Springé settling ponds
(northwest of study area), an ecological disaster—--a biological desert
(Weisel 1972). |

Posing potential past, present, and future environmental problems
to tﬁe invasion site aﬁd its surrounding region is t#e Rhéne—Poulenc
Chemical Plant, immediately south of the study area (see Figure 2). It
began producing elemental phosphorus in 1951 (Schwennesen 1976). The

effects of this facility on the local environment have been noticeable.
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Fluoride, a byproduct of phbsphorus production emitted in'the smoke,

 causes serious health problems in local livestock. Some cattle, after

eating fluoride-tainted vegetation, became ill, developed fluorosis, or
fluoride poisoning, lost teeth, and died as a result of contamination.
Windows in Ramsay (just south of study area) have been perﬁanently

clouded by chemical etching. Conifers, grasses, and shrubs growing 10

" km downwind of the plant and up to five kilometers in lateral directioms

ﬂave élép being‘gffected (Schﬁennésen 1976).

Since 1975, the Environmental Studies Laboratory at the University
of “‘Mo_ntaﬁa in Missoula has been monitoring the 1levels of fluoride
aécumﬁlating in vegetaiion‘surrounding the phosﬁhorug plant (Steffel and
Losher 1979). Several locations near the plant and to the northwesﬁ
(including a site just inside this research's study area) were sampléd.
Their findinge show that the emissions from the phosphprus plaﬁt had
bgén-a&versely affecting the local enviroﬁment.since it began production
in the early 1950s. Abproximately 50 percent of théngrasses, 70 percent
of the shrubs, 90 percent of the trees; 70 percent of the conifers, and
40 perceﬁt of the domesticated plants were found to contgin levels of
fluoride exceeding the state standardlof 35'parts'per.million (ppm)
(éteffel and Losher 1979).

Logging has never been a major economic activity within the study
region except for small areas in.the northwest in the early 1900s.
Currently, only minimal cutting occurs for home fuei or for fence posts
(Ueland 1989).

Crazing of domestic animals, such as cattle,‘horses, mules, and

sheep, has occurred within‘the study area over the past 100 years. In
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the early 1900s, movement éf sheep, horses, cattle, and mules in herds
was common in the narrow zone where the interstate.highway now crosses
the study area. The.animals were allowed t§ range freely while they
were herded to market. This practice halted when the current landowners
built fences. A trail traversing the southérn portion of the study area
was used for -transporting goods and travellers Eetﬁeenﬂ Butte and

Anaconda (Ueland 1989).
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METHODS

Mapping and Measuring Tree Distribution

A quaneitative, spatial aeaiysis of the extent of recent tree
invasion was made wusing 1954 and 1979 black aﬁd white aerial
photographs. The seiection of air photos was based on the quality and
availability of imagery. Areas with 15 percent or greater‘tree crown
closure were identified (using transparent density seale overlays
adjusted to the appropriate photo scale) and delineated on both sets of
photographs. Shadowed areas (making trees undistinguishable) were not
used. Fifteen percent crown closure or geeater was choeen to keep the.
mapped invesion boundaries as close to the forest-grassland ecotone as
poésible and for easier tree-identification and delineation on tﬁe
photographs. Because the photographs were at different ecales, areas
delineated on the 1954 photographs (scale = 1:37.460) had to be
enlarged, using a Saltzman projector, to the same scale as the 1979
photogrephs (scale = 1:16,000), for eaeier cemparison.

Once. areas occupied' by trees had been delineated, a mep was
constructed 111ustrat1ng changes in tree coverage over the 25 year
period. Areas w1th. trees  found only on the 1979 overlay 1nd1cated
increased tree coverage since 1954. Tree cover was then digitized using
the computer program Sigma ScanQ3.10.(Acker and Mitchell 1987), and tﬁe
total ereal coverage was calculated using the computer "panograph"

program, Lotus 1-2-3 (Posner et al. 1983). The differences’ (increases)




24
in.tree cover were then calculated by subtracting the areal amount of
" cover found to be simiiar on both the 1954 and. 1979 photogrépﬁs from
that found only on the 1979 phdtographs. |
The methods used to' determine biogeographic change within the

study area had several drawbacks that may have affected the.acéuracy of
the results. First, in the delineation process (tree crown cover 15

percent or greater), the transparent density scales had to be

ﬁhotographically reduced or enlarged to adjust to the scale of the

'photograﬁhs. This could have distorted the scales causing

interpretation effor. Other sources of error were the possible tilt,

displacement, and distortion inherent in the 1954 and 1979 aerial .
photographe. These sources of erfor causéd features on the photographs

not to register as precisely as would have been ideal when the 1954
overlay was ;nlarged (using the Saltzman projector) to the scale of the
1979 photographs (scale = 1:16,000). If it had been possible to use

aer1a1 photography and crown closure overlays of the same scale without

having to reduce or enlarge, some of the error could have been
éliminated. Finally, because areas within the forest stands that had
been recently invaded (evident by increased forest density) were not a
' major-focus of this study, and therefore not measured, there coﬁl# have
been an underestimation of thé.amount of biégeographic chﬁngg within the
study area. Factors causing invasion into the grassland were probably

effective in the open forest stands as well.
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Determining Periods of Ecotonal Expansion:

In'brdér to detefmiﬁé'the'periods.of recent invasion,’the second
.oﬁjective of tﬁis sfu&y. an age structuré énaiyéis was conducted using
fiel@ and laboratory techniques (sumﬁef and fall, 1989). The locations
of the individual sampling transecfs for age structure analysis were
chosen in order to sample within the older forest and in the invasion
area. This selection allowed a better bverall picture of trends or
periods of establishgént.to be detecte&.. The mosaic patterns of foreéf
cover prevented é complete randomization of site selection, and cqupled
with the fact that fhe region was frivately owned; the precise location
..éf each_transect,depended on both access permission from the individual
landowner and on thé'presencésof iﬁvasion{'Care was“taken, hqwéverq fo
be.as ﬁon—objectivé as poésibie in the selection of transect positions.
The number of'transecﬁslsampled depeﬁded both on the length of the field
‘geason and on céllgcting. an adequate sémplé sizé for statistical
#nalysis. .

Nine transects were sampled? each beginning in older forest,
upslope of the invaded grass—;hrubland ecosystem, and extending
downslope, through the area of invasion and into the shrub and grass-
dominated ecosystem (Figure 3). .The length varied depending qpon-the
extent of trees into the grassland. Each transect was 10 m wide.

Trees larger than four centimeters in diameter at thé base were
cored to determine age, at approximately 20 cm above the ground. Care
Qas taken to reach the Eéntef of the tree. This 20 cm coring height was
as close to the ground as the increment borer's handle would permit.

Trees less than approximately four centimeters in diameter were measured




LEGEND SCALE CONTOUR INTERVAL 80 FEET
.2 Transect 25 ) 75 jMILE (APPROX. 24 METERS)
—» Aspect h
o Pond O 25 .50 .75 IKILOMETER

Figure 3. Location of individual transects within the study area.
Arrows indicate direction of downward extent (Base from

U.S.G.S. 1978. Butte North S.W. Quadrangle, Silver Bow
County, Montana, 7.5 minute series.).
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only for height because the coring device caused extensive damage
(splittiag) of the trunk. .Species identifications were made on all
trees in each transect. To help determine a more accurate tree age; a
training sample of trees, varying in species, height, and widtﬁ. aas
selected inside each transect. This training sample was composed of
cross sections of treea cut as close to tae ground as possible and at 20
cm. Eigat transects were sampled in such manner. The niath trapsect,
however,'pas sampled by only cutting down.trees in order to increase the
number of trees within the training sample and to improve statistical
calculations. All tree cores were taken to the laboratory where they
were mounted on & ﬁood base and sanded. Cross sections were made of the
cut trees (at zZero centimeters and at 20 cm)'and sanded to expose annual
growth rdngs. The exact number of tree rings within each sample-were

eounted with a 10X microscope. |
Us1ng the tra1n1ng (cut) sample. probable growth rates for each
tree species were determlned by calculat1ng the number of years for a
tree to grow to coring height (20 cm). However. because of 1naccurac1es
in assuming alconstant growth rate for all trees to grow to coring
‘height (Haxper 1977), a model designed by Hansen et al. (in progress)
was utilized to apply the varying growth rates to the core-determined
tree ages. These rates were then applied or "smeared" onto the core
ages by sPecies, to produce a probable distribution of when treeS‘aost
likely became established (for the exact‘formula and methodology, see
Appendix A). These individual tree probability distributions were then
weighted by the re1at1ve frequenc1es of the core—determlned tree ages

and comb1ned into one data set for each transect ut111z1ng a statistical
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process known as convqlution (Hansen et al, in progress). In order to
increase t'he sample size and to create a regional history of the timing
of the invasions, all of the inc_lividual. trénsects"- . probability
distributions were combined into one large data. set. A »gfaph was
developed to display the probability or strenéth of invasions over time
'ﬁéihg this combined data set.

Testing t;he significance of the various peaks in the regional
invasién g;aph is not possible at this time but is under further
invesfigation (Banfield 1991)‘. Because of this. no statistj.cél tests
could be conducted on the pdssible relationships between the ‘pe’aks in
the invasion graph and‘the various causes of :'L‘r‘zvasion.addressed. in this
sgtudy. All results and cénclusic;ns were therefore based. on visual

comparisons and, to a smaller extent, on the current literature.

" Causes of Invasion

The third and final objective of this investigation was to
deter.mine fhe disturbance events that induced the biogeographic changes
that occurred within the study area. Studies of tree invasion by Vale
(1982), Arno and Gruell (1986), Taylor (1990), and Hansen et al. (in
progress) indicate that climatic varial_aility. firg suppress;i.on. and
domestic livestock grazing had caused chaﬁges in the environment that
"induced tree invésion.. Based on t;_heir fi‘tidings. s:imilar causal factors
vere addresst_ad in this study. The region'’s mining and 1;gging histories
and the possib;le effect of air-borne pollutante on fhe local vegetétiéh

vere algo addressed, but to a lesser degree.
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Climatic Data

Temperature and 'precipitafion are seasonally critical to the
germination and survival of vegetation (Treshow 1976; Kozlowski 1979),
and, therefore, averages of these variables over a 94 year period (1894~
1988) were calculated on a seasonal time scale: spring (April—Jupe);
. summer (July-August); fall (September-October); and winter (November-
March). Clustering of monthly climatic data was based partially on
techniques utilized by Hansen—-Bristow et al. (1988). This climatic
information was obtained from the United Stateé Weather Bu;eau.weather
gtation in Butte, the closest. station to the study area. Because
differences in elevations and site locations are minimal between the tw;

areas, it is assumed that the climate histories are comparable.

Fire History

In order to establish a fire history of the study area, all cores
and cross sections were analyzed for fire scars. Landowners were
interviewed and previous studies in southwestern Montana were also

reviewed for both a site specific and a general regional fire history.

Land Use History

Livestock grézing, logging, mining, and agricultural histories
were reconstructed for the transects in the study area by interyiewing
landowners and by using a written questionnaire »ksee Appeﬁdix ﬁ).
Information obtained included: (1) the type of domestic animals grazed
(cattle, horses, or sheep); .(2) the approximate number of animals grazed
each year; (3) the years each type of animal was grazed and the

duration; (4) the sites of logging activity; (5) the timing and
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varieties of mining activities that may have occurred; and (6§ the
amount and type of agriéultural activity'praéticed in the area. Since
the étudy area was entirely on private land, grazing permits and grazing

allotment records did not exist.:

Measuring Effects of Pollution

The dimpact of air-borne pollutants on the local vegetatidn was
addressed briefly in fhis because of the large amount, and therefore
probable importance, of smeltering, _chemical production; and otﬁer
related ac;ivities that océurred in this. area. Previous Astudieg
conducted both iﬁ the ﬁicinity of the Emelters and chemical flaﬁt. and
elsewhere, were reviewed. However, 'actuai tésting of the soii,
vegefation, and other éspects of the environment for toxic substances

was not carried out in this study.
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RESULTS

The Geographichagnitude of Tree Invasion

The map of tree cover in 1954 and in 1979 (Figﬁre Ai delineates
areas having 15 percent or greater tree crown cover. During this 25
year'period; at least 320 hectares (792 acres), or 35 péréeﬁt of the
éhrubfgrasslénd;.have beén invaded by_Douglas—fir and Rocky Mountain
juniper. This amquntviliﬁst;éteé only the incréas; in tree coveragé'

: having.occurred along the lower forest edge.

Periods of Invasion

0f the 435 trees which were either cored or cut down throughout
the study area, 292 (67 percent) were Rocky Mountain juniper and 143 (33
perceﬁt). Douglas—fir. Using the training sample (98 cut trees), a
probabilify wés developed of the number of years for each tree to grow
ffomy ground level to 20 cm (Figure 5). After applyiﬁg. via the
proﬁability function (see Methods), these probable growth rates onto the
agés at coring height (see Appendix C), a prob;bility time curve was
created illustrating the strengths of tree éstablishment or.invasion
periods for each individual transect (Figures 6 th?ough'Q). The heights
of the ;urves above each date are an empirical estimate of the
probabiliéy that a tree, independent of species and randomly chosen from
that particular transect, would have germinated in that yeér. Taller

peaks illustrate a stronger probability that an invasion occurred.
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Extent of 15 percent or greater tree crown cover within the
in 1979. The net gain of trees (due

study area in 1954 and
is clearly illustrated by the areas labeled as

to invasion)
only having tree cover in 1979.

Figure 4.



Probability (%;

obability (%)

Figure 5.

Year

Year

Probability of the number of years required for (@ Douglas-
fir (n = 23, x = 4.6, s = 1.9) and (b) Rocky Mountain juniper
(n =75, x =58, s=3.2), to grow from ground level to
coring height (20 centimeters).

Also the number of trees sampled at a site regulates the strengths of

the peak. For example. Site | (Figure 6a) has a sample size of 18 (see

Appendix C), producing small peaks in the graph, whereas Site 6 (Figure
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Figure 6. Probable distribution for Site I (@ and Site 2 (b).

8b) has definite, pronounced peaks due to the larger sample size (124
trees). (There is no graph for Site 8 because it was used as part of
the training sample described in Methods). The data were then combined

to form a regional invasion history (Figure 10). It appears that there



Year

Year

Figure 7. Probable distribution for Site 3 (@ and Site 4 (b).

were two distinct periods of regional 1invasions centered on the late
1940s to the mid-1950s, and the late 1960s and early 1970s.

Because of the inaccuracies found in assigning ages to trees based
solely on their height (for those too small to core) (Harper 1977) and

because of the different technique used in determining the ages of those
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Year
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b.it
:
1800 1850 1900 1950
Year

Figure 8. Probable distribution for Site 5 (@ and Site 6 (b).

trees cut versus those cored, the more recent invasions (if any) after

the 1970s did not appear on the invasion graphs. However, it should be

noted that there are many seedlings and saplings scattered throughout

the study area at this time (Table 2).



<
S
>
=
=
©
Q0
o
S
o}
Year
S
>
=
=
©
0
&)
S
o}
Year

Figure 9. Probable distribution for Site 7 (@ and Site 9 (b).

Disturbance Factors Influencing Invasion

Climatic Factors
In all seasons, the area"s precipitation regime can be

characterized as having cyclic periods of drought followed by several
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Year

Last data
point

Figure 10. Probability distribution that any tree became established or
invaded during any particular year. Decline
early 1970s due to sampling technique (see Methods).

Table 2. Number of seedlings and saplings (too small

core) found in each transect.

Transect Douglas-Tir
I. 2
2. 126
3. 21
4. 6
5. 63
6. 124
7. 21
8. NA
9. 24

Total 386

NA = No data available

years of above average precipitation.

Juniper

17
16
2

6
15
40
75
NA
7
179

in graph after

in diameter to

Total

19
142
23
12
78
164
96
NA
31
565

In the spring (April-June)

(Figure 11a), these Tfluctuating moisture conditions are most obvious

between the late 1920s and

the late 1960s c¢ind early 1980s.

late 1930s,

the late 1940s and mid-1960s, and

In summer (July-August) (Figure lib)
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the cyclic pattern 6r'f1uctuations became extreme between the early
' ;8908 and late 1§00s° the late 1910s and mid-1920s, the mid-1920s and
mid—19403;'the early 1960s and 1§te 1970s, and the late 1970s and late
'1980s. The periods of drought followed by increased'p?eciéitation are
more | noticeable when observing £he fall (September—October)_
precipitation graph (Figure 12a). The‘cfcles are most qbviéus between
the éarly 19608 and early 1916s, early 1910s and 1até-19103, the late
1910s and late 1940s, and the late 1940s and late 1970s. Andzfinally,
analyzing the average énnual winter (November-March) precipitation data
(Figure 12b), similar moisture fluctuations wére found between the late
1890s and late 1910s, the late 1910s and late 1920s, the late 1920s and
late 1930s, an& the early 1950s and early 1970s. Buttg’s temperature
patterns showed some obvious periods of warmer temperatures followed by
cooler tempérétures. Thie is especially noticeable after the late 1920s
when average annual spring temperatures ' (Figure 13a), after, reaching a
high of approximately 11°¢ in the>1ate 1920s, steadily declined until
the late 1960s, before a warming trend began in the early 1970s. Tﬁe'
pattern is evidgnthfor summer temperatures (Figure 13b) étartingfin the
early 1930s and continuing until ;he‘early 1980s. The fall temperature
regime (Figure 14a) caﬁ be characterized as having a gradual decline in
temperatures. Finallyb winter temperatures (Figure 14b) declined from
approximately -2°C in the early 1920s, to —6°C in the late 1940s, and

remained relatively low throughout the rest of the climatic record.
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Figure 11. Spring (@ and summer (b) precipitation data (smoothed and
not smoothed) from 1894 to 1988 for Butte, Montana (U.S.
Weather Bureau 1895-1966; Environmental Data Service 1967-
76; National Climatic Center 1977-83; National Climatic Data
Center 1984-89).

Fire History
An analysis of the tree cores, cross sections, and interviews with

landowners produced no evidence of fires having occurred within the
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Figure 12.

Al

Year

Fall (& and winter (b) precipitation data (smoothed and not
smoothed) from 1894 to 1988 for Butte, Montana (U.S.
Weather Bureau 1895-1966; Environmental Data Service 1967-
76; National Climatic Center 1977-83; National Climatic Data
Center 1984-89).

study area since the late 1800s. None of the older trees (dating to the

mid-1880s)

showed signs of Tfire damage. After studying fire-scar

sequences on old-growth trees and historical photographs in southwestern



Figure 13.

42

Spring (@ and summer (b) temperature data (smoothed and not
smoothed) from 1894 to 1988 for Butte, Montana (U.S.
Weather Bureau 1895-1966; Environmental Data Service 1967-
76; National Climatic Center 1977-83; National Climatic Data

Center 1984-89).

Montana, Arno and Gruell (1983) found that before the early 1900s, the

mean Tfire

between 35 to 40 years. These previous fires were most likely

intervals for Douglas-fir forest-grassland ecotones ranged

natural,



Temperature (Celsius)

Temperature (Celsius)

Figure 14. Fall (@ and winter (b) temperature data (smoothed and not
smoothed) from 1894 to 1988 for Butte, Montana (U.S.
Weather Bureau 1895-1966; Environmental Data Service 1967-
76; National Climatic Center 1977-e3; National Climatic Data
Center 1984-89).

however, some may have been set by Native Americans. Arno and Gruellils
(1986) Galena Gulch study area near Boulder, Montana, (where a similar

conifer 1invasion occurred), had been burned intermittently prior to
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settlement and the establishment of ranches in the late 1880s. These
settlers allowed the area to be overgrazed by livestock and then logged
(Arno and Gruell 1986). Madany and West (1983) found that without
frequent periods of fire and domesfic grazing, tfeeA invasion was
hampered by the dense development of understory vegetation.  The
reducfion‘of non-tree species by grazers decreased the amount of ground
fuel available for natural- or human-induced ground fires (Mh&any and

West 1983).

Grazing History

Livéstock grazing within the study area began in the early 1900s
(Table 3). waevé;,-becausé of landownership patterns and therefore
varied grazing‘préctices, the study area hés been divided, virtuélly by
a fence, into a western half and an eastern half. Bétwéen 1920 and
1930, the western half (see Figure 3) had-at least 200 gfazing horses.,
By the early 1950s, the numbers had risen to 600, along with the
addition of 50 cattle. Due to a short market demand for horses, tﬁeir
numbers dwindled to'approximgtely 25 by 1950, while cattle numbers fose

to 100. Today, there are between 5-10 horses and less than 100 cattle

_grazed seasonally throughout the western portion of the study area

(Craddock 1990). 1In contrast, the eastern half has been continually

grazed, prédominately by cattle, since the early 1900s. This portion of

‘the study area was a dairy farm (exact numbers of livestock not known)

until the current landowners began acquiring the land in the '1930s or
1940s (Ueland 1989) and began raising beef cattle. Until more recent

times, an average of 300 cattle grazed, predominately, during the summer




Table 3. General grazing history for the sfudy area baséd

and questionnaires.

on interviews

Transects . Livestock g
Cattle Horses . Sheep
East: 1. Pre-1900-1989 Pre-1900-1954 NA
3, Pre-1900-1989 Pre-1900-1959 1900-40s
6. Pre-1900-1989 Pre-1900-1984 NA
7. Pre-1900—-1989 Pre~1900-1954 NA
9. Pre-1900-1989 Pre-1900-1984 NA
West: 2. Pre-1900-1989 Pre-1900-1959, 1965-69 NA
4, Pre-1900-1989 Pre-1900-1954, 1965-69, NA
- 1975-79, 1985-89 . _
5. Pre-1900-1989 1905-89 - NA
8. Pre-1900-1989 1905-54, 1965-69 NA

NA =.Nb data available

season (Ueland 1990, 1991). Presently there are approximately 1000
cattle and 15 horses grazed seasonally (Veland 1990).

The grazing of sheep has never been extensive nor has it been

commonly practiced throughout the study area, except for brief periods

in the northwestern portion during the early iQOOs and in the southern
portion until the 1940=. Concurreptly, the southern portion was grazed
by horées, cattlé, and mulés as they were left to range'freely'or were
driven to livestock markets in the late 1800 and mid-1900s (Crad&ock
1989; Ueland 1989, 1991). Although the exact number of these animals is
not known, it is suspected that there might have been somé periods‘of
heavier grazing than normal (in other ﬁords, a substantial amount of

vegetation removal, goil exposure, etc.) (Ueland 1989).
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Logging, Agriculture, and
Local Mines

Minor, small-scale logging Qas carried out in the northwest
portion of the study area at the turn of the century. A,feﬁ écattered
stumps are irisiblé in‘fhis area, surro;:ndeci by old and new growth,
Since then, some érees have beén cut for fuel and fénqe posts or dug—ﬁp
for ornamental use in landscaping by landowners. The impact of these
acti#ifies is qqite minor, most likely not affecting trée invasion¢
There are also areas on the southern plains where'irrigated alfalfa,
hay; ¢rested wheat, and ryegrass are currently‘grown (Ueland‘1989).
Thére is also éviéenéé of abandoﬁedn small-scale placer mines juét‘north

of Interstate 90 (southern portion of study area, see Figure 2).

Air-borne Pollution

Few studies investigated the possible impact of air-borne
éollutants on vegetation in fhe study'area; Also, since an in depth
investigation was not carried out in this.particular reéearch project,
no conclusions can be made as to the influence the smelters or chemical
plant might have had on the periods of inﬁasion that occurred within the

study area..
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DISCUSSION

Geographic Magnitude

Thirty-five percent or 320 hectares of the shrub-grassland
surrounding the older forest cover in the study area has beeﬁ recently
inyaded by Douglas—-fir and Rocky Mountain juniper. This is a
substantial amount of biogeographic change over a relatively short
period (25 years) and demonstrates the impact disturbance events have on
the natural environment. Most of the invasion appears to have occﬁrréd
on north and northwest facing slopes, particulérly in the northern and
western portions of the study area. It was in these same areas that
seasonal grazing of cattle and horses (and sheep for a shoft'period of
time)’ was practiced, gnd-where the older forest cover predominapes, In
poftioﬁs of the eastern and southern sections, which were.reither
recenfly or historically under cultivation, less measurable invasion is

evident.

Timing of Invasions

The periods of Douglas—fir and Rocky Mountain juniper invasion
occurred du;ing éwo distinct time intervals. During:these pgriods (late
19408 and mid-1950s8, and 1afe 1960z and early 1970s),'tree estabiighment
was distinctly greater (indicated by the heigﬁt of‘thé cur?e in Figure
10) than in érevious years. The apparent lack of establiéhment of trees

in the data after the early 1970s was due to sampling and analysis
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techniques and not the absence of trees. The ecosystem was still in an

unstable stage because continued tree establishment is evident.-

Causes of Invasions -

It appears that there were several probable causal agents or
disfurbance events, perhaps working in combination, creating an unstable
forest—grassland ecotone in the study area. The combination of short-
term élimatic changes and variations in the intensity éf livestock
grazing méy have disturbed the environment sufficiently to allow for
invasion. Similar responses were noted by Blackburn and Tueller (1970),
Sindeiar (1971), Vale (1981), and Taylor (1990), as mentioned in the
Previous Studies section. Also, fire suppréssign may Eavé allowed the

trees folldwing germination to germinate.

Climate

Fluctuating‘.precipitatiop regimes have been considered an
important causal agent in the tree invasion process (Blackburn and
Tueller 1970; Sindelar 1971; Vale 1981; Taylor 1990; Hansen et élo in
progress) and appear to have some influence on ﬁhe tree invasion within
the study area as well., Similarities 5etween precipitation and the
timiﬁg -of ‘régional invasions were most pronounced when a visual
comparison was made using spring (April-June) data (Figure 11) (see
Appendix D for comparisons between the other seasonal climate aata and
regional invasions). The years betweep the late 1920s and late 1930s,
the mid-1940s and mid—1960sn and thellate 1960s and early 1980s are all‘
characterized by a decrease in spring precipitation foilowed‘ by a

substantial increase. It appears that the invasions occurred once the
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drought ended and the precipitation increased. A similar climatic
péttern was also noticeable between the late 1960s'and early 1980s;
however, due to a different sampling technique, tree invasion was not
quantified (see Figure 10) during this period. Similar responses of
invasion following periods of drought and then iﬁpreased moisture were
noted by Vale (1981) in Oregon, Taylor (19905 in California, and Hansen
et al. (in progress) in Montana. During drought, vegetation responds by
wilting, decreasing photosynthesis and growth rates, and suppressing the
formation of reproductive organs (coﬁes and flower buds) (Koz;owski
1979). The less tolerant plants ﬁay even die. éeeds, however,
especially those of junipers, can be resistant to drought. Viable seeds
buried undef the soil surface may survive long dry periods and germinate
once moisture levels increase (Johnsen‘1962). Once_moisyer conditions
return, mature and older plants' pre-drought physiological proceéses may

return. In newly opened areas (perhaps opened by grazing)'in this post-

_drought environment, Douglas—fir and Rocky Mountain juniper seedlings

may have become established or the surviving trees may have established
dominance. Weaver and Albertson (1956) found grassland vegetation
compogition did become altéred after a period of drought. During dry
periods, species adapted'to variable climatic conditions were able to
become dormant or semi-dormant; those species less drought resistant,
wilted or died. Overgrazing occurred on rangelands seriously impacted
by the drought. After the precipitation levels retqrned to normél, the
vegetation slowly began to recover (Weaver and Albertsom 1956).

No obvious correlation exists between periods of regional tree

invasion and annual temperature fluctuations. However, in Oregon local
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temperatire fluctuations have been mentioned as having a role in tree
esfablishment (Vale 1981). Vale's research revealed that a period of
warm temperatures, coupled with low moisture levels, may have

contributed to tree invasion (Vale 1981).

Ei‘.!‘:_e_ . -

Based on the tresults of the reconstructed regional fire history,
there ‘has not been a natural- or human—inducéd fire wit;.hin the study
area since the late 1800s. In other areas, fire has been cited as being
responsible for the main_tenance of grasslands and forest, sovm;:ch 80
that £he repression of. these burns trigéered tree invasion (Jameson
1062; Wellner 1970; Vale 1981; Arno and Gruell 1983). Burkhardt and
Tisdale (1976) conclude that fire was an important environmental factor
in :southwestern Idaho before European settl-e;nent. Grazing, <tra:i.1s,
roads, fire prevention programs (Burkbardt aﬁd Tiéd_ale 1976), end
cultivation have led ‘to the decline in fires throughout the western
United States. Therefore, it can be assumed that without the periodic
fires of pre—Euro,peap settlement time, tree seedlings have a bgtter
chance of sﬁrviving.in the older forest and in the gfaséland ecosysten
once environmental conditions have beén aitered b.;y. other facfors

favoring tree establishment.

Grazing

Moderate to heavy grazing, as well as the selective nature of
domestic livestock grazing, may have contributed to the invasion of
Douglas—fir and Rocky Mountain juniper into the -grassland ecosystem

within the study area. Similar results were found by Johnsen (1962) in
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Arizona, Blackburn and Tueller (1970) in Nevada, Madany and West (1983)
in Utah, Butler (1986) in Ideho, and Taylor (1996) in California.
Although grazing practiceé varied between the eastern half and western
half of the study area, there did not appear to be obvious discrepancies
between the individual transect's probability' distributions (see_
Results) found in each half. In other words, there appears to be no
localized differences between when trees became establishéd and the
intensity or type of grazing pracficed. This may be due to changing
livestock densities over time as current landowners purchased or sold
land parcels (Ueland 1989). |

In the western portion (see Figure 3), the increased number of
grazers in the late 1920s and early 1930s may have assisted the initial
éstablishment of seedlings. Neve?theless, it was not until the number
of grazers declined by 1950 that major tree invasion occurred. Since
1950, with reduced grazing, the west continues to see increased tree
establishment. In the eastern portion, constant numbers of grazing
cattle may have encouraged seedling establishment by removing or
weakening competing understory vegetation (Moore et al. 1979; Vale 1982)
and/or by disturbing the soil, making available seedbeds for  the tree
seeds. Even with the increase in the number of grazers in more recent
times, there is tree establishment occurring. However, the full impact

of this increased seasonal grazing pressure is not known.

Other Activities

Current agricultural practices (especially plowing) on the flatter
portions of the study area appear to have discouraged tree establishment

by destroying the seedlings before they had a chance to develop. In
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areas where sﬁch land use has been absent or curtailed for several years
(in the areas of Siteé 1, 3, and'S) (see Figure 3), tree invésion is
taking place. Thé‘émall—sﬁale lumbering inlfhé.northwest portién of the
study area.occurreg several decades pfior to major periods of ipvasion
and therefore does not appeaf Fo ﬁave had any influence. Similarly, the
placer-mining activities do not seem to have encduraged or discéuiaged
tree establishment sinhce novtréés gppear‘to have been cut or damaged

when placer-mining was in operation.

Summary

An éstimgted 320 hecta;es of thé shrub—grasslands within the study
area has been invaded'by Douglas—fir and Roéky.Mountéin juniper. Based
on tﬁe results of this study, it appears that a combination of
disturbance events created an environment favoring tree invasién.

‘Before'the turn of this century, frequent local grass fires may
have retarded tree establishment.’ Staﬁds of older trees were p%obably
restricted to rocky areas by periodic fires sweeping through the area
where theré would have been little ground cover capable of supborting
fire (Johnsen 1962; Burkhardt and Tisdale 1976; Arno and Gruell 1983).
However, periods of low spring precipitgtion and heavier grazing may
'éléo‘ﬂave‘wéakened ;r'removed comﬁetinévundérstory veéetation.‘»Once
spring precipifatibn 1eveis increased? possibly céupled‘witﬁ decreased
or constant grazing livestock, the environment may havé changed to one
favo;ing the establishment of trees over grasses; forbs, and shrubs,

N . i . . .
Then, when trees began to establish, the chances of being kiiled’by fire
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may have been minimal since there would have been less ground cover

sufficient to support a fire (Johnsen 1962; Arno and Gruell 1986).
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CONCLUSIONS

Comparisons made using aerial photography show that over a 25 year
period, major biogeographical changes have taken place in the study area
west of Butte, Montana. Previous investigations of tree invasion ingo
grassland ecosystems have cited severa; possibie causal agents. In this
study, similar causal agents were evaluated for their role in tree
invasion and establishment. Invasion of Douglas—fif and Rocky Mountain
juniper into the grassland ecosystem appears related to a dombinatién of
precipitation fluctuations, livestock grazing practices, and cessation
of periodic fires,

Major periods of invasion occurred between the late 1940s and mid-
1950s, and the late 1960s and early 1970s. These tree invasion Happened
almost simultaneously with periods of decreased spring moisture,
followed‘by a notable increase in spring precipitation. Thére was a
fairly constant number of cattlé and horses grazing in the étudy area at
this time, As drought conditions impacted vegetation, livestock may
have been forced to be less selective. They may have cqnsumed.all or
most of the available forage, seriously depleting the herbaceous and
grass ground cover. Then as spring precipitation levels increased, the
less végetatively' competitive environmgnt enabled tree seeds to
germinaté. Without fires to destroy them,‘fhe nevwly gefminated trees

survived.
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" Implications of Invasion

Fire suppression, moderate to heavyzlives;ock gragingh and natural
.climatic flﬁctuations appear to have caused é widespfead bioéeographic
change within the study area. The resultant change in ‘the geography of
the " forest—grassland ecotone has the poteﬁtial of having serioﬁs, as
well as positive, ramifications on the environment. As the number of
trees increase within an area, the amount éf litter, a fire fuelnsource,‘
increases. It is possible that animel and plant biodiversity also
alters, as the environment changes, to one favoring species that thrives
iﬁ more forested coﬁditions. Theré is élso'a possible decrease in the
amount of grazing land suitéble for doﬁestic animéis. This loss of
grazing land due to increased establishmenf of trees and changing
biodiversity could potentially affect the grazing industry in the study
area (as found by Madany and West (1983), Arno and Gruell (1986), and
Taylor (1990)). B
However, as the local vegetation structure shifts from the
dominance of only grasses, forbs, and shrubs, to a co—dominance-with
woody vegetation, new biologic habitats may be crea;ed. Tree invasion
was found to be an impértant factor in increased mule deer p§pulati9ns
of the Madison Range in Southwestern Monéana between the 19503 and.19§03
(Gruell 1986). Also, thé establisﬁment of trees in areas distﬁrbéd by
extensive grazing, logging, and/or fifes, has been f;und to help
stabilize the soil surface, dec;easing erosion potential kMillones 0
19825. And finally.'invading txéés may be usgd for firewood, fence

posts, and pulpwood (Arno and Gruell 1986).
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Suggestions for Future Study

Air-borne Pollution Impact

Copber Smelters, The region in,which_the study area exists has
" not been thoroughly invéstigated for the total impact of copper smeltef
activities on the local vegetation. - Therefore, furthef research is
needed to understand the role air-borne pollution from the smelters in
Butte and Anaconda has had on tree invasion. |

Vegetational paraﬁeters of species composition, density, and
cover, as Well as s0il contamination 1eve1§, could be studied for
possible relationships with copper, sulpﬁur, lead, and other bypro&ucts
of the smelters af various distances from the soﬁéce (ﬁpod and Nash
1976) . Suchjstudies have béen done (Haywood 19073 1908; Swain and
Harkins 1908; Tetra Tech 1987), But-sampling did not occur near the
sfudy site and thus could po£ be specifically uséd'with field generated

data in this particular sfudy.

Phogphorus Plant. The impact of fluoride and other compounds

produced at the elemental phosphorus plant south of the study area on
indigenous plant species needs further study. Work carried out by the
University of Montana's Environméntal Sgudies Department (Steffel and
ﬁoéher ‘1979) in the vicinity of the chemical plant provided some

vélﬁéble ingights as to the levels of contamination within tﬂe
égféounding area. Investigations should be made to. analyze the species
ééﬁ;gsiéion;.cover. and density at vériouS‘distances from the plant..
w;th thié i£fprmation it might be possible to determine if reiétionships
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exist between tree establishment, understory vegetation,

levels, and distance from the chemical plant.

fluoride
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APPENDIX A

CALCULATING PROBABILITY OF TREE ESTABLISHMENT
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Figure 16. Program for calculatlng probability of tree estab11shment

(Banfield 1989).

transect.matrix <— eval(parse(text = paste (name, "2", sep = "")))
transect <- transect.matrix[,2]
speciesname <- eval(parse(text = paste(name, "sp", set = "")))

accumulator <- rep(0, 200)
index <- c(l:length(transect)) [lis. na(transect)]
print (name)
for(i in index) {
species <- speciesname[i]
if((species == "DF") : (species == "LP") : (species == "JP"))
{ .
dist <- paste(species, ".dist", sep = "") ;
accumulator <— accumulator + padvec(length(accumulator),
transect[i], dist)

}

return(accumulator)
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Figure 17. Mathematical calculations for estimating tree invasion
probability (Lee 1990)

Step 1 —-— Assume that the age of a tree was the number of years it took
to reach 20 cm (coring height) plus the number of years since it was 20
cm tall. Therefore, let X be the tree ring count at coring height, Y be
the number of years the tree took to reach coring helght, and Z be the
estimated age of the tree:

=X +Y

Step 2 -— In order to determine the periods of tree invasion, the
distribution of tree ages, Z, must be calculated. However, before Z can
be determined, the distribution of X and Y have to be estimated. Using
the training samples collected at each transect, -the number of years it
took to reach 20 cm for each species can be determined by subtracting .
the age of the tree at 20 cm from the age at the base. The relative
frequency at which these times are observed provides estimates of the
probability that Y takes on the different values for the number of years
it took to reach 20 cm. These values form an estimated probability
density function, f_, for Y. These probabilities are then applied to
each tree cored to calculate an estimated age.

Step 3 —— Averaging the individual probability distributions for all the
trees at each transect forms a new probability distribution representing
the estimated ages of the trees at that particular transect. Becaise
trees of the same age have the same probability distribution, the age
information can be condensed by finding the relative frequencies at
which different ages were determined. These relative frequencies also
provide an estimate for the probability density function, £,. for X,
The average of all the individual distributions will be the sum of all
the possible different age distributions weighted by their relative
frequency. This will represent the probabilities of ages for trees at
this site, or £, (probability density function for X). Peaks in this
distribution will correspond to the probability that a tree, randomly
selected, will be z years old.

Step 4 —— Remember, Z = X + Y. Given a value for X, for example x, this
means that Z gets a given value, z, when a value of Y, y, equals z minus
x. The formula can be expressed as so:

P(Z = z|X =x) =P(Y =12z - xlX = x)

However, X can take on a wide range of values; therefore in order to

calculate the total probability that Z = z, the probability that Y = z ~
x and X = x must be summed over all the possible values X can assume.
The total probability that Z takes on a given value can be expressed as:

P(Z = 2z) =2P(Y =2z - x and X = x)
X
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Figure 17. (continued).

Step 5 —— Now assuming that the distribution of the time it taekes to
reach 20 cm is the same for each tree, regardless of how old the tree is
at the 20 cm core, the probability that Y = z — x is independent of the
probability that X = x. Because of this, the probability that Y = z - x
and X = x can be stated as being the product of each other:

P(Z = 2z) =2P(Y =z - x)P(X = x)
X
The formula above can also be expressed as:
£,(z) =§fy(z - x)f (%)

because P(Z = z) is also the estimated probability function for Z (f ).
This sum is called the convolution of the two probability density
funetions fy and £,.

Step 6 -- In order to combine estimated age distributions for each
species sampled into one total age distribution, f., a weighted average
of the distributions can be calculated:

8
fo(t) =2 .E'lfifzi(z)
z i=1
where T3 is the proportion of total sampled trees which were from the ith
species, f,; is the estimated probability density function for the ith
species, and 8 is the number of species sampled in the study area.
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APPENDIX B

LAND USE QUESTIONNAIRE
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i

Figure 18. Land use history questionnaire based on a five year
interval. One page shown as an example.
Pre—-1900 .
Land Use Activity Site No.
- 1 2 3 5 6 7
A, Grazing
1. Cattle. . « « . & X X X X X X
2, Sheep ¢ o« o ¢ o &
3., HorseS. o o« « o X X X
4, Other-( ) ..
B. Crops
1. Hay ¢ ¢« o o o o =
2. Grains
a. Wheat . . .
b. Barley. . .
c, Oats. « « .
d. Other( ).
C. 'Mining Activities
1. Underground . . .
2. Above Ground. . .
3. Other( ). . ..
R D. Other Uses
D 1,
2. e e e e
1900-1904
Land Use Activity Site No.
' 1 2. 3 5 6 7
. A. Grazing
' 1. Cattle. -« ¢ o o &
2. Sheep - o o o o o
3. Horses: « o s o =
4, Other( ). . . .
B. Crops
1. Hay « o o ¢ 0.0 o
2. Grains
a. Wheat . . .
"b. Barley. . .
c. Oats. . . .
d. Other( ).

DU

Mining Activities
1.  Underground .
2. Above Ground.
3. Other( ). .

Other Uses
1' ] o L] L]
2' . - L] L]

X = Indicates where activity was practiced.
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APPENDIX C

TREE RING AGES, HEIGHTS, AND SPECIES FOR EACH SITE
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Table 4. Tree ring ages, heights, and species for Site 1. Ages found
in both the 20 cm and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountain juniper, and DF =
Douglas—fir). ‘

Band Age at Age at Height Height Species
No. - 20 em 0 cm in Feet in em :
1 35 41 - © 6.0 182.9 JP
1 78 NA 15.0 457 .2 ) JP
1 130 NA 20.0 609.6 JP
1 25 NA 9.0 274.3 Jp
1 - 128 NA 15.0 457 .2 -JP
2 70 NA 15.0 457 .2 Jp
2 35 39 5.0 152.4 JP
2 124 NA 15.0 457.2 JP
3 11 NA 6.0 182.9 DF
3 30 36 3.5 106.7 JP
3 37 NA 8.0 243.8 JP
4 38 NA 8.0 243.8 JP
4 30 NA 5.5 167.6 . JP
5 23 NA 6.5 198.1 JP
5 91 NA 22.0 670.6 JP
6 35 NA 10.0 304.8 JP
7 32 34 3.5 106.7 JP
7 16 NA 6.0 182.9 Jp
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Table 5. Tree ring agee, heights, and species for Site 2, Ages found
in both the 20 em and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountain juniper, and DF =
Douglas—fir). ' '

Band . Age at: - Age at Height - Height Species
No. 20 cm 0 cm in Feet in cm
1 31 NA 7.0 213.4 ‘ JP
1 .17 .21 3.5 106.7 DF
1 16 24 " 5.7 173.7 DF
1 - 38 NA 35.0 1066.8 DF
1 17 21 106.7 3252.2 DF
1 16 24 172.8 5266.9 DF
2 14 NA 6.3 192.9 DF
2 14 NA 6.3 192.9 DF
2 10 NA 7.0 213.4 DF
2 16 NA 12.0 365.8 DF
3 31 35 10.0 304.8 JP
3 15 NA 7.5 228.6 DF
3 14 NA 8.0 243.8 DE
3 15 NA 14.0 426.7 DF
4 16 NA 20.0 609.6 - DF
4 12 NA 12.0 365.8 DF
4 16 NA 8.0 243.8 DF
4 14 NA 8.0 243.8 DF
5 15 16 4.0 121.9 DF
6 15 v NA 6.5 198.1 DF
7 15 NA 8.0 243.8 DF
7 15 NA 8.0 243.8 DF
7 15 NA 12.0 365.8 DF
8 29 38 8.5 259.1 JP
10 14 NA 8.5 259.1 : DF
11 27 NA 4.5 137.2 : JP
11 11 NA 12.0 365.8 DF
11 14 NA . 10.0 304.8 DF
11 11 NA 8.0 243.8 DF
11 16 NA 7.0 213.4 DF
13, 13 NA 7.0 213.4 DF
13 15 NA 12.0 . 365.8 DF
13 10 NA 7.5 228.6 DF
17 24 29 4,5 137.2 JP
18 32 36 8.0 243.8 JP
18 70 NA 50.0 1524.0 . DF
18 28 NA 35.0 1066.8 DF
18 28 NA . 25.0

762.0 DF
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Teble 6., Tree ring ages, heights, and species for Site 3. Ages found
in both the 20 cm and zero centimeters columns indicate those
‘trees that were incorporated into the training sample. (NA =
No data available, JP Rocky Mountain juniper, and DF =
Douglas—£fir).

Band Age at Age at Height Height Species

No. 20 cm 0 cm - in Feet in. cm
1 25 34 5.8 177.7 JP
1 20 25 4.5 137.2: JP
3 17 38 7.5 228.6 JP
3 39 NA 12.0 365.8 JP
3 36 NA 8.0 243.8 JP
4 6 10 2.7 8l.4 DF
4 30 - NA 6.1 185.9 JP
5 40 NA 5.8 175.3 JP
6 35 NA 10.0 304.8 JP
6 35 NA . 10.0 304.8 JP
6 21 NA 10.0 304.8 JP
6 26 NA 11.0 335.3 JP
8 11 16 3.5 106.7 JP
8 12 26 3.5 106.7 JP
8 6 9 2.0 61.0 DF
9 16 NA 12.0 365.8 DF
9 11 14 5.2 157..6 DF
11 15 NA 13.5 411.5 DF
11 8 10 3.5 106.7 DF
12 19 NA 11.0 335.3 JP
15 37 43 20.0 609.6 JP
16 36 46 10.0 304, 8 JP
16 11 15 4,0 121.9 DF
17 28 NA 10.0 304.8 JP
18 24 NA 12.0 365.8 JP
20 29 NA 10.0 304.8 JP
20 23 NA 12.0 365.8 JP
20 28 39 5.3 162.5 JP
23 61 NA 22.0 670.6 JP
24 39 NA 22.0 670.6 JP
24 43 NA 25.0 762.0 JP
25 35 NA 12.0 365.8 JP
26 16 23 6.3 190.5 JP
26 19 26 6.3 190.5 JP
26 19 26 6.3

1190.5 Jp




78

Table 7. Tree ring ages, heights, and species for Site 4. . Ages found
in both the 20 cm and zero centimeters columns” indicate those
trees that were incorporated into the training sample. (NA =
No -data available, JP = Rocky Mountain juniper, and DF =
Douglas—£fir). D '

Band Age at. Age at . Height " Height Species

. No. 20 cm .0 em in Feet in cm
1 72 NA 30.0 914, 4 DF
1 28 " NA 12.0 365.8 " DF
1 34 NA 15.0 457 .2 DF
2 36 NA 20.0 609.6 DF
2 16 NA - 15.0 457 .2 DF
2 24 30 6.2 188.1 JP
2 21 NA 10,0 304.8 JP
3 22 NA 20.0 609.6 JP
3 16 NA 25.0 762.0 . DF
4 15 17 5.0 ©152.4 DF
4 17 NA 30.0 9144 DF
4 27 28 4,0 121.9 JP
4 100 NA 30.0 914.4 JP
4 31 NA 20.0 609.6 JP
4 34 NA 20.0 609.6 JP
5 15 NA 20.0 609.6 - DF
6 'oa1 NA 6.0 182.9 Jp:
7 15 NA 10.0 304.8 JP
7 25 NA 15.0 457 .2 DF
7 21 NA 15.0 457 .2 DF
8 14 NA 7.0 213.4 DF
8 28 NA . 12.0 365.8°  JP
8 18 NA 10.0 304,.8 JP
14 25 28 3.0 91.4 JP
18 17 26 3.3 101.5 JP
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Table 8. Tree ring ages, heights, and species for Site 5. Ages found
in both the 20 cm and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountsin juniper, and DF =
Douglasg—£ir) .

Band Age at Age at Height >Height Species

No. 20 cm 0 cm in Feet in cm
! 46 NA 30.0 914,4 DF
1 16 NA 8.0 243.8 DF
1 27 NA 9.0 274.3 JP
2 48 NA - 13,0 396.2 JP
2 31 NA 8.0 243,8 JP
2 51 NA 15.0 457 .2 JP
3 83 NA 14,0 426.7 JP
3 50 NA 16.0 487 .7 JP
3 28 NA 8.0 243,.8 JP
3 69 NA 10.0 304.8 JP
3 44 NA 9.0 274.3 JP
3 20 NA 15.0 457 .2 .DF
&4 41 43 9.0 274,3 JP
4 33 NA 5.5 167.6 JP
4 34 NA 7.0 213.4 ~ JP
5 24 29 5.7 172.8 JP
5 21 NA 6.0 182.9 JP
5 35 NA 11.0 335.3" JP
5 31 NA 12.0 365.8 : JP
5 36 NA 10.0 304.8 JP
5 29 NA 6.0 182.9 JP
5 i6 NA 8.0 243.8 DF
6 i2 NA 7.0 213.4 DF
6 i6 NA 10.0 304.8 DF
6 63 NA 10.0 304.8 JP
6 25 NA 10.0 304.8 JP
7 58 NA 20.0 609.6 JP
7 25 NA 9.0 274.3 - JP
7 27 NA 9.0 274.3 JP
8 NA 15 2,0 61.0 JP
8 30 34 8,5 259,.1 JP
8 32 NA 15.0 457.2 JP
9 37 NA 15.0 457 .2 - JP
9 30 NA 15.0 457 .2 JP
9 23 NA 12.0 365,.8 JP
10 24 27 5.5 167.6 - JP
i0 68 NA 12.0 365.8 JP
io 16 NA 8.0 243,8 DF
11 14 37N 6.5 198.1 JP
ii 83 NA 30.0 914.4 JP
11 14 NA 7.0 213.4 JP
i1 80 NA 30.0 914.4 ~JP
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Table 8. (continued).
Band - Age-at Age at Height Feight Species
" No. 20 cm 0 cm in Feet in ecm
12 23 26 7.0 ‘213.4 JP
12 51 NA 30.0 ' 914.4 JP
12 16 NA 7.0 213.4 -DF
13 25 NA 35.0 1066.8 DF
13 22 NA 9.0 274.3 DF.
13 38 NA 11.0 335.3 JP
13 28 NA 35.0 1066.8 DF
14 23, NA 5.0 152.4 DF
14 14 NA 15.0 457 .2 DF.
15 74 NA © 30.0 914.4 JP
15 48 NA 25.0 762.0 JP
15 25 NA 10.0 304.8 JP
16 21 30 3.0 91.4 JP
16 79 NA 30.0 914.4 JP
16 29 NA 20.0 609.6 Jp
16 29 NA 20.0 609.6 . Jp
16 27 NA 20.0 609.6 Jp
16 29 NA 9.0 274.3 JP
17 25 NA 7.0 213.4 Jp
17 © 23 NA 6.0 182.9 JP
18 28 36 7.0 213.4 Jp
19 23 27 7.0 213.4 Jp
19 41 NA 15.0 457 .2 Jp
19 27 ~NA 10.0 304.8 JP
19 36 NA 8.0 243.8 JP
19 26 NA -8.0 243.8 JP
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Table 9. Tree ring ages, heights, and species for Site 6. Ages found
in both the 20 c¢m and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountain juniper, and DF =
Douglas—£fir). :

Band Age at Age at Height Height Species.
No. 20 cm 0 cm in Feet in ecm
1 37 NA 20.0 609.6 DF
1 70 NA 30.0 914.4 DF
1 NA 56 13.0 396.2 JP
2 24 : 29 3.2 96.6 JP
2 27 ’ 30 4.3 129.5 JP
3 32 NA 25.0 762.0 DF
3 NA 41 8.5 259.1 JP
3 24 36 4.2 127.1 - JP
3 36 NA 8.5 259.1 JP
4 27 NA 8.0 243.8 JP

- 4 16 .22 4.9 -149.7 DF
5 16 NA 30.0 : . .914.4 " DF
5 32 NA 7,0 213.4 DF
5 22 NA 24.0 731.5 DF
5 15 NA 20.0 609.6 DF
5 14 NA 20.0 609.6 DF
5 51 NA 20.0 609.6 JP
5 21 NA 7.4 225.6 JP
5 27 NA 5.5 167.6 JP
5 43 NA 10.0 304.8 JP
5 34 NA 6.5 198.,1 . JP
5 24 27 5.8 175.3 JP
5 37 . 38 7.4 225.6 JP
5 28 31 6.3 192.9 JP
6 14 18 5.3 160.0 . DF
6 37 NA 32.0 975.4 ' DF
6 36 38 7.0 213.4 JP
6 56 NA 15.0 457 .2 JP
6 21 NA 11.8 358.1 JP
6 58 NA 10.0 304.8 JP
7 29 36 3.5 106.7 JP
7 31 35 3.0 91.4 JP
7 35 NA 11.0 335.3 JP
7 35 NA 9.5 289.6 JP
7 38 NA 6.5 198.1 - JP
7 37 NA 11.0 335.3 JP
7 18 NA 4,5 137 .2 DF
8 17 NA 8.8 . 266.7 DF
8 13 NA 9.5 289.6 DF
8 20 NA 14.0 426.7 DF
8 16 NA 15.5 472.4 DF
8 18 NA 9.3 281.9 DF
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Table 9. (continued).-

Band Age at Age at Height Height Species
No. 20 cm 0 cm in Feet in cm
8 32 NA 35.0 1066.8 DF
8 30 NA 8.0 243.8 Jp
8 43 NA 11.0 335.3 Jp
8 32 NA 9.5 289.6 Jp
9 NA 28 1.5 45,7 JP
9 39 NA 9.0 274.3 - JP
9 28 28 - 4.8 144.8 Jp
9 14 19 4,5 137.2 . Jp
9 18 NA 16.0 487 .7 . DF
9 66 NA 23.0 701.0 - JP
9 16 NA 20.0 609.6 DF
9 13 NA 6.0 182.9 DF
9 17 NA 15.0 457.2 DF
9 19 NA 18.0 548.6 ) DF
9 14 NA 7.0 213.4 DF
10 29 33 4.8 144,.8 DF
10 19 NA 20.0 609.,6. DF
10 16 NA 6.5 198.1 DF
10 21 NA 10.0 304.8 DF
10 38 NA 8.0 243.8 . JP
10 38 NA 10.0 304.8 Jp
10 39 NA 7.5 228.6 JP
10 38 NA 17.0 518.2 Jp
10 38 NA 10.0 . 304.8 ~JP
10 57 NA 15.0 457 .2 JP
10 33 NA 6.0 182.9 Jp
11 36 37 5.0 152.4 Jp
11 32 34 4.0 121.9 JP
11 33 NA 7.5 228.6 Jp
11 32 NA 10.0 304.8 Jp
11 15 NA 9.5 289.6 DF
i1 15 NA 9.5 289.6 DF
11 15 NA 21.0 640.1 ’ DF
11 15 NA 16.0 487 .7 DF
11 31 NA 9.0 274,3 Jp
11 63 NA 20.0 609.6 . Jp
11 41 NA 18.0 548.6 Jp
i1 17 NA 14.0 426.7 DF
12 29 NA 12.0 365.8 JP
12 45 NA 15,0 457 .2 Jp
12 33 NA 11.0 335.3 - Jp
12 41 "NA 9.5 289.6 JP
12 16 NA 10.5 320.0 DF
12 18 NA 21.0 640.1 DF
12 18 NA 20.0 609.6 DF
13 57 NA 20.0 609.6 JP
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Table 9. (continued).

Band Age at Age at Height Height - - Species
No. ' 20 cm 0 cm in Feet in cm
13 19 "NA 27.0 .823.0 DF
13 17 NA 12.0 365.8 DF
13 13 NA 8.0 243.8 DF
13 33 NA 11.0 335.3 JP

.13 27 NA 10.0 304.8 Jp
14 22 28 4,5 137.2 JP
14 59 NA 30.0 914.4 JP
14 23 NA 22,0 670.6 DF
15 16 NA 12.0 365.8 DF
15 25 NA 20.0 609.6 DF
15 . 16 NA © 8.0 243.8 . DF
15 -39 NA 12.0 - 365.8 - JP
15 35 NA 12.0 365.8 JP
15 34 NA 15.0 457 .2 JP
16 36 NA 12.0 . 365.8 JP
16 .29 NA 15,0 . 457.2 Jp -
16 13 NA 6.0 182.9 Jp
16 33 NA 12.0 365.8 JP
16 . 38 NA 17.0 518.2 JP
16 33 NA 12.0 365.8 ' JP
16 . 22 NA 13.0 396.2 DF
17 15 NA 6.0 182.9 DF
17 17 NA 15.0 457 .2 DF
17 18 NA 18.0 548.6 DF
17 31 NA 24.0 731.5 JP
17 33 NA 15.0 457 .2 JP
17 21 NA 10.0 304.8 JP
17 35 NA 19.0 579.1 ' JP-
17 33 NA 10.0 304.8 : JP
17 NA 25 3.5 106.7 JP
18 24 27 4.8 144.8 JP
18 18 NA 8.0 243,.8 JP-
18 15 NA 9.5 289.6 DF
18 28 NA 33.0 1005.8 DF
19 21 NA 7.0 213.4 .~ DF
19 ' 23 . NA 9.0 274.3 DF
19 i2 . NA 13.0 © 396.2 Jp -
19 32 NA 3.5 106.7 . JP’
19 13 19 3.0 91.4 JP
19 . 34 37 5.0 152.4 JP
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Table 10. Tree ring ages, heights, and species for Site 7. Ages found
in both the 20 cm and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountain juniper, and DF =
Douglas—fir).

Band Age at Age at Height Height Species
No. 20 cm ' 0cm in Feet in cm
1 24 NA 13.0 396.2 . DF
1 32 NA 7.5 228.6 - DF
1 15 NA 6.0 182.9 DF
1 31 NA 12.0 365.8 JP .
1 30 34 10.0 304.8 JP
1 30 36 . 6.0 ©182.9 JP
2 NA 37 10.0 304.8 JP
2 19 NA 8.0 243.8 JP
2 30 NA 7.0 213.4 JP
2 40 NA 17.0 518.2 JP
2. 28 NA 21.0 640.1 DF
3 24 NA 16.0 487 .7 DF
3 15 NA 20.0 609.6 DF
3 44 NA 14,0 426.7 JP
3 35 NA 16.0 487 .7 JP
3 23 NA 10.0 304.8 JP
3 32 36 10.0 304.8 ‘ JP
3 15 . 27 4,0 - 121.9 JP
4 16 23 7.0 213.4 - DF
4 : 29 36 7.5 228.6 JP
4 37 NA 10.0 304.8 JP
4 39 NA 10.0 304.8 JP
4 29 NA 13.0 396.2 - JP
4 36 NA 10.0 304.8 JP
4 29 NA 8.0 243.8 JP
4 37 NA 11.0 335.3 . Jp
4 28 NA 10.0 . 304.8 JP
5 61 NA 12.0 365.8 . JP
5. 31 NA 8.0 243.8 JP
5 23 NA 8.0 243.8 JP
6 37 NA 9.5 289.6 JP
6 40 NA 15.0 457 .2 JP
6 22 NA 20.0 609.6 JP
6 31 NA 10.0 304.8. JP
6 41 NA 11.0 335.3 JP
6 23 28 © 6.5 198.1 JP
7 37 NA 10.0 304.8 . JP
7 36 .RA - 16.0 487 .7 JP
7 32 NA 10.0 304.8 JP
7 33 37 11.3 342.9 JP
8 32 NA - 12.0 365.8 JP
9 27 34 14.0 426 .7 JP
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Table 10. (continued).
Band Age at Age at Height Height Species
No. 20 cm 0 cm in Feet in cm
9 37 NA 11.0 335.3 . JP
10 25 NA 9.5 289.6 JP
10 18 NA 9.5 289.6 JP
i1 32 - NA 8.5 259.1 - JP
11 44 NA 14.0 426.7 JP
12 34 35 . 10.0 304.8 JP
12 40 NA 10.0 304.8 JP
12 33 NA 10.0 304.8 . Jp
12 28 NA 12.5 .381.0 JP
12 32 NA 10.0 304.8 JP
14 40 NA 13.0 396.2 JP
14 58 NA 15.0 | 457.2 Jp
14 42 NA 12.0 * 365.8 JP
14 49 NA 15.0 457 .2 JP
14 51 NA 20.0 609.6 JP
15 27 NA 9.0 274.3 JP
15 21 "NA 8.0 243.8 JP
15 34 NA 9.0 274.3 JP
16 53 NA 12.0 365.8 JP
17 20 NA 10.0 304.8 JP
18 31 NA 10.0 304.8 JP
18 28 40 6.5 198.1 JP
18 41 "NA 13.0 396.2 JP
18 44 NA 9.0 274.3 JP
18 33 NA 9.0 274.3 JP
18 29 NA 11.5 350.5 JP
18 22 NA 6.5 198.1 JP
19 43 NA 14,0 426.7 JP
19 31 NA 14.0 426.7 JP
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Table 11. Tree ring ages, heights, and species for Site 8. Ages found
in both the 20 cm and zero centimeters columns indicate those
' trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky.Mountain juniper, and DF =
Douglas—fir). '

Band Age at Age at Height - Height - Species
No. 20 cm 0 cm in Feet in cm .
NA 22 28 7.0 213.4 - JP .

 NA 33 - 36 4,0 121.9 . JP
NA 14 : 18 5.0 152.4 DF
NA 21 34 5.0 152.4 . JP
NA 10 16 2.5 76.2 JP
NA 9 13 3.0 91.4 DF
NA 15 22 6.5 198.1 DF
NA 17 25 6.3 - 190.5 JP
NA 16 - 21 3.4 104.2 Jp
NA 32 40 10.0 304.8 Jp
NA 33 40 9.0 274.3 . Jp

~ NA 14 21 6.3 190.5 DF
NA 20 29 6.3 190.5 JP
NA 18 32 2.4 73.8 - JP
NA 8 14 4.0 121.9 DF
NA 15 22 3.0 91.4 " DF
4.4 134.7 JP

NA 15 18
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Table 12, Tree ring ages, heights, and species for Site 9. Ages found
in both the 20 cm and zero centimeters columns indicate those
trees that were incorporated into the training sample. (NA =
No data available, JP = Rocky Mountain juniper, and DF =
Douglas—fir). : ,

Band Age at Age at Height Height - Species
No. 20 cm "0 cm in Feet in cm
1 10 15 2.9 88.7 DF
1 20 NA 15,0 457 .2 DF
1 30 NA 30,0 914.4 DF
1 34 NA 20.0 609.6 . DF
1 14 NA 6.0 182.9 DF
1 27 35 3.9 119.2 JP
1 13 16 1.9 58.2 Jp
1 29 34 6.5 198.1 Jp
1 13 19 2.0 61.0 JP
1 24 NA 10.0 304.8 JP
1 32 NA 30.0 914, 4 JP
1 24 NA 7.0 213.4 JP
1 29 NA 10.0 304.8 JpP
1 39 NA 10.0 304.8 JP
1 31 NA 12.0 365.8 - JP
1 28 NA 8.0 243.8 JP
1 40 NA 8.0 243.8 JP
2 13 NA 10.0 304.8 DF
3 9 12 2.2 -+ 66.1 DF
3 13 NA 8.0 243.8 DF
3 12 NA 10.0 304.8 DF
3 16 25 2.1 63.4 JP .
3 19 28 2.7 8l.4 JP
3 29 NA 8.0 243,.8 JP
3 41 NA 8.0 243.8 ’ JP
3 22 NA 15.0 457 .2 JP
3 34 NA 7.0 213.4 JP
4 33 NA 8.0 243.8 JP
4 35 NA 10.0 304.8 JP
4 29 NA © 9.0 274.3 JP
4 36 NA 11.0 335.3 JP
4 28 NA 12.0 365.8 JP
4 34 NA 20.0 609.6 ~JP
4 30 NA 11.0 335.3 JP
4 13 21 2.8 83.8 . JP
4 13 NA 15.0 457 .2 DF
4 20 NA 40.0 1219.2 DF
4 13 NA 15.0 457 .2 DF¥
4 16 NA 20.0 609.6 DF¥
5 17 NA 20.0 609.6 DF
5 41 NA 20.0 609.6 JP
5 36 NA 18.0 548,6 JP
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APPENDIX D

REGIONAL INVASION AND SEASONAL CLIMATE GRAPHS
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Figure 20. Comparison between regional 1invasion probability (e==) and
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Figure 21. Comparison between regional invasion probability (-=) and
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