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Abstract: Tree invasions into meadows near upper timberline reduce diversity of habitat and diminish high-elevation food sources for black 
(Ursus americanus) and grizzly (Ursus arctos) bears. How serious is this threat in view of future climate change? Tree invasions observed in 
the Pacific Northwest to New Mexico suggest that climatic restraints to forest expansion have relaxed since the end of the Little Ice Age. 
Because climate patterns are large-scale phenomena, geographic synchronicity in tree establishment might be expected if a warming trend began. 
When tree invasion chronologies from Canada to New Mexico were compared, 2 synchronicities of climate and tree invasions appeared, 
indicating a possible climatic influence. However, forest retreat and meadow advance are also commonly observed at high elevations. The 
mechanism of retreat is usually fire followed by slow or unsuccessful regeneration of forest. There is no clear evidence based upon tree seedling 
chronologies that meadows will continue to be lost on the basis of climate change alone. Climate warming may set the stage for forest advance, 
but tree invasions are highly sensitive to local conditions. Concentrated grazing by domestic or wild animals in high-elevation meadows may 
trigger tree invasion by reducing competition to tree seedlings from established meadow vegetation. Prescribed fires or natural fires allowed 
to burn within prescriptions can be used as a tool for maintaining meadows and bear habitat under some of the projected climate change scenarios 
for western North America. 
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INTRODUCTION 

Climate Change 
There is abundant evidence that the earth's climate is 

currently changing, partially as a result of and in 
concert with extensive deforestation and the outpouring 
of greenhouse gases into the atmosphere (Schneider 
1989). In western North America, the recent warming 
trend began near the end of the Little Ice Age (a 
generally cold period lasting several centuries and 
ending around 1880). Global land surface warming 
from 1901 to 1987 is shown in Fig. 1. Temperatures 
mostly increased until around 1940, followed by a 
cooling trend lasting about 25 years, and subsequent 
warming to the present (Boden et al. 1990). In western 
North America regional temperatures followed about 
the same pattern (Fig. 2 after data from Boden et al. 
1990). The warming trends are predicted by some 
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Fig. 1. Global land surface warming, 1901-87 (data from 
Boden et al. 1990). Lines show overall trend and subtrends. 

climatologists to continue into the twenty-first century 
(Schneider 1989). Trees near upper timberline in 
mountainous western North America are sensitive to 
climate temperature trends. What are the consequences 
if serious global warming continues, and what can 
wildlife managers do? 

Timberlines as Climatically 
Sensitive Bear Environments 

Meadows near upper timberline are important 
environments for black and grizzly bears primarily 
because of the diversity of food sources they provide 
(Jonkel and Cowin 1971, Craighead et al. 1982, Irwin 
and Hammond 1985). Important bear foods at or near 
timberline include such plants as Hedysarum spp., 
Claytonia megarhiza, Lomatium cous, Pinus albicaulis, 
Vaccinium deliciosum, and meadow-inhabiting small 
mammals such as Spermophilus spp., and Thomomys 
thalpoides. In this paper, we review studies of tree 
invasions into meadows near upper timberlines in 
western North America. We examine to what degree 
invasion patterns and densities can be related to 
variations in climate during the last century. We also 
look briefly at forest retreat and displacement by 
meadow or tundra communities. 

If the projected global warming has already begun, 
we expect to see tree invasions adjacent to established 
forests. The greater the warming, the more extensively 
we expect a forest microclimate to project beyond the 
edge of the forest into meadows and the greater the 
distance of invading trees into adjacent subalpine 
meadows or tundras. Pronounced warming might cause 
invading trees to attain high densities throughout 
meadows and tundras due to improved seedling 
survival. Similar effects are evident in rates of tree 
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Fig. 2. Regional land surface warming in western North 
America (data from Boden et al. 1990), as 5-year running 
averages to better reveal trends. Pluses (+) show 

synchronistic periods of peak tree invasions at different 
locations. 

regeneration in high-elevation burs. Conversely, 
cooling or drying trends can lead to displacement of 
forests by meadows. The play of these opposing 
phenomena is shown by the fluctuation of the elevation 
of treeline and the shifting mosaic of meadow and 
forest in this ecotonal environment. 

Forest Advance and Retreat at Timberline 
Climate change is the driving force of ecological 

displacement at all scales (for review, see Stevens and 
Fox 1991). Timberlines have been correlated to the 
elevation where a mean 10-12?C isotherm occurs 
during the warmest month (depending upon geography 
e.g., Tranquillini 1979, Arno and Hammerly 1984). 
The cold, wet winters, deep snowpack and short 
growing seasons of the forest-alpine ecotone favor 
herbs, dwarf shrubs, and cryptogams over trees (Brink 
1959, Franklin et al. 1971). If climates become colder, 
tundras expand, timberlines decline in elevation, and 
trees in the forest-tundra ecotone become restricted to 
elevated microsites where snow accumulation is not so 

deep (Arno and Hammerly 1984). Mild winters, 
shallow snowpack, and long growing seasons favor 
establishment and survival of trees as long as soil 
moisture is not limiting to seedling establishment 

(Billings 1969, Noble and Alexander 1977). But on 

exposed sites, shallow snowpack also removes 

protection from winter winds, and allows more damage, 
which kills seedlings. As climates become warmer, 
timberlines advance and tundras retreat, and fire 

frequency increases at timberline (Huckaby 1991). On 
a grand spatiotemporal scale, timberlines respond to the 

swing of a climatic pendulum whose amplitude is 
measured in centuries or even millenia (Grant and 
French 1990). 

Climate is modified locally by established vegetation, 
topography, and soils. Microclimate conditions finally 
determine whether or not trees will invade meadows, 
their densities and success rates, and whether they will 
be deformed krummholz or upright symmetrical trees 
(Klickoff 1965, Marr 1977, Noble and Alexander 1977, 
Arno and Hammerly 1984, Hadley and Smith 1987, 
Scott et al. 1987). 

We reviewed tree-invasion data from sites near 
timberline from Canada to New Mexico to see if 

overlapping periods of tree invasion from different 

regions (synchronicities) can be related to warming 
trends during the last 100 years. Temperature 
influences snowmelt and the length and warmth of 

growing season. These factors are critical in 

determining the nature of plant communities in the 

forest-alpine ecotone and the success of tree seedlings 
(Noble and Alexander 1977, Tranquillini 1979, 
Martinec and Rango 1986, Romme and Turner 1991). 
We hypothesize that if forest expansion is a response 
to regional warming, then we might find a correlation 
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between mean annual temperature and peaks of tree 
invasion. 

Table 1. Tree invasion studies at upper timberline, western 

North America, cited in this paper. 

METHODS AND STUDY AREAS 

Terminology 
In this paper "trees" are defined taxonomically, 

whatever their form. Their forms may range from tall 

(>15 m), full-canopied, and symmetrical to dwarfed 

(< 15 m) and shrubby, with wind-flagged canopies, to 
low krummholz canopies developed by snow abrasion 
and leaf desiccation, but they are the same species 
found in the forest below. We define "timberline" as 
the highest elevation at which trees can grow > 15 m 
tall in essentially closed-canopy stands with symmetrical 
crowns. The "forest-alpine tundra ecotone" is an 
elevational zone between timberline and "treeline," the 

highest elevational limit above which tree species 
cannot survive. The "ecotone" is characterized by 
mosaics of tundra plant communities and tree-dominated 
communities (Love 1970). "Subalpine meadows" refer 
to herbaceous communities that interrupt forests below 
timberline. Similarly, "tundras" are plant communities 
above timberline and do not include trees. 

"Displacement" implies that a site where the potential 
vegetation was at one time dominated by one 

community (trees or meadows or tundra) no longer has 
that potential; i.e., one kind of vegetation has displaced 
another. Displacement, as used here, does not include 
forest succession that might have a temporary 
herb/shrub stage. 

Regional Tree Invasion Data 
We selected 7 locations in western North America 

spanning a broad latitudinal range (Table 1). At each 
location the number of tree seedlings were tallied into 
classes based on year of germination. Germination 
dates were measured in the studies shown in Table 1 by 
counting tree rings from sections obtained at ground 
level or from increment cores taken at the lowest 
possible height along the stems. Tree seedlings 
occupying severe microsites grow slowly during early 
years following germination, and exact ring counts are 
difficult even under high magnification. Missing, frost, 
and split rings are likely in at least some seedlings. 

Our experience suggests that the actual first year 
(pith) ring can be counted within an accuracy of 1-2 
rings for ground level sections. An error arises in 
estimating the number of growth years from 
germination level to coring height. This error may be 

Location Symbol Treesa Reference 

Jasper Natl Park, Alta. ALB Abla, Pien Kearney 1982 

Western Washington 

Northwest Wyoming 

Southern Wyoming 

Central Colorado 

Southern Colorado 

Northern New Mexico 

wWA Tsme, Abla Franklin et al. 
1971 

nWY Pien Dunwiddie 
1977 

sWY Abla, Pien this study 

cCO Pien, Pifl Huckaby 1991 

sCO Pien, Piar Baker 1991 

nNM Pien, Abla, 
Potr, Abco 

Allen 1989 

a Abco = Abies concolor, Abla = Abies lasiocarpa, Piar = Pinus 

aristata, Pien = Picea engelmannii, Pifl = Pinus flexilis, Potr = 

Populus tremuloides, Tsme = Tsuga mertensiana. 

as large as 2-4 rings and may bias the resulting 
distributions left or right along the calendar year axis 

by as much as 2-3 years. Therefore, we preferred, 
when available, studies where seedling rings were 
counted from stem sections obtained at germination 
level. 

Regional Temperature Data 
The regional temperature data we used came from 

weather stations screened on the basis of confidence, 
missing data, and consistency criteria (Karl et al. 1990). 
Data from selected stations were adjusted for bias due 
to time of observation, station and instrument changes, 
and urban heat island biases (Karl et al. 1988). Four of 
the timberline sites (nNM, sCO, cCO, and sWY) 
occurred in the Southern Rockies climatic region, 2 
(nWY, ALB) in the region approximated from the 
Northern Rockies climate region, and the wWA location 
was situated at the margin of the East Cascades climate 
region (Fig. 2). 

Temperature trends were computed as linear 

regressions from untransformed data (Fig. 1) or from 
5-year running averages (Fig. 2), but were plotted 
visually. Temperature synchronicities were sought by 
aligning the seedling age distributions along the 
calendar year axis and visually examining for common 
modality between locations. The calendar years within 
these modes were assigned regional mean annual 
temperatures. These temperatures were then compared 
with overall mean annual temperatures since 1900 using 
simple t tests (Norusis 1990). 
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RESULTS 

Pattern and Chronologies of Tree Invasions 
In-filling of meadows by tree seedlings occurs from 

the limits of boreal forest at polar latitudes (Payette and 
Filion 1985, Scott et al. 1987), southward along 
mountain cordillera from Canada to New Mexico (see 
references, Table 1). Invasions are of 2 kinds: 
establishment of trees near existing forest or tree 

borders, and trees establishing 2-3 or more tree height 
distances beyond borders, sometimes as massive 
invasions that fill entire meadows (Fig. 3). 

The chronologies (Figs. 4ab) all have features in 
common. All began during the last 100 years. Most 
invasions began abruptly, and peaks were preceded by 
a long period of little, if any, tree establishment. 
Furthermore, many chronologies revealed a subsequent 
decline of invasions when regional mean annual 
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Fig. 3. Tree invasions into dry meadows, Snowy Range, 
southern Wyoming, 1989. The meter-stick banded into 5-dm 
segments is for scale. The seedlings in foreground are 25-40 
years old (in 1989). The meadow behind the meter-stick is 
too wet to support trees. 

Fig. 4a. Tree invasion chronologies in the Northern Rockies 
and Washington Cascades. The vertical dotted lines are 

periods of common peak invasions at the different geographic 
locations. 
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Fig. 4b. Tree invasion chronologies at 4 locations in the Southern Rockies. The vertical dotted lines are periods of common peak 
invasions at the different geographic locations. 

temperatures continued to increase. Clearly, climate 
warming by itself, as reflected by regional annual mean 
temperatures, is insufficient to trigger invasions. 
Several chronologies (ALB, nWY, sWY, nNM) 
indicated more than 1 period of establishment. In 
western Washington massive tree invasions in subalpine 
parklands of Mount Rainier (wWA) peaked during the 
years 1924-39 and subsequently declined. This 
chronology differed from most of the others, which 
generally showed later invasion peaks. In the Jemez 
Mountains (nNM) a period of aspen invasion peaked 
between 1918 and 1927, followed by another peak 
between 1967 and 1971 composed mostly of conifers. 

Cross tabulation of the chronologies in the Rocky 
Mountains revealed most peak periods of tree invasions 
between 1944-52 and 1959-69. These peak periods 
accounted for 63% of invading trees at sWY, 57% at 
ALB, 47% at nWY, and 37-40% at the Colorado and 
New Mexico locations. At Mount Rainier (wWA), 
which is located in a very different climatic region, 
those peak intervals included only 1% of trees in 
subalpine meadows. 

Relationship to Climate Warming 
The period from about 1890 to about 1940 was a 

time of general warming in western North America, 
followed by a cooling trend from about 1942 to 1974, 
and then continued warming to the present (Figs. 1-2). 
The synchronicities of tree invasions (1944-52 and 
1959-69 in the Rocky Mountains) occurred during 
periods of regional cooling, except in wWA. These 
synchronistic years are indicated by the pluses (+) in 
Fig. 2. A similar sequence from about 1905 to 1915 
did not have tree invasions. This was a period of 
dramatically increased fire frequency in the Colorado 
Rockies, which may have prevented invasions. 
Seedling survival may require a sequence of years of 
favorable seedbed conditions (Noble and Alexander 
1977) that occur perhaps during cooling periods in the 
Rocky Mountains. Such periods may also produce 
conditions favorable for heavy tree seed crops, 
including pine seeds important in bear diets (Mattson 
and Jonkel 1990). 

The average calendar year temperatures for the 2 
invasion periods were 8.6 and 8.5?C respectively. We 
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tested temperatures during these 2 periods for skewness 
and normality. The tests (Norusis 1990) indicated these 
data met criteria for normality. We then tested the 
hypothesis that the invasion periods did not have 
different temperatures from each other and from the 
mean background temperature of 8.7?C. Using the 2- 
tailed Student's t, we found no significant differences in 
regional temperatures during the time the seedlings 
were at or near their peaks of meadow invasion. 

It is possible that other climatic variables are more 
related to conditions favoring seedling establishment. 
The synchronistic intervals accounted for only some of 
the variation in tree invasion patterns, and considerable 
variation remained (more than half in Colorado and 
New Mexico sites). While temperature trends in Fig. 1 
as well as variation accounted for during the 
synchronisms both hint at some ultimate, correlative 
cause for tree invasions, they are not proximate causes. 
There are many local factor interactions affecting 
probabilities of successful tree invasions near upper 
timberlines (Klickoff 1965, Billings 1969, Allen 1989, 
Stevens and Fox 1991). We suggest that sequences of 
favorable climatic years only "set the stage" for tree 
invasions by increasing the odds for tree success at 
microsites (Moir and Lee 1990). Actual tree 
establishment depends on events such as grazing or soil 
disturbance (which reduce vegetation competition), 
cessation of natural fires, heavy seed crops, and 
favorable growing conditions at the microsite. 

IMPLICATIONS FOR BEAR MANAGEMENT 

Loss of Meadow and Tundra Acreage 
Should managers be concerned about possible effects 

of climate change upon bear habitats near timberline? 
Romme and Turner (1991) discussed potential climate 
change scenarios with implications for the Greater 
Yellowstone Ecosystem, prime grizzly and black bear 
habitat. Depending on the scenario, their model 

predicted possible contraction of alpine communities, 
decreases in whitebark pine populations, and 
fragmentation of forest communities. How likely are 
any of these possibilities? 

Few studies have been done on rates at which 
meadow and forest-tundra ecotone plant communities 
are being affected by displacement. Allen (1989) 
estimated from air photos that grassland areas in the 
Jemez Mountains, New Mexico decreased 55-85 % from 
1935 to 1981. In the Snowy Range, Wyoming, Moir 
and Lee (1990) estimated that about 25% of dry 
meadow communities have been invaded in the last 50 

years. At Mount Rainier, Washington, Franklin et al. 
(1971) estimated a potential loss over 3 decades of 
nearly half the forb meadows without management 
intervention. Despite this rapidity of forest advance, 
managers often fail to notice because, like a child 
growing up, it happens gradually over many years. 

Role of Fire 
High-elevation fires reverse meadow losses and 

maintain existing meadows. Fires in forest 
communities near timberline also create herb or shrub 
dominated seral communities which are slow to 
regenerate (Shankman and Daly 1988, Huckaby 1991). 
It is not uncommon to find tundra-like meadows where 
forests had burned 1-2 centuries before. In areas 
rapidly invaded by trees, fire can restore important food 
sources for bears such as huckleberries or currants 
(Martin 1983, Interagency Grizzly Bear Committee 
1987). Fires also help maintain high elevation pine 
populations, another important food source (Irwin and 
Hammond 1985, Mattson and Jonkel 1990). Because 
forests near timberline may be slow to recover after 
fire, managers must also consider the cover 
requirements for bears. Extensive or too frequent 
burs may critically reduce needed forest or krummholz 
cover. 

Role of Grazing 
Constriction of meadow habitat has the effect of 

concentrating both domestic livestock and wild grazing 
herds on fewer acres. Several studies cited in Table 1 
implicated domestic livestock grazing as contributing to 
tree invasion, particularly where massive invasions 
occurred. Concentrations of large grazing animals may 
act as "site preparation" when the balance between trees 
and subalpine meadow or tundra vegetation is delicate, 
tipping the scales in favor of trees. Not only is there a 
reduction in bears' food supply as meadows yield to 
trees, but unless livestock numbers are reduced (which 
is seldom), there is more competition from sheep, 
cows, or elk in the openings that remain (to say nothing 
about adverse human encounters). 

CONCLUSIONS 
Tree invasions into high-elevation meadows at 6 sites 

in the Rocky Mountains have been related to slight- 
cooling periods in an otherwise warming century. The 
relationship is weak because tree seedlings also 
established in years not within this cooling period. This 

phenomenon demonstrates to wildlife managers the 

dynamic nature of the forest-alpine tundra ecotone in 
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western North America. A warming climate as 
indicated by simple mean annual temperatures, 
however, was not the direct cause of forest advance, 
because climate at timberline is strongly modified by 
local conditions. Nevertheless, future bear management 
under possible "greenhouse" conditions may require 
prescribed fires and adjustments in numbers of grazing 
animals to maintain the best mix of openings and cover 
for bears at high elevations. 
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