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A century of climate and ecosystem change in Western
Montana: what do temperature trends portend?
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Abstract The physical science linking human-induced increases in greenhouse gasses
to the warming of the global climate system is well established, but the implications
of this warming for ecosystem processes and services at regional scales is still poorly
understood. Thus, the objectives of this work were to: (1) describe rates of change
in temperature averages and extremes for western Montana, a region containing
sensitive resources and ecosystems, (2) investigate associations between Montana
temperature change to hemispheric and global temperature change, (3) provide
climate analysis tools for land and resource managers responsible for researching
and maintaining renewable resources, habitat, and threatened/endangered species
and (4) integrate our findings into a more general assessment of climate impacts
on ecosystem processes and services over the past century. Over 100 years of daily
and monthly temperature data collected in western Montana, USA are analyzed for
long-term changes in seasonal averages and daily extremes. In particular, variability
and trends in temperature above or below ecologically and socially meaningful
thresholds within this region (e.g., —17.8°C (0°F), 0°C (32°F), and 32.2°C (90°F)) are
assessed. The daily temperature time series reveal extremely cold days (< —17.8°C)
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terminate on average 20 days earlier and decline in number, whereas extremely
hot days (>32°C) show a three-fold increase in number and a 24-day increase in
seasonal window during which they occur. Results show that regionally important
thresholds have been exceeded, the most recent of which include the timing and
number of the 0°C freeze/thaw temperatures during spring and fall. Finally, we close
with a discussion on the implications for Montana’s ecosystems. Special attention is
given to critical processes that respond non-linearly as temperatures exceed critical
thresholds, and have positive feedbacks that amplify the changes.

1 Introduction

The scientific basis for asserting that the global climate system is changing due
to human influence has been firmly established through many lines of evidence
ranging from observational studies to climate models. General circulation models
have quantified and assessed sensitivity of the Earth’s climate system to solar and
greenhouse gas forcings (e.g. Hansen et al. 2005; Lugina et al. 2005; NRC 2005), and
paleoclimatic studies have provided important historical perspectives (e.g. Moberg
et al. 2005; Oerlemans 2005; NRC 2006). The physical science basis for detecting and
attributing climate change indicates that the recent warming of the climate system is
unequivocal, as evidenced from observations of increases in global average air and
ocean temperatures (e.g. Hansen et al. 2005; Rayner et al. 2006), widespread melting
of perennial snow and glacial ice (Durgerov and Meier 2005), and a rising global
average sea level (e.g. Church and White 2006).

The accumulated weight of the scientific evidence for global warming has brought
about a profound change in the level of engagement of a wide range of stakeholders
in defining potential impacts for ecosystem services and livelihoods. This engagement
provides new challenges for the scientific community to develop robust assessments
of regional to local trends and trajectories. For example, federal resource managers
cite the lack of site-specific information to plan for and manage the effects of
climate change as one of the key challenges they face in addressing the impacts of
climate change (GAO 2007). More generally, site-specific information is critical to
understanding the degree to which regional patterns reflect hemispheric or global
temperature rise (Easterling et al. 2000). Accordingly, an analysis of 100+ years of
daily and monthly temperature data for western Montana, USA, is presented as
a case study with three purposes. First, high-quality, archival climate records are
analyzed to assess the nature and significance of local temperature variability and
trends. Second, R project (R Development Core Team 2007) software developed
to quantify changes in daily temperature extremes is made freely available with
modifiable script—allowing for similar analyses to be tailored to, and conducted for,
regions and species of interest. Finally, results are used to identify and discuss the
sensitivity of ecosystems and economies in Montana to changing temperature based
upon a survey of current literature.

Why investigate changes in temperature averages and extremes in western
Montana? The region presents a compelling opportunity for a case study because it
contains one of the world’s last remaining intact temperate ecosystems. At present,
the ecosystem still supports the full assemblage of native species known to have
historically inhabited the region—since the time of the first biological surveys. The
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coldwater fisheries support some of the most intact, high-quality habitat remaining
for native char and Salmonids. The region also serves as home to the last remaining
viable and self-sustaining mega fauna (e.g. American Bison (Bison bison)) and
predator populations (e.g. Grizzly Bear (Ursus arctos horribilis), Gray Wolf (Canis
lupus)) in the lower 48 United States. Aside from the biological conservation value of
western Montana, the mountain ranges serve as critical headwaters for the Columbia,
Missouri, and Saskatchewan Rivers. The importance of the hydrological, biological,
and natural resources of this region are highlighted by the extent of federally
protected lands (Fig. 1), and the designation of core areas (i.e. Glacier—Waterton
International Peace Park, and Yellowstone National Park) as United Nations Ed-
ucational, Scientific, and Cultural Organization (UNESCO) World Heritage sites.
Regional warming, and specifically how impacts from global warming are expressed
locally, represents one of the largest threats to the biological and natural recourses
contained within and around protected areas since the lands were given special
protection status.

What climatically defines and sets this region apart from other areas within the
lower 48 United States? By the standards of a vast majority of people who live
outside the Arctic, western Montana is a “cold” place. Annual average temperatures
derived from the nine western Montana station records (Fig. 1, Table 1) show
that valley temperatures hover around 5.8°C (42.5°F). This reflects the length of
the cool seasons with fall, winter, and spring averaging 6.1°C (43.0°F), —5.0°C
(23.0°F), and 5.4°C (41.8°F) respectively. Additionally, the dry continental nature
of Montana’s climate means localized areas well suited for radiative cooling can
experience extreme temperatures exceeding —46°C (—50°F) (Western Regional
Climate Center, WRCC 2007). For example, the lowest temperatures ever recorded

Fig. 1 Map of western
Montana showing
meteorological stations used in
this study, and the extensive,
intact ecosystems of the
region. National Parks,
wilderness areas and other
protected and managed
federal lands are highlighted
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Table 1 Location, elevation, and percent of record present for western Montana meteorological
stations used in this study

Weather station Elevation (m) Latitude Longitude Record present (%)
(years of record)
Bozeman MSU 1,497.5 45°40'N 111°03'W 99.8 (1892-2006)
Choteau AP 1,172.0 47°49'N 112°12'W 97.3 (1893-2006)
Cut Bank FAA AP 1,169.8 48°36'N 112°23'W 99.0 (1903-2006)
Dillon WMCE 1,593.5 45°13'N 112°39W 99.5 (1895-2006)
Fortine 1IN 914.4 48°47'N 114°54'W 99.5 (1906-2006)
Hamilton 1,080.5 46°15'N 114°10W 98.6 (1895-2005)
Helena WSO 1,166.8 46°36'N 111°58'W 99.9 (1893-2006)
Kalispell WSO AP 901.3 48°18'N 114°16'W 99.9 (1896-2006)
Saint Ignatius 883.9 47°19'N 114°06'W 98.6 (1896-2006)

in the United States (excluding Alaska) occurred on January 20, 1954 at Rodgers Pass
where temperatures fell to —57.0°C (—70.0°F; WRCC 2007). Conversely, summers
are defined by warm days and cool nights with valley temperatures averaging 16.9°C
(62.3°F). The intermountain regions of western Montana not only have a large
climatological difference in cool and warm season temperatures, but also are prone to
large and rapid variations in temperature on extremely short time scales (i.e. weather
events).

The high inter-seasonal and daily extremes in temperature that define this region
and its ecosystems motivated our investigation of changes in seasonal averages and
daily extremes (vs. seasonal or annual averages). For many physical processes critical
to resource management (e.g. timing of snowmelt, timing and amount of streamflow,
and forest fire activity), changes in variability, duration, and timing of extreme events
within a season may be just as important (if not more so) than changes in seasonal
averages. For example, the timing, duration, and severity of a specific temperature
anomaly may cause undesirable biological organisms (i.e. invasive) to thrive, and
strain physical resources such as water and its sources (e.g. snow and glaciers).
Consecutive days of high temperatures combined with earlier snowmelt and a longer
dry season have also resulted in more frequent forest fires in the western U.S. (e.g.
Westerling et al. 2006). This point is particularly acute for western Montana forests,
as temperatures preceding and during the fire season exert a significant influence on
area burned, potentially more than long-term fuel accumulation (Littell et al. 2009;
Westerling et al. 2006; McKenzie et al. 2004). The same summertime temperature
changes have also been documented to be impacting western Montana’s glaciers and
perennial snow and ice masses (e.g. Fig. 2; Hall and Fagre 2003; Pederson et al. 2004,
2006; Watson et al. 2008), with recent evidence for a portion of the retreat being
driven by wintertime warming (Fountain et al. 2007).

A core objective of this paper is to advance understanding of how western
Montana’s climate is changing across seasons, the degree to which these changes
reflect those observed for the Northern Hemisphere (and globally), and to discuss
implications for ecosystems and their services. We also assessed changes in variability
and timing of temperature thresholds important to biological and physical systems.
Specifically, 100+ years of change in absolute temperature thresholds of —17.8°C
(0°F), 0°C (32°F), and 32.2°C (90°F) are investigated due to their importance to
the people and ecosystems of western Montana. It should be noted that extremes
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Fig. 2 Repeat photographs of Boulder Glacier depicting 97 years of change. The Boulder Glacier
resided in Glacier National Park, Montana, and the photos were taken from the summit of Chapman
Ridge. Morton Elrod captured the 1910 photo, and Greg Pederson and Daniel Fagre reshot the 2007
image. See the USGS repeat photography webpage (http://www.nrmsc.usgs.gov/repeatphoto/) for
more images of glacier change in northwestern Montana

in climate could be quantified in terms of relative and absolute extremes. Relative
extremes are expressed in terms of percentiles or statistical distributions, whereas
absolute extremes may refer to numerical values that represent the genetic, phys-
iological, or even cultural adaptation of plants or animals to certain temperatures.
In this paper absolute extremes are used because of their documented regional
importance for physical and biological processes. Further, from the standpoint of
science communication, there is much greater potential for immediate understanding
of the relevance of changes in absolute rather than relative temperatures. The
importance of a particular absolute temperature, however, will vary by region and
ecosystem. Recognizing the potential utility of producing these records for different
regions and processes of interest, the data resources, methods, and analyses are kept
simple, adaptable, and made available to scientists and the general public.

2 Methods

Temperature data were obtained from the nine meteorological stations (out of
a potential 21 stations) with the longest, high-quality daily and monthly records
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positioned within or along the Rocky Mountains of western Montana (Fig. 1,
Table 1). The subset of stations maximized the length (100+ years) and completeness
(>97%) of daily and monthly measurements, and minimized potential bias from
station moves and urban heat island effects. The long-term (1895-2002) monthly
and daily data used in analyses were provided by the U.S. Historic Climatology
Network (USHCN; Williams et al. 2007c), and recent updates (2002-2006) obtained
from the Western Regional Climate Center (WRCC 2007). Northern Hemisphere
and Global temperature data were obtained from the Global Historic Climatology
Network (Lugina et al. 2005).

Utilizing USHCN monthly temperature data ensured records have been corrected
for time-of-observation biases, station moves, instrument changes, urban heat island
effects, and incompleteness of record (Karl et al. 1986, 1988; and Karl and Williams
1987). Though the USHCN daily temperature data represent the best high-resolution,
long-term climate records available, and are primarily free of time-of-observation
biases, care must be taken when interpreting an individual station record since
other types of bias corrections (e.g. station moves) are lacking (see Easterling et al.
1999). The potential influence resulting from problems with a single station record
were minimized by producing an average regional climatology through mean-scaling
followed by record averaging (see below for details).

Missing data always present a potential problem for analyzing and averaging
time series. The U.S. HCN monthly temperature data, however, has missing values
interpolated by using a network of surrounding stations, so records are generally
free of gaps. No such data interpolation has been performed on daily temperature
records; so only stations with records greater than 97% complete (Table 1) were
used. This ensured data gaps were minimal (usually restricted to a portion of any
particular month), and only portions of regional average time series with data from
at least five of the nine meteorological stations were presented in final figures.

Regional temperature time series were constructed using monthly and daily data,
and then analyzed for long-term seasonal trends, correspondence with variability
and trends in Global and Northern Hemisphere temperature, and investigation of
changes in temperature thresholds important to biological and physical systems.
Individual station maximum, minimum, and average temperature (7max, Tmin, and
Tave henceforth) records were used to construct regional Tmax, Timin, and Tyyg records
for all seasons by scaling the mean and averaging the records. Mean-scaling was
performed by calculating a regional 20th century mean for each temperature variable
over each season, and centering each station record on that mean before averaging
records together. This method preserves the temperature units in degrees Celsius
(vs. dimensionless z-scores), allows for investigation of different rates of change be-
tween Thmax and Ty, and provides metric-scaled temperature estimates of seasonal
averages. After the seasonal and annual temperature time series were produced, the
strength of the relationships between regional, Global, and Hemispheric records was
assessed using Pearson product-moment correlation coefficients.

Regional daily temperature data statistics were created following the analysis of
Weiss and Overpeck (2005), who documented the decreasing number of days and
length of freezing season in the Sonoran Desert. Code was written in the R project
software environment (R Development Core Team 2007; http://www.r-project.org/)
that tallied and summed the annual number of Ty, days below —17.8°C (0°F) and
0°C (32°F) over a winter year defined as beginning July 1 and ending June 30.
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Concurrently, the program tallies and sums the number of Th, days above 32.2°C
(90°F) for a summer year beginning January 1 and ending December 31. For each
temperature threshold variable, the program also records the first and last summer
or winter day the threshold value was met. (The daily temperature analysis code
along with documentation is available from the U.S. Geological Survey Northern
Rocky Mountain Science Center web site (http:/www.nrmsc.usgs.gov/MTclimate/)).
After the individual station records were generated, a regional average was produced
following the same mean-scaling techniques described above. Principal component
analysis (see Timm 2002) was performed on the individual station records to identify
common variance and regional patterns of temperature change.

3 Results

3.1 Regional trends in seasonal maximum and minimum temperatures

Globally, instrumental evidence exists for significant decreases in Diurnal Temper-
ature Range (DTR) with a more rapid increase observed in Ty, relative to Tyax
(Easterling et al. 1997; Vose et al. 2005). Current thinking on the physical explanation
for the observed rapid rises in Ty, includes a combination of increased retention
of long-wave radiation due to higher atmospheric CO, values, land cover changes,
and/or potential increases in cloudiness and atmospheric humidity (Easterling et al.
1997). Though atmospheric CO, undoubtedly plays a role, other specific mechanisms
such as increases in cloudiness and/or atmospheric humidity have not been shown
to be a significant factor in this region. In a previous regional study, Watson et al.
(2008) found a significant reduction in DTR due to more rapid increases in Tiin
compared to Thax from a network of stations running from northwestern Montana
north through Jasper National Park, Alberta, CA. The same relationship is apparent
for western Montana; however, changes in Thax and Th, are different across seasons
(Fig. 3, Table 2). Annually and seasonally all linear trends in maximum and minimum
temperatures are significant (p < 0.05). The largest decreases in DTR over the past
century were due to a more rapid rise in Ty, and have occurred in summer (DTR
reduction = —0.77°C) and winter (DTR reduction = —0.65°C). Spring Tp,x appears
to be rising as fast as Tpin (DTR = 0.01°C), while conversely DTR over the fall
season has increased (DTR increase = 0.21°C) with T,y rising more rapidly than
Tmin-

The records presented in Fig. 3 exhibit other patterns of variability in seasonal
Tmax and Tpin, and present evidence of seasonal averages crossing the 0°C solid
to liquid phase change (i.e. freeze/thaw) threshold for water. Though freeze/thaw
terminology is typically reserved for daily, rather than seasonal, observations of
Tmin/ Tmax, in the interest of keeping discussion simple it will be used interchangeably
here. In the spring, summer, and fall interannual variability in T is greater than
Tmin, but correlation between records is high. During the winter, correlation between
records remains high, however, Ty, exhibits greater absolute interannual variability
than Tp.x. Most relevant to water resources (via snow and ice melt) and biological
processes, however, are the trend lines for average spring and fall T, that will
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Fig. 3 Seasonal trends in maximum (red line) and minimum (blue line) temperatures for western
Montana. Note change in scale of temperature axis for each season

soon cross the 0°C freeze/thaw threshold if the current trend continues. Though
seasonal means are not always the best surrogate for numbers of days above or below
specific temperature thresholds, the metrics typically correspond. More importantly,
seasonal temperature means do represent the average amount of ambient energy
available to do work on a system (e.g. driving phase changes in water), and thus are
worth examining in detail. For example, since the 1980s the frequency with which
spring and fall T, were above 0°C has increased dramatically (Fig. 3), resulting in a
rapid decline in number of days below freezing (discussed further in next section).
Winter temperatures show the Ty, trend-line crossing the 0°C threshold in the
1950s. Specific impacts from further increases of winter Ty,,x, however, are unknown
since variability is high and has regularly crossed the 0°C threshold in the past.

Table2 Change in annualand  y/,ri5p1e 20th Century A per decade p-value

segspnal maximum and ' A (°C) ©C)

minimum temperatures mn

western Montana Annual Ty 113 0.11 0.000
Winter Tmax 1.77 0.18 0.009
Spring Tmax 1.58 0.16 0.004
Sumer Tax 1.00 0.10 0.015
Fall Tmax 1.10 0.11 0.027
Annual Tpin 1.55 0.15 0.000

Overall change and Winter Toin 242 0.24 0.002

S‘gmﬁcznce of “e’t‘,d s Spring Tmin 1.57 0.16 0.000

assessed conservatively usin,

ordinary least Squaresy & Summer Tmin 1.77 0.18 0.000
Fall Tomin 0.89 0.09 0.010

regression
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Changes in winter T, may, have substantial impacts on snow depth, snow water
equivalent, and cold content of valley snowpacks.

3.2 Trends in daily Tiax/Tmin €xtremes and thresholds

A major concern associated with global warming, and the resultant long-term
changes in temperature, are the potential associated changes in frequency and
duration of extreme events. Significant changes in number, duration, and variability
of the first and last calendar days ™" temperatures were >32.2°C (90°F; Fig. 4), <0°C
(32°F; Fig. 5), and < —17.8°C (0°F; Fig. 5) are documented below. Changes in the
number of days™" >32.2°C indicate this region has experienced an approximate
three-fold increase in number of extremely hot days™". On average, 5 days™" were
>32.2°C throughout the early decades of the 20th century. The previous two decades,
however, averaged 15 days™" >32.2°C. More conspicuous than the positive trend in
days™¥" >32.2°C, is the increased frequency of years with an extreme number of days
>32.2°C. The record setting year for number of days >32.2°C was 2003 (analysis ends
in 2006), at 32 days >32.2°C. Other years similar to 2003 in terms of numbers of days
>32.2°C (i.e. >20 days) include, 2001, 2000, 1998, 1988, 1967, 1962, 1961, 1941, 1937,
1932, 1930, and 1919. The number of days™" the 32.2°C Ty, threshold was equaled
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Fig. 4 Top: Graphs showing the different rates of change in number of days ™" Timax > 32.2°C (gray
bars) for southwestern (left) and northwestern Montana (right) from 1895-2006. A 5-year moving
average (red line) highlights trends and variability in #days ™" > 32.2°C. Bottom: Trends in number of
days (gray bars), and the first (green line) and last (blue line) day of every summer, that temperature
in western Montana equaled or exceeded 32.2°C
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Fig. 5 Average number of frost/freeze days (#days™ Tmin < 0.0°C (32.0°F)) or extremely cold
days (#days ¥ Tppin < —17.8°C (0.0°F)) per winter year in Western Montana (gray bars). Graphs
also depict the first day of fall (blue line) and last day of spring (green line) temperature equaled or
exceeded the defined threshold

or exceeded also exhibits pronounced sub-regional variability. Principal components
analysis of individual station data revealed different timing and rates of change for
northwestern and southwestern Montana (G. Pederson, unpublished data). Regional
averages from stations located in northwestern and southwestern Montana exhibit
this relationship (Fig. 4 Top). An extremely rapid early-20th century rise (1917—
1942) in average number of days™" >32.2°C, and strong decadal-scale variability is
evident for the northwestern region of Montana. The southwestern region, however,
exhibits a more linear increase in number of days™" >32.2°C over the period of
record (Fig. 4 Top). The rapid 1917-1942 rise in northwestern Montana temperatures
was associated with the severe dustbowl and pre-dustbowl droughts of the Pacific
Northwest (Pederson et al. 2006; Watson and Luckman 2004), rapid recession of
glaciers in Glacier National Park (Carrara 1989; Key et al. 2002; Pederson et al. 2004),
as well as increased fire activity (Littell et al. 2009; Pederson et al. 2006).

With a three-fold increase in the average number of days >32.2°C, an increase
in the seasonal window of time these temperatures can occur is expected. Figure 4
(bottom) shows evidence for the temporal extension of the “hot” summer season
with the average first occurrence of temperatures >32.2°C in the early-20th century
beginning on summer year day (YD) 189 (~July 8), and ending on average by
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summer YD 223 (~August 11). By the early-21st century, however, the average
number of days >32.2°C has increased by 24 days, with the first summer YD >32.2°C
occurring on day 179 (~June 28) and the last “hot” event on summer YD 237
(~August 25).

With a demonstrated increase in number of “hot” days (>32.2°C) experienced
per year across western Montana, it follows logically that a reduction in number of
“cold” days per year should be evident. With few exceptions, western Montana me-
teorological stations have experienced a decrease in annual number of freeze/thaw
days (Tpmin < 0°C), and extremely cold days (Tpmin < —17.8°C).! The average loss of
number of days at or below the freeze/thaw threshold (T, < 0°C) in western Mon-
tana is approximately 16 days, declining from an average of ~186 to ~170 days™"
(Fig. 5 top). The sharpest decline in number of freeze/thaw days has occurred within
the last 20 years. The decline in number of days <0°C corresponds with the increasing
number of years that average spring T, has equaled or exceeded 0°C (Fig. 3).
Also associated with the decline in average annual number of freeze/thaw days is
a narrowing of the annual window over which Ty, < 0°C. Figure 5 (top) shows a
post-1980s trend towards a later arrival of the first freeze/thaw day in the fall and an
earlier termination of freeze/thaw events in the spring.

The regional data document a loss in annual average number of extremely
cold days (7Tpmin < —17.8°C). From 1895-1980, western Montana averaged 20 days
per year where T, was < —17.8°C, with many “extremely cold” individual years
experiencing between 30 to 44 days below —17.8°C (Fig. 5 bottom). Recent decades
(1981-2006) have averaged 14 days per year Tyin < —17.8°C, with a reduction in
frequency of years with high numbers of extremely cold days. For example, the 1992
winter year was the only year with close to a month (29 days) of T, < —17.8°C.

The onset and end of extremely cold temperatures in the region also exhibits tem-
poral variability. Over the length of record (1895-2006), the onset of extremely cold

!In this paper, a freeze/thaw day and an extremely cold day are defined as any 24 hour period where
the average regional Ty, is < 0°C or < —17.8°C respectively. There may be other thresholds of
interest, and these can be defined using either Tayg Or Tax, and the R program script.
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temperatures (7Tmi, < —17.8°C) is highly variable, exhibits no trends, and typically
occurs near winter YD 158 (~December 5; Fig. 5). The last extremely cold day of
the winter season, however, has changed significantly, arriving an average of 19 days
earlier. During the early-20th century (1900-1910) extremely cold temperatures
(tmin < —17.8°C) typically ended on winter YD 248 (~March 5). Over the past
decade (1996-2006) the end of winter season’s extremely cold events has occurred on
average by winter YD 228 (~February 15). The earlier termination of extreme cold
events (tyin < —17.8°C) documented here reflects the autumn/spring asymmetry in

warming noted below.

3.3 Global warming vs. regional trends

There is a high degree of regional variability in the expression of climate change
because temperature variability at regional scales results from the interaction of
local- (e.g. land-use and land cover change) and global-scale forcings (e.g. ocean
atmosphere interactions, changing concentrations of greenhouse gasses, volcanic
events, solar variability). For western Montana, annual and seasonal temperature
variability tracks Global and Northern Hemisphere (NH henceforth) trends on
short- (interannual) and long-term (multi-decadal and greater) scales (Figs. 6 and
7). The similarity between the interannual temperature variability implies that on
a year-to-year basis, if the NH is warm (or cold), typically western Montana is as
well. The similarity between long-term trends (or more generally low-frequency
change; highlighted in Figs. 6 and 7 using a 5-year moving average) suggests that
the same large-scale forcings (e.g. GHG forcings, solar variability, SST patterns,
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Fig. 7 Comparison between trends in western Montana and Northern Hemisphere (blue line)
seasonal temperatures. Red line displays the western Montana 5-year running mean. Note change
in scale of temperature axis for each season, this has implications related to absolute temperature
change
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Table 3 Correlation between western Montana average annual and seasonal temperatures, and
Northern Hemisphere and Global average temperature records

Season Northern Hemisphere Tayg Global Tyyg correlation
correlation (p-value) (p-value)

Annual 0.581 (0.000) 0.572 (0.000)

Winter (DJF) 0.416 (0.000) 0.401 (0.000)

Spring (MAM) 0.414 (0.000) 0.430 (0.000)

Summer (JJA) 0.465 (0.000) 0.489 (0.000)

Fall (SON) 0.323 (0.001) 0.304 (0.002)

volcanic events) driving global temperature change may drive a substantial portion
of the observed low-frequency change in western Montana. Correlations between
western Montana, NH, and Global temperatures range from » = 0.304 to r = 0.581
and are significant (p < 0.005; Table 3). Similarly, although the relationships between
regional and Global temperatures appear robust, at the scale of an individual station
the strength of the relationship varies (Fig. 8). The intermediate strengths of the
correlations indicate the importance of local- to regional-scale climate forcings as
compared to global-scale climate forcings (see Section 4), but also imply results
should be interpreted cautiously since the high number of observations functionally
results in lower correlation thresholds for a statistically significant finding. Also,
correlation analysis assumes a linear relationship between variables; meaning if non-
linear relationships between variables exist an overall lower correlation coefficient
will be produced.

Fig. 8 Correlations between
average annual and seasonal
temperature records for the
Northern Hemisphere and the
nine individual Montana
stations. Correlations are
calculated between the
unsmoothed time series and
significant values are base on
p-value < 0.05
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4 Discussion
4.1 Significance and representativeness of climatic trends

The long-term climatic trends in western Montana are consistent with other studies
of mountains in the temperate zone (e.g. Nogués-Bravo et al. 2007; Diaz and Eischeid
2007; Mote 2003). Significant trends in daily and seasonal temperature resemble the
more rapid warming occurring at high latitudes and across heavily forested regions
(Dang et al. 2007). Western Montana has thus far experienced a +1.33°C (1900-
2006) rise in annual average temperatures (Fig. 6), which is 1.8 times greater than the
+0.74°C (1900-2005) rise in Global temperatures (Lugina et al. 2005).

Any discussion of local- to regional-scale changes in climate, however, warrants
further discussion of signal-to-noise ratios, and specifically the increasing amount
of unexplainable variability (or “noise”) that is encountered at increasingly smaller
spatial scales. For example, temperature records from a given meteorological station
reflect a mix of local- (e.g. microtopography, orography, development, instrument
changes, station moves), regional- (e.g. land-use and land-cover changes, con-
centration of tropospheric aerosols), and global-scale climate forcings (e.g. ocean
atmosphere interactions, changing concentrations of greenhouse gasses, volcanic
events, solar variability) whereby the contribution to observed variance in climate
from any particular forcing is non-stationary through time. This relationship is
reflected by the variable correlation strengths shown for annual and seasonal average
temperature records from individual Montana meteorological stations as compared
to averages for the Northern Hemisphere (Fig. 8).

Regional climatologies reduce noise associated with local forcings thereby pro-
viding a more representative picture of temperature trends and variability at scales
comparable to broader climate system changes, yet relevant to regional ecosys-
tems. The fact that western Montana tracks global and hemispheric patterns of
temperature change (Figs. 6 and 7) suggests that global-scale forcings dominate, or
at least are not strongly counteracted by, local- to regional-scale climate forcings.
While this relationship is suggestive that knowledge of global or hemispheric tem-
perature change might provide some predictive relationship of western Montana
temperatures, we caution against such simplistic explanations. Using an ensemble
of global climate models Williams et al. (2007b) predict the Northern Rockies and
consequently western Montana will likely see the rise of a no-analog climate system
configuration (see Figure 3 in Williams et al. 2007b). What this means for the future
correspondence between western Montana’s temperature in relation to global trends
and variability is unclear. Similarly, the relationship between global temperature
trends (and variability) and trends shown for western Montana do not constitute
a formal test of attribution—and should not be interpreted as such.

4.2 Evidence for tipping points and thresholds in climate impacts

The rapid rise in temperature has had a substantial impact on regional resources
and ecosystems, in part due to the crossing of critical daily and seasonal temperature
thresholds documented here (Figs. 3, 4 and 5). In the discussion below, we describe
the most sensitive elements of Montana’s ecosystems and economies as those systems
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that (1) have critical processes that change rates as temperatures exceed critical
thresholds, and (2) have positive feedbacks that amplify the changes.

4.2.1 Alpine glaciers are retreating

Perhaps the most iconic impact of climate change in Montana is the retreat of
alpine glaciers within Glacier National Park, Montana ([Key et al. 2002; Hall and
Fagre 2003; Pederson et al. 2004], cf. Boulder Glacier repeat photographs; Fig. 2).
The dramatic recession of glaciers has resulted in part from the accelerated rate of
ablation (i.e. melting) that occurs with increasing average temperatures over the
critical spring and summer ablation season. Increases in ablation season average
temperatures coupled with spring and fall average Ty, crossing the freeze/thaw
threshold implies both an intensification of available energy to melt ice, and a
potential lengthening of season over which melt occurs. The analysis of daily data
presented here shows a reduction in extreme cold events and frost/freeze events, and
an intensification of daily high-temperature events with a lengthening of ablation
season (Figs. 4 and 5).

The melting of alpine glaciers and perennial snow and ice masses, however, is not
a simple linear response to an outside climatic forcing. The initial response of alpine
glaciers to regional warming (i.e. glacier retreat) entrains a number of local climatic
positive feedbacks that amplify the physical response of the system. This is especially
true when average temperatures begin crossing important physical thresholds, such
as the 0°C freeze/thaw isotherm. For example, as ice retreats and exposes more of the
surrounding bedrock and cirque walls, approximately 50% more long-wave radiation
is reemitted due to greatly reduced surface albedo resulting in more sensible heating
of the local environment. Thus, the area around the glacier warms non-linearly
and increases melt rates along the glacial margins, thereby accelerating the retreat
process.

4.2.2 Fire and mortality is transforming forests

The increasing number of hot days (days™" > 32.2°C) and the loss of frost/freeze
(days™" < 0°C) coincides with a number of observed changes in forest ecosystems.
First, the overall warming of the mountainous areas of western Montana during the
winter and spring, and the average loss of 16 days of temperatures <0°C matches
the observed 5 to >20 day advance in the center-of-mass timing (CT) in streamflow
for Montana (Stewart et al. 2005), and a 30% reduction in April 1 snow water
equivalent across the Pacific Northwest since 1950 (Mote 2003). Though changes
in temperature records from western Montana have not explicitly been linked to
changes in snowpack and streamflow timing here, Stewart et al. (2005) documents
changes in temperature as a significant driver in CT with the effects of larger synoptic
controls (i.e. the Pacific Decadal Oscillation) removed (see Figure 11; Stewart et al.
2005). Also, a recent detection and attribution study from Barnett et al. (2008)
ascribes a majority (>60%) of the observed changes in Western U.S. snowpack (and
hence streamflow) from 1950-1999 to anthropogenic causes.

The earlier melt-out of mountain snowpacks combined with the increasing num-
ber of days and length of season over which hot days occur has been shown by
Westerling et al. (2006) to have resulted in significant increases in fire frequency
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and area burned both regionally and throughout the Western U.S. since the 1970s.
This study, however, lacks the long-term perspective provided by other fire/climate
research (e.g. Littell et al. 2009; McKenzie et al. 2004), which provide a more nuanced
perspective. The forests of western Montana, and the northern Rockies have been
found to have a fire regime strongly controlled by temperature and precipitation
(i.e. water balance [Littell et al. 2009]), thus making the forests of western Montana
highly vulnerable to increased temperatures (Westerling et al. 2006). Increased
temperatures, however, are not the sole cause of frequent and large forest fire
activity. Both an ignition source (e.g. lightning, human activity) and a mechanism
for rapid spread (i.e. wind generated by storm fronts or the fires themselves) are a
necessity for widespread regional fire activity (McKenzie et al. 2004), and it is unclear
how these variables may be changing. The potential increased vulnerability to fire,
however, is important since forest fires play an important role in species structure and
composition (Bond et al. 2005), and changes in fire frequency are expected to play a
role in driving biome shifts (Scholze et al. 2006). The recent decades of increasingly
large fires (Westerling et al. 2006) may signal Montana’s forested ecosystems are
currently in the process of change.

Insect outbreaks are another component of temperature-driven changes to west-
ern forests. Increases in temperature affect bark beetle species in different ways.
Warmer temperatures—such as the winter and spring warming and loss of extreme
cold days in western Montana—may alter outbreak frequency/duration, reduce win-
terkills, speed up life cycles, modify herbivory and damage rates, and lead to range
expansion or contraction (Carroll et al. 2003; Logan and Powell 2001; Logan et al.
2003). From western Montana through interior British Columbia the mountain pine
beetle (Dendroctonus ponderosae) has expanded its range to higher elevations, and
farther east then previously documented, causing widespread tree mortality (Logan
and Powell 2001). For example, the hardest hit areas of the recent outbreak lie within
interior British Columbia with the Mountain Pine Beetle affecting 9,243,408 ha
(22,840,959 acres) of lodgepole pine (Pinus contorta) as of September 2006 (B.C.
Ministry of Forests 2007).

With the Mountain Pine Beetles expansion to higher elevations, novel species/host
associations have occurred with the beetle infesting and killing whitebark pine (Pinus
albicalus). This is disconcerting since whitebark pine is considered a ‘keystone’
species due to its provision of food for more then seventeen animal species (Arno
and Hoff 1990; and Tomback et al. 2001). With whitebark pine already considered to
be “functionally extinct over a third of its range” due to blister rust, a changing fire
regime, and now infestation from the mountain pine beetle there is serious cause
for concern regarding the future functional response of this subalpine ecosystem
(Tomback et al. 2001). Additionally, modeling efforts investigating the influence of
bioclimatic variables on the functional niche of whitebark pine within the Greater
Yellowstone Ecosystem suggest the potential for a complete loss of whitebark pine
due to projected changes in temperature and precipitation alone (Schrag et al. 2008;
Bartlein et al. 1997).

4.2.3 Rapid changes in freshwater fisheries

Rapid ecosystem change may already be impacting the aquatic ecosystems of our
highest and coldest watersheds. Globally, over the last four decades the world has
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witnessed the disappearance of over 7,000 km? of mountain glaciers (Dyurgerov

2003). The Greater Yellowstone and the Crown of the Continent Ecosystems (which
encompasses Glacier National Park) have lost 42% and 66% of their glacial and
perennial snow and ice cover respectively since 1900 (Fountain et al. 2007). Within
Glacier National Park the loss of glaciers has been most dramatic. Since the termina-
tion of the Little Ice Age (ca. 1850 ap) glaciers and perennial snow/ice masses have
been reduced in number from approximately 150 to 26, which corresponds to an
83% loss in total ice mass. With the loss of glaciers has come the loss of watersheds
containing glaciers: 23 first-order watersheds historically contained glaciers at the
source of their headwaters, today only 14 watersheds contain glaciers or perennial
snow and ice.

The influence of glaciers on aquatic ecosystems ranges from providing base
flows during the hot, dry summers to moderating stream temperatures. In these
remnant cold-water fisheries regulation of stream temperature is of key importance
in controlling the distribution and abundance of invertebrates (Hauer et al. 1998) and
fish (Keleher and Rahel 1996; Dunham et al. 2003). Salmonids are often considered
a keystone species for aquatic and terrestrial ecosystems, and may be an especially
important indicator of ecosystem health in the face of climate change. Salmonids
provide an excellent early warning indicator of climate warming because their body
temperature is dependent on the temperature of their surroundings, and they have a
characteristically narrow range of thermal tolerance. Almost all of the native inland
cutthroat (Oncorhynchus clarkii spp.) species, grayling (Thymallus arcticus) and bull
trout (Salvelinus confluentus) have been proposed for listing under the Endangered
Species Act and a number are currently listed as “threatened”. Trout, grayling,
and char historically inhabited a variety of freshwater habitats, but have declined
due to habitat degradation, fragmentation, introductions of nonnative species, and
elevated water temperature. Many native salmonid populations are restricted to
small, fragmented headwater habitats, which are increasingly vulnerable to wildfires
and subsequent flooding. The bull trout (Salvelinus confluentus), for example, is
a native char to northwestern North America that requires cold, connected and
complex habitats for growth, survival, and long-term population persistence. A
warming climate, and changes to seasonal and daily temperature extremes during
the season of greatest stress (i.e. summer; see Figs. 4 and 7), may negatively impact
existing trout populations by increasing water temperatures beyond critical physio-
logical thresholds. Bull trout have among the lowest mean tolerance for high water
temperatures of North American salmonids (Selong et al. 2001). Using theoretical
modeling and empirical air temperature data, Rieman et al. (2007) estimated that
warming temperatures over the distributional range of bull trout could result in
the losses of 18-92% of thermally suitable natal habitat area and 27-99% of large
(>10,000-ha) habitat patches (Rieman et al. 2007).

Global warming may ultimately be the greatest threat to the persistence of
native fishes because it will exacerbate current negative effects of invasive aquatic
species and habitat degradation while increasing water temperatures to unsuitable
thresholds (Williams et al. 2007a). In conjunction with losing the cooling effect
of glaciers and perennial snow and ice, stream temperature will be affected most
by changes in maximum summer temperatures and minimum winter temperatures
(Keleher and Rahel 1996). Using an upper temperature threshold of 22°C (71.6°F)
as a constraining variable for a guild of cold water fish (brook trout, cutthroat trout,
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and brown trout), Keleher and Rahel (1996) predicted that the length of streams
occupied in Wyoming would decrease 7.5-43.3% for increases in temperature from
1 to 5°C. Changes in temperature of this magnitude may not only decrease existing
habitat by increasing air and water temperatures, but will likely further fragment
available suitable habitat, increase the risk of catastrophic fire, change the timing and
quantity of water from snowpack, increase winter flooding in some areas, and provide
habitat conditions that favor introduced species, putting many native salmonids at
high risk of extinction in the western United States (Williams et al. 2007a).

4.3 Ecosystem services and economic impacts

Montana’s ecotourism- and agriculture-based economy will likely experience a
mixture of positive and negative impacts as a consequence of future climate change.
A potential positive impact for ecotourism may arise from weather conditions
more amenable to people at the start and end of the traditional summer tourist
season—thereby increasing overall tourism numbers and length of visitation season.
Conversely, the premiere ski resort industry is likely to see a reduction in profits
due to a shortening season over which a high quantity and quality of snowpack is
available for skiers (Breiling and Charmanza 1999). With a reduction in snowpack,
and increased stream temperatures over the spring and summer, fishing guides may
expect increasingly more frequent closures of streams and rivers due to reduced flows
and increased thermal stress on aquatic species.

Montana’s agricultural system has always had a tenuous relationship with
Montana’s climate. The predominance of dry-land farming coupled with the region’s
tendency to experience sustained drought conditions (Pederson et al. 2006) led to
the harsh human conditions and massive number of farm foreclosures during the
dustbowl and pre-dustbowl droughts of the 1920s and 30s (Murphy 2003; Pederson
et al. 2006). In spite of this, western Montana’s highly productive and high-quality
valley grasslands have always served as valuable land for livestock production. With
changes in timing of specific chilling periods, which is likely happening as shown
by decreases in winter season cold temperatures (Fig. 5), it is expected that crop
yields will decline and more xeric conditions will prevail reducing pasture quality
(Slingo et al. 2005) and threatening Montana’s livestock industry. Economic models,
coupled with climate change predictions show agricultural regions in Montana that
will be hardest hit are those with the least resources and ability to adapt (Antle et al.
2004), which mirrors expectations of global societal and agricultural impacts (Tol
et al. 2004).

5 Conclusions

Regional analysis of trends in western Montana temperatures reveals changes that
track both interannual and multi-decadal variability exhibited in global and NH
temperature records. In all cases, however, the rise in extremes and seasonal averages
has been two to three times greater than that of the global average. Importantly,
we see substantial changes in extreme conditions, with both a loss of extremely
cold days as well as an increase in extremely hot days. Important thresholds are
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being exceeded, in particular the 0°C seasonal frost/freeze value for average Tmin
over the spring and fall. Evidence for major ecosystem changes within the region
is associated with these changes in seasonal average temperatures, and the changing
frequency of daily temperature extremes and thresholds associated with physical and
biological processes. A take-home message of this analysis and review of impacts
is that there is danger in assuming that long-term trends in temperature will be
associated with equally paced or simple linear changes in ecosystems and their
services. The processes by which ecosystem changes take place are often complicated
by synergistic and non-linear relationships between variables (e.g. Nogués-Bravo
et al. 2007; Scheffer et al. 2001), many of which are still unknown. Thus, more
intensive research on local and regional climate interactions with coupled socio-
ecosystems should be completed through the integration of observational studies of
past climate-socio-ecosystem relationships. The software provided herein is intended
to assist with the often-daunting task of extracting meaningful climate metrics. In
conjunction with these efforts, capacity to monitor for new system trajectories, or
sudden shifts, in our biophysical systems should be increased for long-term planning
and/or rapid mitigation measures. Regardless of future efforts in carbon mitigation
and sequestration, over the course of this next century we are committed to a
warming climate. Only through increased monitoring, research, and generation of
spatially explicit patterns of expected change, can we expect citizens and resource
managers to engage in well-informed decision-making.
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