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Fort Benton, Montana.
Photograph courtesy of Scott Bischke.
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Figure I. Montana’s seven climate divisions.
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Figure II. Trends in annual average temperature across each climate division (Figure I) in
Montana. The divisions are northwestern (NW), southwestern (SW), north central (NC), central
(C), south central (SC), northeastern (NE), and southeastern (SE).

Figure III. The projected increase in annual average daily maximum temperature (°F) for each
climate division in Montana for the periods 2049-2069 and 2070-2099 for (A) stabilization
(RCP4.5) and (B) business-as-usual (RCP8.5) emission scenarios.

Figure IV. The focal rivers for this assessment, including black outlines of the seven climate
divisions (see Water chapter), contributing watersheds (red), river gage locations (green), and
the Continental Divide (dotted).
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climate divisions (see Figure I).

xxxix
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Figure VI. Factors that drive agricultural decisions in Montana. The size of bubble and arrows
SWCNKVCVKXGN[TGRTGUGPVUVJGTGNCVKXGKORQTVCPEGQHGCEJHCEVQToUKPƃWGPEGQPCITKEWNVWTCN
production decisions.

Figure 1-1. Global climate projections from the Intergovernmental Panel on Climate Change,
showing temperature and precipitation trends for two different future scenarios, as described
in the Climate chapter of this assessment (IPCC 2014a).

Figure 2-1. Changes in important global atmospheric greenhouse gas concentrations from
year 0 to 2005 AD (ppm, ppb = parts per million and parts per billion, respectively) (Forster et
al. 2007).
Figure 2-2. Montana is the fourth largest state in the nation and provides the headwaters for
three major river basins. Two of these, the Columbia and the Missouri, encompass almost 1/3
of the landmass of the conterminous US. The Continental Divide is the line running through
the state, and forming the Montana/Idaho border until reaching Wyoming.
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Figure 2-3. Montana’s seven climate divisions.
Figure 2-4. Trends in annual average temperature across each climate division (Figure I) in
Montana. The divisions are northwestern (NW), southwestern (SW), north central (NC), central
(C), south central (SC), northeastern (NE), and southeastern (SE).
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Figure 2-5. Typical January-March weather anomalies and atmospheric circulation during El
Niño (top) and La Niña (bottom) events. Image courtesy National Weather Service (NWSa
undated).

Figure 2-6. (A) Top two images show the average anomaly in Montana’s winter precipitation
(left) and temperature (right) during La Niña events. (B) Bottom two images show the average
anomaly in Montana’s winter precipitation (left) and temperature (right) during El Niño events.
For Montana, El Niño winters are generally drier and warmer; La Niña winters are generally
wetter and colder. This analysis was done using data from Livneh et al. (2013) and is based on
the study period of 1915-2013.
Figure 2-7. (A) Top two images show the average anomaly in Montana’s winter precipitation
NGHV CPFVGORGTCVWTG TKIJV FWTKPIVJGEQQNRJCUGQHVJG2CEKƂE&GECFCN1UEKNNCVKQP $ 
Bottom two images show the average anomaly in Montana’s winter precipitation (left) and
VGORGTCVWTG TKIJV FWTKPIVJGYCTORJCUGQHVJG2CEKƂE&GECFCN1UEKNNCVKQP(QT/QPVCPC
VJGYCTORJCUGQHVJG2CEKƂE&GECFCN1UEKNNCVKQPKUIGPGTCNN[CUUQEKCVGFYKVJYCTOGTCPF
FTKGTYKPVGTU%QQNRJCUG2CEKƂE&GECFCN1UEKNNCVKQPYKPVGTUCTGIGPGTCNN[YGVVGTCPFEQNFGT
This analysis was done using data from Livneh et al. (2013) and is based on the study period
of 1915-2013.

Figure 2-8. Example of a simple linear regression model of climate change. This model looks
CVVJGJKUVQTKECNFCVCQHCENKOCVGXCTKCDNG GIVGORGTCVWTG CPFJCUCDGUVƂVNKPGTWPPKPI
VJTQWIJVJGUGFCVC6JKUDGUVƂVNKPGHQNNQYUVJGUCOGVTGPFKPVQVJGHWVWTGCPFECPDGWUGF
to project the change of the climate variable in the coming years. Such a model is useful to
illustrate modeling principles, but it is too simple to accurately forecast future climate trends.
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Figure 2-9. Graphs showing the minimum, maximum, and median temperature increases
(°F) projected for each climate division in both stabilization (RCP4.5) and business-as-usual
(RCP8.5) emission scenarios. The top row shows mid-century (2040-2069) projections and
the bottom row shows end-of-century (2070-2099) projections. The outline of each box is
determined by model agreement on the sign of the change (positive or negative). A black
outline means there is >=80% model agreement and a red outline means that there is <80%
model agreement. In this case, all models indicated the direction of the temperature trend at
an agreement of greater than 80%.
Figure 2-10. The projected increase in annual average daily maximum temperature (°F) for
each climate division in Montana for the periods 2049-2069 and 2070-2099 for (A) stabilization
(RCP4.5) and (B) business-as-usual (RCP8.5) emission scenarios.
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Figure 2-11. The projected monthly increase in average temperature (°F) for each climate
division in Montana in the mid-century projections (2040-2069) for the (A) stabilization
(RCP4.5) and (B) business-as-usual (RCP8.5) emission scenarios.

Figure 2-12. The projected increases in number of days above 90°F (32°C) for each climate
division in Montana over two periods 2040-2069 and 2070-2099 for (A) stabilization (RCP4.5)
and (B) business-as-usual (RCP8.5) emission scenarios.

Figure 2-13. Graphs showing the increase in the number of days per year above 90°F (32°C)
projected for each climate division in both stabilization (RCP4.5) and business-as-usual
(RCP8.5) emission scenarios. The top row shows mid-century projections (2040-2069) and
the bottom row shows end-of-century projections (2070-2099). The outline of each box is
determined by model agreement on the sign of the change (positive or negative). A black
outline means there is >=80% model agreement and a red outline means that there is <80%
model agreement. In this case, all models indicated the direction of the trend for days above
90°F (32°C) at an agreement of greater than 80%.
Figure 2-14. The projected change in the number of frost-free days for each climate division
in Montana over two periods 2040-2069 and 2070-2099 for (A) stabilization (RCP4.5) and (B)
business-as-usual (RCP8.5) emission scenarios.
Figure 2-15. Graphs showing the increases in frost-free days/yr projected for each climate
division in both stabilization (RCP4.5) and business-as-usual (RCP8.5) emission scenarios.
The top row shows mid-century projections (2040-2069) and the bottom row shows endof-century projections (2070-2099). The outline of each box is determined by model
agreement on the sign of the change (positive or negative). A black outline means there is
>=80% model agreement and a red outline means that there is <80% model agreement. In
this case, all models indicated the direction of the trend of frost-free days at an agreement
of greater than 80%.
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Figure 2-16. The projected change in annual precipitation (inches) for each climate division
in Montana over two periods 2040-2069 and 2070-2099 for (A) stabilization (RCP4.5) and (B)
business-as-usual (RCP8.5) emission scenarios.
Figure 2-17. Graphs showing annual precipitation change (in inches) projected for each
climate division in both stabilization (RCP4.5) and business-as-usual (RCP8.5) emission
scenarios. The top row shows mid-century projections (2040-2069) and the bottom row shows
end-of-century projections (2070-2099). The outline of each box is determined by model
agreement on the sign of the change (positive or negative). A black outline means there is
>=80% model agreement and a red outline means that there is <80% model agreement. In
this case, all models indicated the direction of the annual precipitation trend at an agreement
of greater than 80%.
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Figure 2-18. Graphs showing the minimum, maximum, and median percent changes in annual
precipitation projected for each climate division in both stabilization (RCP4.5) and businessas-usual (RCP8.5) emission scenarios. The top row shows mid-century projections (2040-2069)
and the bottom row shows end-of-century projections (2070-2099). The outline of each box
is determined by model agreement on the sign of the change (positive or negative). A black
outline means there is >=80% model agreement and a red outline means that there is <80%
model agreement. In this case, all models indicated the direction of the precipitation trend at
an agreement of greater than 80%.
Figure 2-19. Graphs showing the interannual variability of precipitation projected for each
climate division in both stabilization (RCP4.5) and business-as-usual (RCP8.5) emission
scenarios. The top row shows mid-century projections (2040-2069) and the bottom row shows
for end-of-century projections (2070-2099). The outline of each box is determined by model
agreement on the sign of the change (positive or negative). A black outline means there is
>=80% model agreement and a red outline means that there is <80% model agreement.
Figure 2-20. Projected monthly change in average precipitation (inches) for each climate
division in Montana in the mid-century projections (2040-2069) for (A) stabilization (RCP4.5)
and (B) business-as-usual (RCP8.5) emission scenarios.

Figure 2-21. The projected monthly change in average precipitation (inches) for each climate
division in Montana in the end-of-century projections (2070-2099) for (A) stabilization (RCP4.5)
and (B) business-as-usual (RCP8.5) emission scenarios.
Figure 2-22. The projected change in the number of consecutive dry days (<0.1 inch [0.3 cm]
of precipitation) for each climate division in Montana over two periods 2040-2069 and 20702099 for (A) stabilization (RCP4.5) and (B) business-as-usual (RCP8.5) emission scenarios.
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Figure 2-23. Graphs showing the number of consecutive dry days in a year projected for
each climate division in both stabilization (RCP4.5) and business-as-usual (RCP8.5) emission
scenarios. The top row shows mid-century projections (2040-2069) and the bottom row shows
end-of-century projections (2070-2099). The outline of each box is determined by model
agreement on the sign of the change (positive or negative). A black outline means there is
>=80% model agreement and a red outline means that there is <80% model agreement. In
the case of consecutive dry days, there was less than 80% agreement across the models for
all climate divisions.
Figure 2-24. Graphs showing the increase in the number of wet days/yr projected for each
climate division in both stabilization (RCP4.5) and business-as-usual (RCP8.5) emission
scenarios. The top row shows projections for mid century (2040-2069) and the bottom row
shows projections for end-of-century (2070-2099). The outline of each box is determined by
model agreement on the sign of the change (positive or negative). A black outline means
there is >=80% model agreement and a red outline indicates <80% model agreement.
Model agreement for the trend of wet days each year was greater than 80%, except for the
northeastern climate division.
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(KIWTG5KORNKƂGFUEJGOCVKEQHVJGYCVGTE[ENG#TVYQTMD[,GPP[/E%CTV[

Figure 3-2. Mean annual precipitation for the years 1981-2010 from Daymet. Daymet is
produced by the Oak Ridge National Laboratories from methods originally developed at
the University of Montana. The data are derived from elevation and daily observations of
precipitation in inches from ground-based meteorological stations. Figure courtesy Montana
%NKOCVG1HƂEG

(KIWTG5VCVGYKFGCXGTCIGCPPWCNƃQYCEEWOWNCVKQPCUKPƃQYUCPFQWVƃQYUKPOKNNKQPUQH
acre-feet/yr (1 acre-foot = 1233 m3). Image from the Montana State Water Plan 2015, courtesy
of the Montana Department of Natural Resources and Conservation (MT DNRC 2015).
(KIWTG&KUVTKDWVKQPQHUWTHCEGNGXGN KGUWTƂEKCN CPFDGFTQEMCSWKHGTUCETQUU/QPVCPC
Images from MT DNRC, Montana State Water Plan 2015 (MT DNRC 2015).

Figure 3-5. The focal rivers for this assessment, including black outlines of the seven climate
divisions (see Water chapter), contributing watersheds (red), river gage locations (green), and
the Continental Divide (dotted).
(KIWTG5VTGCOƃQYRCVVGTPUVJTQWIJQWVVJG[GCTHQTQWTHQECNTKXGTUKPENWFKPIVJG
average, 10th percentile, and 90thRGTEGPVKNGƃQYHQTVJGNQPIVGTORGTKQFUQHTGEQTF(NQYKU
in cubic feet per second or CFS (metric unit is m3/s).
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Figure 3-7. Trends in April snowpack in the western US, 1955-2016. Red bubbles indicate
areas with declining snowpack; blue bubbles indicate areas with increasing snowpack. The
diameter of the bubbles is proportional to the percentage change between 1955 and 2016.
Figure from Mote and Sharp (2016).
Figure 3-8. Snow water equivalent (SWE) reconstruction for the Northern Rockies based on
VTGGTKPIOGCUWTGOGPVU ƂIWTGHTQO2GFGTUQPGVCNC <UEQTGUUVCPFCTFK\GVJGFCVCVQ
represent the number of standard deviations above or below the long-term average.
Figure 3-9. Normalized April 1 SWE based on Snow Course measurements west and east of
the Continental Divide. The upper panel in each column shows data summarized from all
Snow Course stations west or east of the Continental Divide. The middle and lower panels
show patterns of SWE at high or lower elevations. Black lines represent simple downward
trends and are not meant for statistical inference.
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Figure 3-10. APRIL 1 SWE projections for three snowmelt-dominated basins in Montana
under two scenarios (RCP4.5 and RCP8.5) and two time periods (2040-2069 and 2070-2099).
Data are presented as the projected percent change in April 1 SWE between the baseline
period 1970-2000 and two future time periods (2040-2069: upper panel; 2070-2099: lower
panel). Box and whiskers plots show variation in projections among the different models.
These types of plots appear in other graphs below that depict model projections.

The line in the middle of the boxplot represents the median value of all model projections.
The bottom and top of the box represent the 25th and 75thRGTEGPVKNGU QTƂTUVCPFVJKTF
quartiles), respectively, of model projections. The upper whisker (line extending from the box)
extends from the box to the largest model value no further than 1.5*IQR from the box (where
+34KUVJGKPVGTSWCTVKNGTCPIGQTFKUVCPEGDGVYGGPVJGƂTUVCPFVJKTFSWCTVKNGU 6JGNQYGT
whisker extends from the box to the smallest model projection that is no further than 1.5*IQR
of the hinge. Few model projections fall beyond the end of the whiskers (i.e., outliers), and
VJGUGCTGPQVUJQYPKPVJGƂIWTGU
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(QTGZRNCPCVKQPQHURGEKƂEEQPƂFGPEGNGXGNUTGHGTVQ(WVWTG2TQLGEVKQPUKP9CVGT%JCRVGT

Figure 3-11. Observed and projected trends demonstrating a general shift toward earlier
snowmelt and spring runoff in many regions of the west. Data represent observed and
RTQLGEVGFUJKHVUKPVJGEGPVGTQHVKOKPIQHUVTGCOƃQY2TQLGEVGFVTGPFUKPEGPVGTQHVKOKPIHQT
2080-2099 are compared to a baseline of 1951-1980 (Stewart et al. 2004).
(KIWTG/QPVJN[UVTGCOƃQYRTQLGEVKQPUHQTGCEJQHQWTHQECNTKXGTUDCUGFQP4%2
and time period 2040-2069. Data are presented as the projected percent change in runoff
between 2040-2069 and the baseline period of 1970-2000. (Boxplots are explained in
VJGECRVKQPQH(KIWTG (QTGZRNCPCVKQPQHURGEKƂEEQPƂFGPEGNGXGNUTGHGTVQ(WVWTG
Projections in Water Chapter.
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(KIWTG.QPIVGTORCVVGTPUQHVQVCNCPPWCNUVTGCOƃQYKPQWTHQECNTKXGTU'CEJRCPGN
shows the annual discharge (gray line) expressed as cubic feet per second or CFS (metric
unit is m3/s). The blue and red lines show the percentage deviation above (blue) or below
(red) the long-term average for each year. The dark black line represents the 5-year moving
CXGTCIG6JGTGFUJCFKPITGRTGUGPVUVJGOQUVUKIPKƂECPVRGTKQFUQHJ[FTQNQIKEFTQWIJVHQT
each focal river.
(KIWTG%NKOCVGHCEVQTUCUUQEKCVGFYKVJPCVWTCNK\GFUVTGCOƃQYKPHQWT/QPVCPCTKXGT
basins. The size of pie pieces correspond to how strong the particular climate factor
KPƃWGPEGUVQVCNCPPWCNUVTGCOƃQY5QOGQHVJGUGHCEVQTUNGCFVQITGCVGTƃQY RQUKVKXG YJKNG
QVJGTUNGCFVQTGFWEGFCPPWCNƃQY PGICVKXG 5GGVGZVHQTHWTVJGTGZRNCPCVKQP
(KIWTG6QVCNCPPWCNUVTGCOƃQYRTQLGEVKQPUHQTVJGHQECNTKXGTUWPFGT4%2CPF4%2
for 2040-2069. Data are presented as the projected percent change in runoff between 20402069 and the baseline period of 1970-2000. (Boxplots are explained in the caption of Figure
 (QTGZRNCPCVKQPQHURGEKƂEEQPƂFGPEGNGXGNUTGHGTVQ(WVWTG2TQLGEVKQPUKP9CVGT
Chapter.
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Figure 3-16. Montana is divided into two physiographic regions: the intermontane basins of
the northern Rocky Mountains, and the northern Great Plains of eastern Montana.

(KIWTG6JGTGCTGTQWIJN[YGNNU VKP[DNCEMFQVUKPƂIWTG VJCVRTQXKFGYCVGTHQT
a variety of uses: a) most wells are for domestic and stock use; b) most withdrawals are for
irrigation and public water supply.
Figure 3-18. More than 900 wells (black dots) obtain water from the Madison Limestone
aquifer near Great Falls. The Madison Limestone is exposed at the surface in the Little Belt
Mountains (blue area on map), but is more than 400 ft (120 m) below the surface at Great
Falls (MBMGb undated).

Figure 3-19. Between 1995 and 2005, the number of wells drilled into the Madison Limestone
aquifer around Great Falls nearly doubled. During the same period, water levels in the
aquifer dropped by 30 ft (9 m). However, this was also a dry period, as indicated by the
departure from average precipitation plot above. Water levels recovered following several
wet years, even though wells continued to be drilled into the aquifer. Location of the
hydrograph wells is shown in Figure 3-18.
Figure 3-20. Hydrographs for two wells completed in the same aquifer near the Bitterroot
River show very different responses. The well near Hamilton is downgradient from several
KTTKICVKQPECPCNUCPFKTTKICVGFƂGNFUVJGYGNNPGCT(NQTGPEGKUPQVNQECVGFPGCTKTTKICVKQP
The average monthly water levels show the difference in seasonal response of groundwater
levels and highlight the importance of irrigation water as a source of recharge to the shallow
aquifers (MBMGb undated).
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Figure 3-21. Water levels in the Fox Hills–Hell Creek aquifer near Terry are declining at a rate
of about 1 ft/yr (0.3 m/yr) (MBMGb undated).
(KIWTG4GNCVKXGKPƃWGPEGQHVGORGTCVWTGCPFRTGEKRKVCVKQPQP#WIWUVƃQYUHQTVJG
HQECNTKXGTUQHVJKUCUUGUUOGPV+PIGPGTCNYCTOGTVGORGTCVWTGUJCXGCPGICVKXGKPƃWGPEG
QP#WIWUVUVTGCOƃQYYJKNGRTGEKRKVCVKQPJCUCRQUKVKXGKPƃWGPEGQPƃQYU&KHHGTGPEGUGZKUV
among seasons and rivers.
(KIWTG'ZKUVKPINCPFEQXGTKP/QPVCPC .CPFƂTG )TC[DQWPFCTKGUFGNKPGCVG
climate divisions: 1-northwestern, 2-southwestern, 3-north central, 4-central, 5-south central,
6-northeastern, 7-southeastern (see Climate chapter).
Figure 4-2. Percent forest ownership in Montana (adapted from MT DNRC 2010).
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(KIWTG'ZKUVKPIHQTGUVEQXGTV[RGKP/QPVCPC .CPFƂTG )TC[DQWPFCTKGUFGNKPGCVG
climate divisions (see Figure 2-3).

(KIWTG'ZVGPVCPFNQECVKQPQHJKUVQTKECNCPFTGEGPVƂTGUKP/QPVCPC*KUVQTKECN
FCVC  CTGOCRRGFCUCEVWCNƂTGDQWPFCT[RQN[IQPUCUCXCKNCDNG4GEGPVFCVC
 CTGOCRRGFCUEKTENGUCRRTQZKOCVKPIDWTPGFCTGC4GEGPVƂTGUVQQUOCNNVQDG
seen by area are mapped as points. Forests are shown in green. Fire data represent primarily
HQTGUVƂTGUDWVOC[KPENWFGITCUUNCPFCPFQVJGTƂTGV[RGU$TQYPDQWPFCTKGUFGNKPGCVG
climate division. Data and map from Hoff (forthcoming).
Figure 4-5. Fire severity (measured as total carbon stored in aboveground tissues killed
D[ƂTG GUVKOCVGFHQTCTGNCVKXGN[FT[FGECFG#FCRVGFHTQO$GTPGTGVCN
(forthcoming).

(KIWTG0WODGTQHƂTGUKP/QPVCPCD[OQPVJQHQEEWTTGPEG 0+(%WPFCVGF 

Figure 4-7. Recent Montana forest disturbance as visually estimated from aerial surveys in
2000-2015 (USFS 2016). Forests are shown in green. Darker gray background represents area
surveyed in 2015; not all areas were surveyed in all years and many pathogens cannot be
visually estimated. Brown boundaries delineate climate divisions.
Figure 4-8. Forest disturbance in Montana from 2000-2015 by type of visually surveyed
pathogen or insect as percentage of the total area surveyed from USFS (2016) Aerial
Detection Survey data.

Figure 4-9. Forested areas (green) at high risk of mortality (red) from combined insect and
pathogen attacks from the National Insect and Disease Risk Map (Krist et al. 2014). This map
does not consider increased risks from projected climate changes. Areas in red are locations
where it is estimated that 25% or more of live trees with a diameter of greater than 1 inch (2.5
cm) are at risk of mortality by 2027 from insects and disease.
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Photograph courtesy of Scott Bischke.

205

(KIWTG/GCPEJCPIGUKPJCKN FKCOGVGTűEO GXGPVFC[URGTUGCUQPHTQOVJGRTGUGPV
(1971–2000) to the future (2041–2070) for spring (March-May) (left) and summer (June-August)
(right) based on multiple model simulations. Colored cells indicate mean changes for all
model pairings that agree on the direction of change; cells with colored circles indicate mean
changes for at least two model pairings (Brimelow et al. 2017).
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Figure 5-2. Interactions of natural systems and human interventions guarantee that climate
change effects on agriculture, and vice versa, will be neither simple nor trivial.

Figure 5-3. The proportion of total wheat acres planted each year in Montana as winter wheat
(USDA-NASS 2015).
Figure 5-4. Acres of corn planted each year in Montana, including that grown for silage
(USDA-NASS 2015).
Figure 5-5. Factors that drive agricultural decisions in Montana. The size of bubble and
CTTQYUSWCNKVCVKXGN[TGRTGUGPVUVJGTGNCVKXGKORQTVCPEGQHGCEJHCEVQToUKPƃWGPEGQP
agricultural production decisions.

Figure 5-6. The difference between irrigated and non-irrigated hay production (i.e., irrigated
hay production - non-irrigated hay production), which includes grass and alfalfa (USDA-NASS
2015).
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Table 2-2. Average precipitation in inches (cm) for the seven Montana climate divisions from
1981-2010.
Table 2-3. Decadal rate of change for annual average temperatures in °F (°C) for the seven
Montana climate divisions (Figure 2-3), statewide, and US from 1950-2015. A value of 0
KPFKECVGUPQUVCVKUVKECNN[UKIPKƂECPVEJCPIGDGVYGGPFGECFCNCXGTCIGU

Table 2-4. Decadal rate of change in average precipitation in inches/decade (cm/decade) for
the seven Montana climate divisions (Figure 2-3), statewide, and US from 1950-2015. A value
QHKPFKECVGUPQUKIPKƂECPVEJCPIG
Table 2-5. Changes in Montana’s climate extremes. Here, we report those variables that
EJCPIGFUKIPKƂECPVN[HQT/QPVCPC(QTJKUVQTKECNRGTURGEVKXGYGCNUQTGRQTVVJGENKOCVG
normal for these extremes from the periods 1951-1980 and from 1981-2010.
Table 2-6. Summary of climate metrics described in this chapter.

Table 3-1. Water use in Montana from the Montana State Water Plan (MT DNRC 2015). Water
use can be non-consumptive (e.g., hydropower where water returns to the surface water
system), partially consumptive (e.g., irrigation where some water returns to the system), or
consumptive (e.g., reservoir evaporation where water is non-recoverable with respect to
continued surface water use). See the DNRC Regional Basin Plans (MT DNRC 2014a, b, c,
d) for additional local detail. Also note that water used for hydropower is often counted
multiple times as it travels through a series of power-generating plants.
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Marias River.
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Photograph courtesy of Scott Bischke.
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Table 3-2. Linear trends in snowpack for particular elevations east and west of the Divide,
calculated from data in Figure 3-9.
6CDNG/QPVCPCƃQQFJKUVQT[HTQOHTQOVJG0CVKQPCN9CVGT5WOOCT[CPF
recent observations (Paulson et al. 1991).
Table 4-1. Summary of climate metrics and related direct and indirect effects on forests.

6CDNG)GPGTCNK\GFUWUEGRVKDKNKV[QHEQOOQP/QPVCPCVTGGURGEKGUVQFTQWIJVƂTGCPF
insects and pathogens or disease, rated low to high (mod=moderate) per detailed species
climate vulnerability assessment by Keane et al. (forthcoming).
Table 4-3. Summary of potential climate-related direct effects to forests.

Table 4-4. Summary of potential climate-related indirect effects to forests.

6CDNG2QVGPVKCNEJCPIGUKPƂTGTGIKOGUWPFGTCEJCPIKPI/QPVCPCENKOCVGYKVJITGCVGT
certainty in short-term, versus long-term, changes.
Table 4-6. General adaptation strategies to increase resilience of forests to climate change
and variability.
Table 5-1. Summary of major crop and livestock revenues in Montana in 2015 (USDA-NASS
2015).
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The Montana Climate Assessment (MCA) is an effort to
U[PVJGUK\GGXCNWCVGCPFUJCTGETGFKDNGCPFTGNGXCPVUEKGPVKƂE
information about climate change in Montana with the citizens
of the State. The motivation for the MCA arose from citizens
and organizations in Montana who have expressed interest in
receiving timely and pertinent information about climate change,
including information about historical variability, past trends, and
projections of future impacts as they relate to topics of economic
EQPEGTP6JKUƂTUVCUUGUUOGPVTGRQTVUQPENKOCVGVTGPFUCPFVJGKT
consequences for three of Montana’s vital sectors: water, forests,
and agriculture. We consider the MCA to be a sustained effort.
9GRNCPVQTGIWNCTN[KPEQTRQTCVGPGYUEKGPVKƂEKPHQTOCVKQPEQXGT
other topics important to the people of Montana, and address
the needs of the state.
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6JGRTQEGUUVQFGXGNQRVJGƂTUV/%#YCU
driven by stakeholder input and informed by
the best-available science. Insights regarding
topics to cover were developed from
questionnaires, conversations, and listening
sessions held across the state. A team of
researchers, educators, and stakeholders used
that feedback to select the topics covered.
The Montana Institute on Ecosystems, a
statewide center based at both Montana
State University and University of Montana,
has taken on the responsibility of organizing
the MCA. The 2017 MCA is the result of
two years of work by university faculty
and students, state and federal agency
TGUGCTEJGTUPQPRTQƂVQTICPK\CVKQPUTGUQWTEG
managers, and citizens from across Montana.

MONTANA’S
CLIMATE
Understanding current climate change and
projecting future climate trends is of vital
importance, both for our economy and our
well-being. The Climate chapter serves
as a foundation for the MCA, providing
information on present-day climate as well
as climate terminology, past climate trends,
and future climate projections. The chapter
is an introduction to climate science and the
important processes that determine whether
climate remains constant or changes.
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The assessment begins with an analysis
of Montana’s recent climate trends and
how climate is projected to change in the
future (Chapter 2). This information is used
throughout the assessment to explain the
key impacts of climate change observed in
recent decades and projected in the future.
Discussion of climate change impacts on
Montana’s water (Chapter 3), forests (Chapter
4), and agriculture (Chapter 5) are presented
next. The assessment concludes with an
analysis of major knowledge gaps—and thus
areas for future research—related to climate
change and its impacts on the three sectors
covered herein (Chapter 6).
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Climate basics

Climate is driven largely by energy from the
sun, and the manner in which this incoming
UQNCTTCFKCVKQPKUTGƃGEVGFCDUQTDGF
transformed (as in photosynthesis), or reradiated (as heat). Each of these processes
KPƃWGPEGUENKOCVGVJTQWIJEJCPIGUVQ
temperature, the hydrologic cycle, vegetation,
and atmospheric and ocean circulation
RCVVGTPU%NKOCVGEJCPIGCUFGƂPGFD[
the US Global Change Research Program
(USGCRP undated), includes:

Changes in average weather
conditions that persist over
multiple decades or longer.
Climate change encompasses
both increases and decreases in
temperature, as well as shifts in
precipitation, changing risk of
certain types of severe weather
events, and changes to other
features of the climate system.

Montana’s unique features
To understand climate change in Montana,
YGOWUVƂTUVWPFGTUVCPF/QPVCPCoUWPKSWG
geography. Montana is the fourth largest state in
the nation and its location within North America
exposes the state to a mix of diverse weather
U[UVGOUVJCVQTKIKPCVGHTQOVJG2CEKƂE1EGCPVJG
Arctic, and sometimes subtropical regions. The
Continental Divide, which has a predominantly
north-south alignment in Montana, effectively
splits the state into climatically distinct western
wet and eastern dry regions with respect to
OQKUVWTGHTQOGCUVYCTFƃQYKPI2CEKƂE/CTKVKOG
air. The state also includes the beginnings of
three major river basins—the Missouri, Snake/
Columbia, and Saskatchewan—two of which
encompass almost one-third of the landmass of
the conterminous United States. Consequently,
/QPVCPCoUENKOCVGKPƃWGPEGUVJGYCVGTUWRRN[
of a large portion of the country, and its water
supports communities, ecosystems, and
economies far beyond its borders.
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Such changes are driven in large part by the
greenhouse effect, the trapping of greenhouse
gases in Earth’s atmosphere and consequent
warming of the planet. The rapid rate of climate
change since the Industrial Revolution has
resulted from changes in atmospheric chemistry,
URGEKƂECNN[KPETGCUGUKPITGGPJQWUGICUGUFWG
to increased combustion of fossil fuels, landuse change (e.g., deforestation), and fertilizer
production (Forster et al. 2007). The primary
greenhouse gases in the Earth’s atmosphere are
carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O), water vapor (H2O), and ozone (O3).

Our analysis

Montana’s unique geography means that climate
varies across the state, as it does across the
nation. Throughout the MCA, we aggregate past
climate trends and future climate projections
into seven Montana climate divisions, as shown
in Figure I. These seven climate divisions
CTGCUWDUGVQHVJGFKXKUKQPUFGƂPGF
by the National Oceanic and Atmospheric
Administration (NOAA) based on a combination
of climatic, political, agricultural, and watershed
boundaries (NOAA undated).
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Montana’s Climate Divisions
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Figure I. Montana’s seven climate divisions.

To assess Montana’s historical climate, we evaluated temperature and precipitation trends since
the mid-20th century by using standard statistical methods to analyze records of temperature and
precipitation. To assess future projected changes to Montana’s climate, we employed an ensemble of
ENKOCVGOQFGNUHTQOVJGƂHVJKVGTCVKQPQHVJG%QWRNGF/QFGN+PVGTEQORCTKUQP2TQLGEV %/+2 CPF
utilized a statistically downscaled dataset.

/CLQTƂPFKPIU

The results of this analysis produced several key messages, some of which are shown below, about
Montana’s historical and future climate (for a complete list of key messages, see the Climate chapter):
•

1

Annual average temperatures, including daily minimums, maximums, and averages, have risen
across the state between 1950 and 2015. The increases range between 2.0-3.0°F (1.1-1.7°C) during
this period (see Figure II). [high agreement, robust evidence] 1

 / ÀÕ} ÕÌÌ i č]Üi>ÃÃiÃÃÕÀVw`iViÌ iiÞiÃÃ>}iÃLÞVÃ`iÀ}>®Ì iiÛiv>}ÀiiiÌ>}iÝ«iÀÌÃÜÌ 
ÀiiÛ>ÌÜi`}i]>`L®Ì iµÕ>ÌÞvÌ iiÛ`iVi°7iÕÃiÌ iÃiÌÜv>VÌÀÃ>`Ì iVÀÌiÀ>`iÃVÀLi`Ì i >Ì> >Ìi
čÃÃiÃÃiÌÌ>ÃÃ}Ì iVw`iViÀ>Ì}ÃiÝ«ÀiÃÃi`Ì ÀÕ} ÕÌÌ i č°-iiÃ`iL>ÀÌÌi`º Ý«ÀiÃÃi` w`iVi čiÞ
Messages” in the Introduction chapter.
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MT Climate Division Temperature Trends from 1950–2015
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®]ViÌÀ> ®]ÃÕÌ ViÌÀ>- ®]ÀÌ i>ÃÌiÀ ®]>`
ÃÕÌ i>ÃÌiÀ- ®°

•

Despite no historical changes in average
annual precipitation between 1950 and 2015,
there have been changes in average seasonal
precipitation over the same period. Average
winter precipitation decreased by 0.9 inches
(2.3 cm), which can largely be attributed to
natural variability and an increase in El Niño
events, especially in the western and central
RCTVUQHVJGUVCVG#UKIPKƂECPVKPETGCUGKP
spring precipitation (1.3-2.0 inches [3.3-5.1
cm]) also occurred during this period for
the eastern part of the state. [moderate
agreement, robust evidence]

•

Montana is projected to continue to warm
in all geographic locations, seasons, and
under all emission scenarios throughout
the 21st century. By mid century, Montana
temperatures are projected to increase by
approximately 4.5-6.0°F (2.5-3.3°C) depending
on the emission scenario. By the end-ofcentury, Montana temperatures are projected
to increase 5.6-9.8°F (3.1-5.4°C) depending
on the emission scenario. These state-level
changes are larger than the average changes
projected globally and nationally (Figure III).
[high agreement, robust evidence]
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Mid-century

End-of-century
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emission scenarios.

•

Across the state, precipitation is projected to increase in winter, spring, and fall; precipitation is
projected to decrease in summer. The largest increases are expected to occur during spring in
the southern part of the state. The largest decreases are expected to occur during summer in the
central and southern parts of the state. [moderate agreement, moderate evidence]

Table I provides a summary of climate metrics developed under the MCA.

XXVIII | EXECUTIVE SUMMARY

Table I. Summary of climate metrics.
Climate Metric—

Trend and future scenario

Atmospheric CO2
concentrations

Global atmospheric carbon dioxide concentrations have increased
over 100 ppm since Montana statehood and are projected to
increase under both future scenarios considered here.

Average temperature

Since 1950, average statewide temperatures have increased by
0.5°F/decade (0.3°C/decade), with greatest warming in spring;
projected to increase by 3-7°F (1.7-3.9°C) by mid century, with
greatest warming in summer and winter and in the southeast.

>ÝÕÌi«iÀ>ÌÕÀiÃ

Maximum temperatures have increased most in spring and are
projected to increase 3-8°F (1.7-4.4°C) by mid century, with greatest
increases in August and in the southeast.

>ÞÃ>LÛiäcÎÓc ®

Extreme heat days are projected to increase by 5-35 additional days
by mid century, with greatest increases in the northeast and south.
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Minimum temperatures

Minimum temperatures have increased most in winter and spring
and are projected to increase 3-7°F (1.7-3.9°C) by mid century, with
greatest increases in January and in the southeast.

Frost-free days

Frost-free days are projected to increase by 24-44 days by mid
century, particularly in the west.

Average precipitation

Statewide precipitation has decreased in winter ( 0.14 inches/
FGECFG=EOFGECFG? UKPEGDWVPQUKIPKƂECPVEJCPIG
has occurred in annual mean precipitation, probably because of
very slight increases in spring and fall precipitation. Precipitation is
projected to increase, primarily in spring (0.2-0.7 inches [0.5-1.8 cm])
in the northwest; a slight statewide decrease in summer precipitation
and increased year-to-year variability of precipitation are projected,
as well.

ÕLiÀvVÃiVÕÌÛi`ÀÞ
days

Little projected change, with a maximum increase of 3 days to -3
days under the most severe scenario by end of the century. However,
increased variability in precipitation suggests potential for more
severe droughts, particularly in connection with climate oscillations.

ÕLiÀvVÃiVÕÌÛiÜiÌ
days

No substantial change projected.
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IMPACTS TO
MONTANA’S
WATER
Water in Montana

OQWPVCKPUOGNVUKPURTKPIVQRTQFWEGUVTGCOƃQY
and recharge groundwater aquifers. Projected
changes in temperature will have large effects
on how water enters Montana (e.g., as rain or
snow), how it is distributed among major storage
pools, and how it moves or changes from one
component of the water cycle to another.

Montana depends on an adequate supply
of clean water for nearly every aspect of
our economy, including food production,
hydroelectric power, domestic and industrial
uses, and sustaining our natural ecosystems.
The vast majority of water that enters Montana
comes as rain or snow at higher elevations (MT
DNRC 2014a, b, c, d; MT DNRC 2015). Although
some of Montana’s water originates in Wyoming
or adjacent Canadian provinces, over 80% is
derived from within state boundaries, hence
Montana’s designation as a “headwaters state.”
The major rivers of Montana export more than
40 million acre-feet of water/yr (4.9x1010 m3/
yr)2 —more than twice the capacity of Flathead
Lake—with the majority, approximately 60%,
generated in the Clark Fork and Kootenai river
basins west of the Continental Divide.

Our analysis

Groundwater is another large and important
component of the water cycle in Montana, with
most groundwater coming from shallow sand or
ITCXGNCSWKHGTUKPTKXGTƃQQFRNCKPU)TQWPFYCVGT
resources are critical for water users, but also
EQPVTKDWVGUKIPKƂECPVN[VQPCVWTCNUVTGCOƃQY
throughout the year. In Montana, much of
the winter snowfall that accumulates in the

6QDGUVTGRTGUGPVVJGKPƃWGPEGQHENKOCVG
variations on water resources, the Water chapter
focuses on eight rivers and their watersheds
(Figure IV; note that some watersheds—for
example, that of Poplar River—extend beyond
the state boundaries). These focal rivers and
watersheds, chosen across the state’s seven
NOAA climate divisions,3 include:
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•

Climate division 1
—Clark Fork River at Saint Regis
—Middle Fork of the Flathead River at West
Glacier

•

Climate division 2—Missouri River at Toston

•

Climate division 3—Marias River near Shelby

•

Climate division 4—Musselshell River at
Mosby

•

Climate division 5—Yellowstone River at
Billings

•

Climate division 6—Poplar River near Poplar

•

Climate division 7—Powder River near Locate

2

 £>VÀivÌÃÎÓx]nx£}>£ÓÎÎ3®]iÕ} Ü>ÌiÀÌVÛiÀ>>VÀiv>`£vÌä°Î®`ii«°

3

 ÀÀi`iÌ>ÕÀvV>ÀÛiÀÃ>`Ü>ÌiÀÃ i`ÃÃiič««i`ÝÎ£Ì i čÜiLÃÌi°
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Selected Focal Watersheds
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Complex computer models (see Climate chapter)
provide a method for projecting future climate
scenarios in Montana. By linking climate models
to water-cycle models, we generate projections
CDQWVJQYENKOCVGEJCPIGKUNKMGN[VQKPƃWGPEG
water resources. For the projections in the Water
chapter, we present results from as many as 31
climate models that are linked to a water-cycle
model. We utilize these projections to discuss
how climate change may affect key components
of the water cycle, including:

•

Snowpack

•

Snowmelt runoff and timing

•

#PPWCNUVTGCOƃQY

•

Groundwater resources

•

Drought
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/CLQTƂPFKPIU
The results of this analysis produced several key messages, some of which are shown below,
about how climate change will affect Montana’s water resources (for a complete list of key
messages, see the Water chapter).
4KUKPIVGORGTCVWTGUYKNNTGFWEGUPQYRCEMUJKHVJKUVQTKECNRCVVGTPUQHUVTGCOƃQYKP/QPVCPC
and likely result in additional stress on Montana’s water supply, particularly during summer and
GCTN[HCNN-G[OGUUCIGUCUUQEKCVGFYKVJVJGUGƂPFKPIUHQNNQY
•

Montana’s snowpack has declined over the observational record (i.e., since the 1930s)
in mountains west and east of the Continental Divide; this decline has been most
pronounced since the 1980s. [high agreement, medium evidence]
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•

Warming temperatures over the next century, especially during spring, are likely to reduce
snowpack at mid and low elevations. [high agreement, robust evidence]

•

Historical observations show a shift toward earlier snowmelt and an earlier peak in spring
runoff in the Mountain West (including Montana). Projections suggest that these patterns
are very likely to continue into the future as temperatures increase. [high agreement,
robust evidence]

•

Earlier onset of snowmelt and spring runoff will reduce late-summer water availability in
snowmelt-dominated watersheds. [high agreement, robust evidence]

•

Groundwater demand will likely increase as elevated temperatures and changing seasonal
availability of traditional surface-water sources (e.g., dry stock water ponds or inability of
canal systems to deliver water in a timely manner) force water users to seek alternatives.
[high agreement, medium evidence]

Rising temperatures will exacerbate persistent drought periods that are a natural part of
/QPVCPCoUENKOCVG-G[OGUUCIGUCUUQEKCVGFYKVJVJGUGƂPFKPIUHQNNQY
•

Multi-year and decadal-scale droughts have been, and will continue to be, a natural
feature of Montana’s climate [high agreement, robust evidence]; rising temperatures will
likely exacerbate drought when and where it occurs. [high agreement, medium evidence]

•

Changes in snowpack and runoff timing will likely increase the frequency and duration of
drought during late summer and early fall. [high agreement, medium evidence]
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IMPACTS TO MONTANA’S FORESTS
Forests in Montana
In the Forest chapter, we interpret how past and projected changes in climate—as described in
VJG%NKOCVGEJCRVGTtOC[KPƃWGPEG/QPVCPCHQTGUVU6JGTGCTGCRRTQZKOCVGN[OKNNKQPCETGU 
million ha) of forested land in Montana, and most are publicly owned, in the western part of the state
CPFFQOKPCVGFD[&QWINCUƂTNQFIGRQNGRKPGCPFRQPFGTQUCRKPG (KIWTG8 (QTGUVEQPFKVKQPUKP
Montana are varied, and potential impacts from climate change will overlay on existing stresses to
HQTGUVU7NVKOCVGN[HQTGUVOCPCIGTUYKNNPGGFVQEQPUKFGTURGEKƂECFCRVCVKQPCEVKQPUKPTGURQPUGVQ
current and potential climate changes.
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Existing Forest Cover Type in Montana

}ÕÀi6° ÝÃÌ}vÀiÃÌVÛiÀÌÞ«iÌ>>>`wÀiÓä£Ó®°À>ÞLÕ`>ÀiÃ`ii>ÌiV>Ìi`ÛÃÃÃii}ÕÀi®°
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Our analysis
In the face of changing climate, forest managers can best maintain forest health and stable
product yield by understanding past trends and planning for a range of climate scenarios. The
CPCN[UKUKPVJG(QTGUVEJCRVGTKUDCUGFQPVJGENKOCVGVTGPFUHQTYJKEJYGJCFUWHƂEKGPVFCVC
and climate projections that represent plausible future scenarios, as described in the Climate
chapter. It is important to note that current forest conditions will largely determine the potential
impacts from current and future climate change. Forest conditions vary across land ownership
types, and many Montana forests are under stress due to past forest management practices. In
addition, we do not detail potential responses of individual tree species to climate shifts in this
assessment; instead, we focus on the direct and indirect effects of climate change on forests. We
point the reader to Chapter 6 in the Northern Region Assessment Program report (Keane et al.
forthcoming) for species-level information.
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/CLQTƂPFKPIU

The direct effects of climate change on forests include increased temperatures and shifts in
precipitation that together alter humidity, soil moisture, and water stress. Direct effects can be
DGPGƂEKCNQTFGVTKOGPVCNVQHQTGUVITQYVJCPFUWTXKXCN6JGTGUWNVUQHVJKUCPCN[UKUQPVJGFKTGEV
effects of climate change on Montana’s forests produced several key messages, some of which
are shown below (for a complete list of key messages, see the Forests chapter):
•

Increased temperatures will have positive or negative effects on individual trees and forestwide processes, depending on local site and stand conditions, but impacts from increased
extreme heat will be negative. [high agreement, moderate evidence]

•

Direct effects of climate change on individual trees will be driven by temperature in energylimited forests and moisture in water-limited forests. [high agreement, moderate evidence]

•

The speed and magnitude of climate change may mean that increased forest mortality and
contractions in forest distribution will outpace any gains in forest growth and productivity
over the long run, leading to a net loss of forested area in Montana. [medium agreement,
limited evidence]

Table II provides a summary of potential climate-related direct effects to forests.
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Table II. Summary of potential climate-related direct effects to forests.
Direct effect

*ÃÃLi«>VÌÃ

Projected net effect

ÃÌ>LÃ iÌ>`
regeneration

Positive: Higher CO2
concentrations and temperatures
may lead to increased tree
fecundity

Possible positive or negative effects are
superimposed on climate oscillations,
UWEJCUVJG2CEKƂE&GECFCN1UEKNNCVKQP
which can produce decades of cooler
and wetter conditions that may be
more favorable for establishment and
regeneration

Negative: Higher temperatures
and reduced water availability
could reduce seedling survival
Growth and
productivity

Positive: Increased vegetation
water use and increased growth
and productivity as a result of
longer growing season

Possible increased growth and
productivity concurrent with climate
oscillations that increase water
availability, particularly at higher
elevations and where stand density is
low; extreme high temperatures would
have net negative impact, regardless of
water availability
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Negative: Reduced growth and
productivity in water limited areas

Mortality

Positive: Few opportunities for
reduced direct climate effects
on mortality but possibility for
reduced mortality from indirect
effects

Increased mortality, although may be
driven by indirect effects; patterns of
mortality will be dependent on initial
stand and local site conditions, but
more arid regions more susceptible

Negative: Increased acute
and background mortality
from increased temperatures
and indirectly from increased
disturbance

Range shifts and forest Positive: Potential range
`ÃÌÀLÕÌ
expansion with warmer
VGORGTCVWTGUCPFUWHƂEKGPV
moisture
Negative: Potential range
contraction where temperature
is too high or in water-limited
locations

Possible faster range contraction
compared to expansion, with net range
reduction particularly in drier areas;
no clear direction of elevational shifts;
responses will be highly species and
location dependent
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Indirect effects of climate change on forests include disturbance—a key component of forest
ecology—and may be more important, immediate, and longer lasting than direct effects. As
with direct effects, indirect effects can compound existing forest conditions and impacts from
past and future human land-use activities (Moritz and Agudo 2013).
The results of this analysis on the indirect effects of climate change on Montana’s forests
produced several key messages, some of which are shown below (for a complete list of key
messages, see the Forests chapter):
•

#PKPETGCUGKPƂTGTKUM KGRTQDCDKNKV[QHQEEWTTGPEG tKPENWFKPICPKPETGCUGKPUK\GCPF
possible frequency and/or severity (i.e., tree mortality)—is expected in the coming century
CUCTGUWNVQHC RTQNQPIGFƂTGUGCUQPUFWGVQKPETGCUGFVGORGTCVWTGUCPFD KPETGCUGF
HWGNNQCFUHTQORCUVƂTGUWRRTGUUKQP[high agreement, robust evidence]

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
•

Rising temperatures are likely to increase bark beetle survival [high agreement, strong
evidence], but climate-induced changes to other insects and forest pathogens are more
varied and less certain [medium agreement, moderate evidence]

•

There may be a reduction in the amount of carbon stored in forests. [low agreement,
limited evidence]

Table III provides a summary of potential climate-related indirect effects to forests.
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Table III. Summary of potential climate-related indirect effects to forests.
Indirect effect
ÃÌÕÀL>Vi\wÀi

*ÃÃLi«>VÌÃ

Projected net effect

Positive: Increased forest heterogeneity
(long-term, post-burn)

+PETGCUGFƂTGUGXGTKV[TGUWNVKPI
primarily from warmer weather
CPFRCUVƂTGUWRRTGUUKQP
increased release of forest
ECTDQPHTQOƂTG

Negative: Decreased forest diversity and
heterogeneity (immediately post-burn);
increased social and economic impacts
HTQOƂTGKPETGCUGFTGNGCUGQHHQTGUVECTDQP
ÃÌÕÀL>Vi\
pathogens

Positive: Some pathogen species may
decline and result in decreased forest
mortality

Uncertain climate effects on
pathogens, dependent on
moisture regimes, pathogen
species, and host species
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Negative: Some pathogens species may
increase and result in increased forest
mortality and increased susceptibility to
beetle attack

ÃÌÕÀL>Vi\ÃiVÌÃ

Soil responses and
V>ÀLÃÌÀ>}i

Negative: Increased forest mortality;
reduced forest diversity with shift towards
non-host tree species

Increased temperatures likely
to result in increased insect
disturbance, but dependent
on elevation, insect species
and host availability

Positive: Increased organic matter if
increased productivity; increased nitrogen
availability

Uncertain climate effects on
soil responses, but projected
reductions in soil and forest
carbon storage

Negative: Decreased organic matter (with
increased decomposition rates); decreased
mycorrhizal support; increased soil acidity;
increased release, or decreased removal, of
atmospheric CO2
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IMPACTS TO MONTANA’S
AGRICULTURE
Agriculture in Montana
Agriculture is a key industry in Montana, generating over $5.2 billion in 2014 through the
sale of agricultural commodities (USDA-NASS 2015). Montana’s large agricultural industry
consists of both crops and livestock. Montana’s farm and ranchland support a mosaic
of dryland and irrigated agriculture, commodity and specialty cropland, and native and
planted rangeland. Although more Montanans live in cities than on farms and ranches, we
think of Montana as an agricultural state, where the non-forested landscape is dominated by
livestock and crop production.
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Our analysis

Montana agriculture has always faced volatility, extreme events, and variability across the
state and these conditions will continue to be the case with projected climate changes in
Montana. Climate model projections show a warmer Montana in the future, with mixed
changes in precipitation, more extreme events, and mixed certainty about upcoming
drought. The Agriculture chapter examines potential impacts of projected climate change
on commodity crops, livestock, pollinators, disease, pests, and weeds. However, any effort
at assessing climate impacts on agriculture faces multiple levels of uncertainty, including
WPEGTVCKPV[VJCVC CEEQORCPKGUCNNENKOCVGRTQLGEVKQPUD KUURGEKƂEVQCITKEWNVWTCN
projections, and c) is created by adaptive actions (human interventions) that can mask a
direct climate signal. Climate impacts on agriculture in other regions of the world can also
create uncertainty and have a major impact on Montana agriculture by changing commodity
prices and input costs. Increasing uncertainty due to complex interactions, whether
through volatility or new and hard-to-predict temperature and moisture trends, can disrupt
agricultural decision-making and will probably become an even more important direct
agriculture decision-driver in the years ahead (See Figure VI).

/CLQTƂPFKPIU
The results of this analysis produced several key messages, some of which are shown
below, about how climate change will affect Montana agriculture (for a complete list of key
messages, see the Agriculture chapter):
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Factors that Drive Agricultural Decisions in Montana

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
}ÕÀi6°>VÌÀÃÌ >Ì`ÀÛi>}ÀVÕÌÕÀ>`iVÃÃÌ>>°/ iÃâivLÕLLi>`>ÀÀÜÃµÕ>Ì>ÌÛiÞÀi«ÀiÃiÌÃÌ i
Ài>ÌÛi«ÀÌ>Vivi>V v>VÌÀ½ÃyÕiVi>}ÀVÕÌÕÀ>«À`ÕVÌ`iVÃÃ°

•

Every component of agriculture—from prices to plant pollinators and crop pests—exhibits
complex relationships to climate, depending on the location, weather variability, and agricultural
and economic practices and policies (Figure VI). Social and economic resilience to withstand
and adapt to variable conditions has always been a hallmark of Montana farmers’ and livestock
producers’ strategies for coping with climate variability. [high agreement, robust evidence]

•

&GETGCUKPIOQWPVCKPUPQYRCEMYKNNEQPVKPWGVQNGCFVQFGETGCUGFUVTGCOƃQYCPFNGUUTGNKCDNG
irrigation capacity during the late growing season. Reduced irrigation capacity will have the
greatest impact on hay, sugar beet, malt barley, market garden, and potato production across the
state. [high agreement, robust evidence]
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•

Increases in temperature will allow winter annual weeds, such as cheatgrass, to increase in
distribution and frequency in winter wheat cropland and rangeland. Their spread will result
KPFGETGCUGFETQR[KGNFUCPFHQTCIGRTQFWEVKXKV[CUYGNNCUKPETGCUGFTCPIGNCPFYKNFƂTG
frequency. [high agreement, medium evidence]

•

Climate change affects global-price-determined commodity agriculture differently than
it affects non-commodity agriculture. Commodity crops, such as small grains, are more
directly driven by global markets and agricultural subsidies, whereas non-commodity crops
tend to be more directly tied to local or specialized non-local markets and local microclimates. [high agreement, medium evidence]

•

&KXGTUKƂGFETQRRKPIU[UVGOUKPENWFKPITQVCVKQPYKVJRWNUGETQRUCPFKPPQXCVKQPUKPVKNNCIG
and cover-cropping, along with other measures to improve soil health, will continue to
allow adaptation to climate change. [medium agreement, low evidence]
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The 2017 Montana Climate Assessment focused on three sectors that Montana stakeholders
KFGPVKƂGFCUKORQTVCPVVQVJGKTNKXGUYCVGTHQTGUVUCPFCITKEWNVWTG6JG/%#HQWPFVJCVCNN
three of these sectors have experienced impacts from climate change over the last half century.
In addition to exploring how the past climate has changed and its effects on Montana, the
MCA explored how future projected climate change would also affect water, forests, and
agriculture across the state. The overall objective of the MCA is to inform Montanans about the
state’s changing climate so that they can better plan for the future.
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Bridger Range fall sunset.
Photograph courtesy of Scott Bischke.
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Madison Valley, looking toward the Madison Range.
Photograph courtesy of Scott Bischke.
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IPCC—Intergovernmental Panel on Climate
Change
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MCA—Montana Climate Assessment
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NAS—National Academy of Sciences

USDA—United States Department of Agriculture

NASS—National Agriculture Statistics Service

USGCRP— United States Global Change
Research Program

NASA—National Aeronautics and Space
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NCA—National Climate Assessment
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The most recent National Climate Assessment
was released in 2014 as part of a mandate from
the United States Congress to report on the
impacts of climate change now and in the future.
That assessment covered many sectors and
regions in an effort to summarize the impacts of
climate change on the entire nation. Given the
broad mandate of the assessment, it was not
possible to focus on any one state. For example,
in the National Climate Assessment, Montana is
included in the Great Plains region, which covers
a vast expanse from the Canadian border down
to Texas and overlooks the diverse geography of
Montana that ranges from snow-capped forested

peaks to dry prairies. So, while the National
Assessment is useful for understanding climate
change at continental and regional scales, it is
less clear how the information can be utilized at
the local level. Thus, scientists and stakeholders
in Montana were motivated to pursue a statelevel effort to address the information needs of
people making on-the-ground decisions. Hence,
VJKUƂTUV/QPVCPC%NKOCVG#UUGUUOGPV /%# 

The 2017 MCA represents a grand experiment in
science-stakeholder engagement. The objective
JCUDGGPVQCEJKGXGCRTQFWEVVJCVKUUEKGPVKƂECNN[
CEEWTCVGWRVQFCVGCPFURGEKƂEGPQWIJVQ
serve the needs of local communities. From the
outset, the MCA has purposefully engaged state2017 MONTANA CLIMATE ASSESSMENT | XLVII

Rocky Mountain Front.
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Photograph courtesy of Rick and Susie Graetz, University of Montana.

and local-level stakeholders in the development
of the assessment in order to be most responsive
to their needs. Additionally, as in the national
level assessment, the MCA is committed to
providing a synthesis and assessment of the best
available science. The MCA synthesizes a large
body of climate change literature, which is often
technical, complex, and hard to interpret by a
layperson. The primary goal of this assessment
JCUDGGPVQVTCPUNCVGVJGUGƂPFKPIUCPFGZRNCKP
their implications at a local and state level.
Importantly, in addition to its science focus, the
MCA incorporates the practical knowledge and
experience of indigenous groups, as well as
agriculture and forestry practitioners in Montana
and beyond.

To ensure that the objectives of transparency,
relevance, and usefulness were met with the
ƂTUV/%#VJGCUUGUUOGPVWPFGTYGPVTKIQTQWU
TGXKGYDGHQTGRWDNKECVKQP6JGUEKGPVKƂEEQPVGPV
of the MCA was extensively reviewed at the
highest level by experts to ensure its accuracy.
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Furthermore, public comment was solicited from
over 1500 stakeholders directly and the general
public at large.

I believe the Montana Climate Assessment
is a model for how state assessments can be
developed and provides an example of how
to connect climate change information at the
national and international levels to the challenges
faced at the local scale. The MCA illustrates
the importance of public universities to provide
objective information that can help educate the
public and inform decision makers at all levels. It
CNUQUJQYUVJGDGPGƂVUQHDTQCFEQNNCDQTCVKQP
participation, and new partnerships.
Along with being a stand-alone report, the MCA
is provided as an interactive web report to help
it reach as many stakeholders as possible and
to allow for rapid update as new information
DGEQOGUCXCKNCDNG#UQHKVUTGNGCUGVJKUƂTUV
MCA is the best source of information about
climate change in Montana. I commend it to
your study and use.
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6JG%QPUVKVWVKQPQHVJG5VCVGQH/QPVCPCTCVKƂGFKP
CHƂTOU/QPVCPCPUoKPCNKGPCDNGpTKIJVVQCENGCP
and healthful environment” (State of Montana 1972).
Since the signing of the constitution, that declaration has
galvanized Montanans to protect the state’s air and water,
and to work toward keeping the state free from toxic
pollutants. Today, that declaration also means living safely,
successfully, and with foresight in a world undergoing
climate change.
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The right to a clean and healthful environment, including issues around climate change, requires
VJCV/QPVCPCPUJCXGCEEGUUVQVJGDGUVCPFOQUVTGNGXCPVUEKGPVKƂEKPHQTOCVKQPWRFCVGFCVTGIWNCT
intervals, and consider new discoveries as they become available. The information behind the
/QPVCPC%NKOCVG#UUGUUOGPVTGƃGEVUFGECFGUQHRGGTTGXKGYGFTGUGCTEJHTQO/QPVCPCoUWPKXGTUKVKGU
and agencies, new analyses by chapter authors, as well as the insights and observations of resource
managers, farmers, tribal community members, and other citizens from across the state. It also builds
on research undertaken across the country and around the world. At the end of the day, it is important
to understand what climate change means for Montanans now, and how current information will help
us make wise decisions for future generations.
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Montanans’ Right to a Clean, Healthful
Environment

 6JG%QPUVKVWVKQPQHVJG5VCVGQH/QPVCPCCHƂTOU/QPVCPCPUo
inalienable “right to a clean and healthful environment.” Today,
that declaration includes Montanans having the ability to live safely,
successfully, and with foresight in a world undergoing climate change.

Montana’s landscapes are vast and diverse. They range from the alpine and forested ecosystems of
the Northern Rockies to the parklands and grasslands of central and eastern Montana. Our snowcapped peaks and glaciers are headwaters to three of the major river systems in North America: the
Missouri, Snake/Columbia, and Saskatchewan. Montana’s climate is as diverse as any state in the
PCVKQPUJCRGFD[VJGKPVGTCEVKQPQHCKTOCUUGUHTQOVJG2CEKƂEVJG#TEVKECPFVJG)WNHQH/GZKEQ
and by storm systems as they move across the state. As a result of this complex interaction of weather
and topography, the climate and day-to-day weather are highly variable across the state, from western
Montana to the Rocky Mountain Front, the Yellowstone River basin, and the High Plains.
Despite its variability, Montana’s climate is critical to our economy, which is in large part based on
PCVWTCNCPFOCPCIGFTGUQWTEGU%NKOCVGKPƃWGPEGUVJGUVCVGoUYCVGTUWRRN[CPFVJGGEQPQOKGU
that water supports (and, as Montana is a headwaters state, the economies of much of the nation).
Montana includes over 23 million acres (9.3 million hectares) of forested land that is both publicly
and privately owned, and is also a major agricultural state with billions of dollars in commodity
sales annually. Further, in places where tourism and recreation are economically important, climate
KPƃWGPEGU/QPVCPCoUUPQYRCEMRTKUVKPGUVTGCOUPCVKXGHQTGUVUCPFKEQPKEYKNFNKHGYJKEJCTG
2 | INTRODUCTION

important for sustained prosperity. In still other parts of Montana, climate variations and weather
events directly affect livelihoods in isolated rural communities with limited access to services. Stated
simply, the prosperity of Montanans is strongly dependent on the current climate and its stability.
Climate conditions are inherently dynamic, changing at home and around the world. Humancaused climate change has the potential to change these dynamics in unpredictable ways, and no
RCTVQHVJGRNCPGVYKNNDGWPVQWEJGFD[VJGUGEJCPIGU#VCINQDCNUECNGVJGKPVGTPCVKQPCNUEKGPVKƂE
community has indicated that average annual temperature will at least be 2.5°F (1.4°C) and likely
3.6°F (2.0 °C) higher in the next century than it was between 1850-1950, with ensuing consequences
for both human health and livelihoods (IPCC 2013). Current trends and projected climate changes
in Montana are consistent with global patterns (Figure 1-1). The state’s temperature has increased
2-3°F (1.1-1.7°C) in the last 65 yr (1950-2015), and climate models project as much as a 9.8°F (5.4°C)
warming across the state by the end of the century.
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With such changes on the horizon, timely
KPHQTOCVKQPKUENGCTN[PGGFGF5EKGPVKƂE
assessments are essential tools for linking
knowledge to decision-making, by surveying and
U[PVJGUK\KPIRGGTTGXKGYGFUEKGPVKƂEKPHQTOCVKQP
across disciplines, sectors, and regions.
Assessments highlight key information that
can improve understanding of complex issues
CPFKFGPVKH[UKIPKƂECPVMPQYNGFIGICRUYJGTG
more information is needed. An assessment of
Montana’s changing climate and its resultant
GHHGEVUJGNRUDTKPIUEKGPVKƂECNN[DCUGFKPHQTOCVKQP
to the people of our state in an organized and
understandable manner.

solicited and considered. The audience for this
assessment includes natural and cultural resource
managers, policy makers, state and federal
government agencies, and local businesses and
communities, as well as the public at large.
6JKUCUUGUUOGPVKUKPVGPFGFVQDGVJGƂTUVQHC
sustained effort, one that will be updated and
expanded on a regular basis. In this way, the
/%#EQPVTKDWVGUVQVJGƃQYQHKPHQTOCVKQP
from the national level to the regional, state,
and local levels. It is intended to help decision
makers weigh different strategies for responding
to climate change effects and incorporate new
knowledge as it becomes available. The MCA
CNUQCVVGORVUVQGPIGPFGTKPHQTOCVKQPƃQY
in the opposite direction—by encouraging
decision makers to identify critical information
ICRUVJCVTGSWKTGPGYUEKGPVKƂEKPXGUVKICVKQP
tool development, and future assessment.
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The 2017 Montana Climate Assessment (MCA)
is the second effort to present the science of
climate change at a level that is useful for our
state.4 The Montana Institute on Ecosystems, a
statewide center based at both Montana State
University and University of Montana, has taken
on the responsibility of organizing the MCA.
The MCA is the result of two years of effort by
university faculty and students, state and federal
CIGPE[TGUGCTEJGTUPQPRTQƂVQTICPK\CVKQPU
resource managers, and citizens from across
Montana. Through questionnaires and listening
sessions, Montana stakeholders helped identify
what climate changes are of greatest concern
to Montanans, what types of climate-change
information are most needed, and what
mechanisms are most helpful in delivering
information. Leading climate scientists at the
regional and national level provided independent
TGXKGYQHVJGƂPFKPIUQHVJKUCUUGUUOGPVVQ
ensure its credibility. Public comment was also

4

 / iwÀÃÌivvÀÌÜ>ÃÌ iÌ>> >Ìi
ÓääÇ®°
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The Montana Climate Assessment begins with
an analysis of Montana’s climate trends and
how climate is projected to change in the future
(Chapter 2). This information is used throughout
the assessment to explain the key impacts that
climate change may or will produce in Montana.
This assessment is focused on the analysis of
climate change impacts to the sectors of water
(Chapter 3), forests (Chapter 4), and agriculture
(Chapter 5). The assessment concludes with an
analysis of the major information gaps—and
thus areas for future research—related to climate
change and its impacts to the three sectors
covered herein (Chapter 6).

>}ičVÌ*>ÓääÇ]VÀi>Ìi`LÞÌ iÛiÀÀ½Ã >Ìi

>}ič`ÛÃÀÞ ÌÌii

Each chapter presents a set of key messages
that are used to organize the information
and familiarize the reader with the most
KORQTVCPVƂPFKPIUQHVJGCUUGUUOGPV(QT
each key message, we provide a statement of
EQPƂFGPEGKPQWTƂPFKPIU9GECVGIQTKECNN[
rated the certainty of key messages on the
basis of evidence and agreement, following
the approach used by the Intergovernmental
Panel on Climate Change’s (IPCC’s) Fifth
Assessment Report (see sidebar) (IPCC
2014b). For each key message, the authors
of the relevant chapter rated evidence as
“limited,” “medium,” or “robust” depending
on the type, amount, and quality of the
UEKGPVKƂEGXKFGPEGUWRRQTVKPIVJGOGUUCIG
Authors also rated the agreement—the
EQPUKUVGPE[QHVJGGXKFGPEGCOQPIUEKGPVKƂE
reports—as “low,” “medium,” or “high.”
The authors offer their expert judgement
in these relative assessments of evidence
and agreement, and provide details in the
text to support their ratings. The greater the
evidence and agreement, the higher the
NGXGNQHEQPƂFGPEGVJGCWVJQTUJCXGKPVJG
certainty of the key message.

From these key messages and supporting
assessment content, it is clear that climate is
changing and there are measureable effects
on production systems and ecosystems in
Montana. There is strong evidence that both
temperatures and precipitation will increase
in the future. These climate changes have
measurable effects, like reductions in ground
and surface water resources due to changing
timing of precipitation and snowmelt, and
measurable impacts like declining forest
JGCNVJCPFOQTGYKNFƂTGUVQCNVGTGFETQR
seasons and greater irrigation demand.
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An increased awareness and understanding
of changing patterns, effects, and impacts
in Montana, now and into the future,
will help our state plan, make decisions,
and take actions to promote the good
health and prosperity of the people and
landscapes of Montana. The MCA provides
additional understanding of these changes
within the state of Montana and suggests
some guidance for strategies and options
to respond to their impacts. We hope that
VJKUƂTUV/QPVCPC%NKOCVG#UUGUUOGPV
motivates much-needed discussion that
considers multiple sources of knowledge,
and that it leads to science-informed
planning efforts and action in the areas of
water, forests, and agriculture, as well as
sets a pathway for future climate-change
research relevant to Montana.
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 'ZRTGUUGF%QPƂFGPEGKP/%#-G[/GUUCIGU
 (QTVJGCUUGUUOGPVUQHENKOCVGKORCEVUOCFGJGTGKPYGHQNNQYIWKFCPEG
HTQOVJG0CVKQPCN%NKOCVG#UUGUUOGPVCPF+PVGTIQXGTPOGPVCN2CPGNQP
%NKOCVG%JCPIG +2%% QPJQYVQUVCPFCTFK\GEQPƂFGPEGNGXGNUCPF
WPEGTVCKPV[EJCTCEVGTK\CVKQPKPQWTMG[OGUUCIGUCURTQXKFGFDGNQY
 'CEJMG[OGUUCIGRTQXKFGFKPVJG/QPVCPC%NKOCVG#UUGUUOGPVKU
HQNNQYGFD[CRCTGPVJGVKECNGZRTGUUKQPQHEQPƂFGPEG9GCUMGFQWT
CWVJQTUVQCUUGUUVJGKTEQPƂFGPEGKPVJGMG[OGUUCIGD[EQPUKFGTKPIC 
VJGSWCNKV[QHVJGGXKFGPEGCPFD VJGNGXGNQHCITGGOGPVCOQPIGZRGTVU
YKVJTGNGXCPVMPQYNGFIGWUGFVQETCHVVJGOGUUCIG9GVJGPWUGFVJGUG
VYQHCEVQTUCPFVJGETKVGTKCWUGFKPVJG0CVKQPCN%NKOCVG#UUGUUOGPV UGG
ITCRJKEDGNQY VQCUUKIPVJGEQPƂFGPEGTCVKPIUGZRTGUUGFKPVJG/%#
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High agreement
Limited evidence

High agreement
Medium evidence

High agreement
,LÕÃÌiÛ`iVi

Medium agreement
Limited evidence

Medium agreement
Medium evidence

Medium agreement
,LÕÃÌiÛ`iVi

Low agreement
Limited evidence

Low agreement
Medium evidence

Low agreement
,LÕÃÌiÛ`iVi

%QPƂFGPEG
Scale

Evidence (type, amount, quality, consistency)
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Little Rockies storm.
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Photograph courtesy of Rick and Susie Graetz, University of Montana.
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Understanding current climate change and projecting
future climate trends are of vital importance–both for our
economy and our well-being. It is our goal to provide
science-based information that serves as a resource
for Montanans who are interested in understanding
Montana’s climate and its impacts on water, agricultural
lands and forests. To provide this understanding, we can
learn from past climate trends. However, knowledge of
VJGRCUVKUQPN[RCTVKCNN[UWHƂEKGPVKPRTGRCTKPIHQTCHWVWTG
FGƂPGFD[WPRTGEGFGPVGFNGXGNUQHITGGPJQWUGICUGUKP
the atmosphere. Therefore, we also provide projections
QHEJCPIGKPVQVJGHWVWTGWUKPIVQFC[oUDGUVUEKGPVKƂE
information and modeling techniques.
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KEY MESSAGES
•

Annual average temperatures, including
daily minimums, maximums, and averages,
have risen across the state between 1950
and 2015. The increases range between 2.03.0°F (1.1-1.7°C) during this period. [high
agreement, robust evidence]

•

Winter and spring in Montana have
experienced the most warming. Average
temperatures during these seasons have
risen by 3.9°F (2.2°C) between 1950 and
2015. [high agreement, robust evidence]

•

The state of Montana is projected to
continue to warm in all geographic locations,
seasons, and under all emission scenarios
throughout the 21st century. By mid century,
Montana temperatures are projected
to increase by approximately 4.5-6.0°F
(2.5-3.3°C) depending on the emission
scenario. By the end-of-century, Montana
temperatures are projected to increase 5.69.8°F (3.1-5.4°C) depending on the emission
scenario. These state-level changes are larger
than the average changes projected globally
and nationally. [high agreement, robust
evidence]
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•

•

Montana’s growing season length is
increasing due to the earlier onset of spring
and more extended summers; we are also
experiencing more warm days and fewer
cool nights. From 1951-2010, the growing
season increased by 12 days. In addition,
the annual number of warm days has
increased by 2.0% and the annual number of
cool nights has decreased by 4.6% over this
period. [high agreement, robust evidence]
Despite no historical changes in average
annual precipitation between 1950 and
2015, there have been changes in average
seasonal precipitation over the same period.
Average winter precipitation has decreased
by 0.9 inches (2.3 cm), which can mostly
be attributed to natural variability and an
increase in El Niño events, especially in the
western and central parts of the state. A
UKIPKƂECPVKPETGCUGKPURTKPIRTGEKRKVCVKQP
(1.3-2.0 inches [3.3-5.1 cm]) has also
occurred during this period for the eastern
portion of the state. [moderate agreement,
robust evidence]

•

The number of days in a year when daily
temperature exceeds 90°F (32°C) and the
number of frost-free days are expected
to increase across the state and in both
emission scenarios studied. Increases in
the number of days above 90°F (32°C) are
expected to be greatest in the eastern part
of the state. Increases in the number of frostfree days are expected to be greatest in the
western part of the state. [high agreement,
robust evidence]

•

Across the state, precipitation is projected
to increase in winter, spring, and fall;
precipitation is projected to decrease in
summer. The largest increases are expected
to occur during spring in the southern part of
the state. The largest decreases are expected
to occur during summer in the central and
southern parts of the state. [moderate
agreement, moderate evidence]
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 %NKOCVG%JCPIG&GƂPGF
 6JG75)NQDCN%JCPIG4GUGCTEJ2TQITCO 75)%42WPFCVGF FGƂPGU
ENKOCVGEJCPIGCUHQNNQYUp%JCPIGUKPCXGTCIGYGCVJGTEQPFKVKQPUVJCV
RGTUKUVQXGTOWNVKRNGFGECFGUQTNQPIGT%NKOCVGEJCPIGGPEQORCUUGUDQVJ
KPETGCUGUCPFFGETGCUGUKPVGORGTCVWTGCUYGNNCUUJKHVUKPRTGEKRKVCVKQP
EJCPIKPITKUMQHEGTVCKPV[RGUQHUGXGTGYGCVJGTGXGPVUCPFEJCPIGUVQ
QVJGTHGCVWTGUQHVJGENKOCVGU[UVGOq
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This chapter focuses on three areas:
1

providing a baseline summary of climate
and climate change for Montana—with
a focus on changes in temperature,
precipitation, and extreme events—
including reviewing the fundamentals of
climate change science;

2

reviewing historical trends in Montana’s
climate, and what those trends reveal
about how our climate has changed
in the past century, changes that are
potentially attributable to world-wide
increases in greenhouse gases; and

3

considering what today’s best available
climate models project regarding
Montana’s future, and how certain we
can be in those projections.

This chapter serves as a foundation for the
Montana Climate Assessment, providing
information on present-day climate and
climate terminology, past climate trends, and
future climate projections. This foundation
then serves as the basis for analyzing three
key sectors of Montana—water, forests,

and agriculture—considered in the other
chapters of this assessment. In the sections
below, we introduce the climate science and
discuss important fundamental processes that
determine whether climate remains constant
or changes.

Climate is driven largely by radiation from
the sun. Incoming solar radiation may be
TGƃGEVGFCDUQTDGFD[NCPFUWTHCEGCPFYCVGT
bodies, transformed (as in photosynthesis),
or emitted from the land surface as longwave
TCFKCVKQP'CEJQHVJGUGRTQEGUUGUKPƃWGPEGU
climate through changes to temperature,
winds, the water cycle, and more. The overall
process is best understood by considering the
Earth’s energy budget (see sidebar).
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The Earth’s Energy Budget
The Earth’s climate is driven by the sun. The balance between incoming
and outgoing radiation—Earth’s radiation or energy budget—determines
the energy available for changes in temperature, precipitation, and winds
CPFJGPEGKPƃWGPEGUCVOQURJGTKEEJGOKUVT[CPFVJGJ[FTQNQIKEE[ENG
The Earth’s surface, atmosphere, and clouds absorb a portion of incoming
solar radiation, thereby increasing temperatures. Energy as longwave
radiation (heat) is re-emitted to the atmosphere, clouds, or space, thereby
reducing temperatures at the source. If the absorbed solar radiation and
emitted heat are in balance, the Earth’s temperature remains constant.
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Natural factors contributing to past climate
change are well documented and include
changes in atmospheric chemistry, ocean
circulation patterns, solar radiation intensity,
snow and ice cover, Earth’s orbital cycle
around the sun, continental position, and
volcanic eruptions. While these natural factors
are linked to past climate change, they are
also incorporated in the analysis of current
climate change.
Since the Industrial Revolution, global climate
has changed faster than at any other time in
Earth’s history (Mann et al. 1999). This rapid
rate of change—often referred to as humancaused climate change—has resulted from
EJCPIGUKPCVOQURJGTKEEJGOKUVT[URGEKƂECNN[
increases in greenhouse gases due to increased
combustion of fossil fuels, land-use change (e.g.,
deforestation), and fertilizer production (Figure
2-1) (Forster et al. 2007). The primary greenhouse
gases in the Earth’s atmosphere are carbon
dioxide (CO2), methane (CH4), nitrous oxide
(N2O), water vapor (H2O), and ozone (O3).

Incoming solar radiation is either absorbed,
TGƃGEVGFQTTGTCFKCVGFHTQOVJG'CTVJoUUWTHCEG
Since greenhouse gas concentrations are
greatest near the surface, a large fraction of this
TGƃGEVGFCPFTGTCFKCVGFGPGTI[KUCDUQTDGF
in the lower portions of the atmosphere (hence
the increase in surface temperatures and the
term “greenhouse effect”—see sidebar). For the
total energy budget to balance, the energy (and
temperature) at the top of the atmosphere must
decrease to account for the increase of energy
(and temperature) near the Earth’s surface.
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At natural levels, greenhouse gases are crucial
for life on Earth; they help keep average global
temperatures above freezing and at levels
that sustain plant and animal life. However, at
the increased levels seen since the Industrial
Revolution (roughly 275 ppm then, 400 ppm now;
Figure 2-1), greenhouse gases are contributing to
the rapid rise of our global average temperatures
by trapping more heat, often referred to as
human-caused climate change. In the following
chapters, we will refer to the impacts and effects
of climate change as a result of both natural
variability and human-caused climate change.

}ÕÀiÓ£° >}iÃ«ÀÌ>Ì}L>>ÌÃ« iÀV
greenhouse gas concentrations from year 0 to 2005
č ««]««Lr«>ÀÌÃ«iÀ>`«>ÀÌÃ«iÀL]
ÀiÃ«iVÌÛiÞ®ÀÃÌiÀiÌ>°ÓääÇ®°
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The Greenhouse Effect
The Earth’s climate is driven by the sun. The high temperature of the sun
results in the emission of high energy, shortwave radiation. About 31% of
VJGUJQTVYCXGTCFKCVKQPHTQOVJGUWPKUTGƃGEVGFDCEMVQURCEGD[ENQWFU
air molecules, dust, and lighter colored surfaces on the earth. Another
20% of the shortwave radiation is absorbed by ozone in the upper
atmosphere and by clouds and water vapor in the lower atmosphere. The
remaining 49% is transmitted through the atmosphere to the land surfaces
and oceans and is absorbed. The Earth’s surface re-emits about 79% of the
CDUQTDGFGPGTI[CUNQPIYCXGTCFKCVKQP7PNKMGUJQTVYCXGTCFKCVKQPVJG
Earth’s atmosphere absorbs approximately 90% of the longwave radiation
emitted from objects on its surface. This results because of the presence
of gases such as water vapor, carbon dioxide (CO2 ), methane (CH4), nitrous
oxide (N21 CPFXCTKQWUKPFWUVTKCNRTQFWEVU GIEJNQTQƃWQTQECTDQPU
CFCs) that more effectively absorb longwave radiation. In turn, the energy
absorbed by these
gases is reradiated
in all directions.
The portion that
KUTGFKTGEVGFDCEM
towards the surface
contributes to
warming and a
phenomenon
MPQYPCUVJG
greenhouse effect.
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CLIMATE CHANGE
ASSESSMENTS
A growing awareness of our changing global climate
since the 1950s has led to a substantial body of research.
For example, the National Academy of Sciences (NAS
2011) report, American’s Climate Choices, stated:

Climate change is occurring, is very
likely caused primarily by human
CEVKXKVKGUCPFRQUGUUKIPKƂECPVTKUMU
to humans and the environment.
These risks indicate a pressing need
for substantial action to limit the
magnitude of climate change and to
prepare for adapting to its impacts.

What is the
IPCC?
The Intergovernmental
Panel on Climate
Change is the leading
international body for the
assessment of climate
change. It was established
in 1988 by the United
Nations Environment
Programme and the
World Meteorological
Organization, and
subsequently endorsed by
the United Nations General
Assembly. The goal of
the IPCC is to provide the
YQTNFYKVJCENGCTUEKGPVKƂE
view on the current state
of knowledge in climate
change and its potential
environmental and
socioeconomic impacts.
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In 1990, the United Nations tasked the
Intergovernmental Panel on Climate Change (IPCC,
see sidebar) with assessing existing research on
ENKOCVGEJCPIG5KPEGVJGPƂXG+2%%CUUGUUOGPVU
JCXGKPETGCUGFQWTUEKGPVKƂEWPFGTUVCPFKPIQHCPF
certainty about, global climate change. As described
later in this chapter, the assessments have incorporated
increasingly sophisticated models and analyses that
consider both natural and human contributions to
changes in our climate system.

In its most recent Fifth Assessment Report, the IPCC
raised the likelihood of changes in several global
climate events to “virtually certain” (i.e., 99-100%
likelihood). Examples of these events include: more
frequent hot days, less frequent cold days, reductions in
permafrost, and sea-level rise (IPCC 2014).
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Recently, the third National Climate
Assessment, produced in collaboration
with the US Global Change Research
Program, provided further insight into
the anticipated climate changes for the
conterminous US. The National Climate
Assessment (NCA 2014) states:

Evidence for changes in
Earth’s climate can be
found from the top of the
atmosphere to the depths
of the oceans. Researchers
from around the world have
compiled this evidence
using satellites, weather
balloons, thermometers at
surface stations, and many
other types of observing
systems that monitor
the Earth’s weather and
climate. The sum total
of this evidence tells an
unambiguous story: the
planet is warming.

MONTANA’S
OBSERVED
CLIMATE
To put future Montana climate change
KPRGTURGEVKXGYGOWUVƂTUVWPFGTUVCPF
Montana’s baseline (i.e., historical)
conditions. In this section, we describe our
state’s unique geography and topography,
as well as current climatology and the
historical climate trends that have led us to
the present day.
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Geography and topography
Montana is the fourth largest state in the
nation, with a land area that covers 147,164
mile2 (381,153km2). The state includes the
beginnings of three major river basins. Two
of these—the basins of the Columbia and
the Missouri rivers—encompass almost
1/3 of the landmass of the conterminous
United States (Figure 2-2). Consequently,
/QPVCPCoUENKOCVGKPƃWGPEGUVJGYCVGT
supply for a large portion of the country, and
its water supports tourism, agriculture, and
ecosystems far beyond its borders. These
attributes contribute to Montana’s reputation
as the premiere headwaters state and as
“The Last Best Place.”
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Figure 2-2. Montana is the fourth largest state in the nation and provides the headwaters for three major river
L>ÃÃ°/ÜvÌ iÃi]Ì i ÕL>>`Ì iÃÃÕÀ]iV«>ÃÃ>ÃÌ£ÉÎvÌ i>`>ÃÃvÌ iVÌiÀÕÃ
1-°/ i ÌiÌ> Û`iÃÌ iiÀÕ}Ì ÀÕ} Ì iÃÌ>Ìi]>`vÀ}Ì iÌ>>É`> LÀ`iÀÕÌ
reaching Wyoming.

Montana’s complex geography and topography contribute to a diverse climate. The state extends
from below the 45th up to the 49th parallel. Given this (relatively) high latitude, Montana receives
less energy from the sun and experiences cooler temperatures than many other areas of the US.
Additionally, Montana’s latitude and location within North America expose the state to a mix of
FKXGTUGYGCVJGTU[UVGOUVJCVEQOOQPN[QTKIKPCVGGKVJGTHTQOVJG2CEKƂE1EGCPQTVJG#TEVKECPF
sometimes from subtropical regions.
Topographically, the state’s diverse mountain and prairie landscapes (approximately 40 and 60%
of the area, respectively) include elevations that range from over 12,000 ft (3660 m) in southern
Montana to 1800 ft (550 m) in eastern Montana. A number of island mountain ranges also occur in
the plains east of the Continental Divide amid the vast prairie landscape.
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The western portion of Montana contains approximately 100 named mountain ranges that form
the Rocky Mountain Continental Divide. The Continental Divide (Figure 2-2) effectively splits the
state into climatically distinct western and eastern regions. The Continental Divide squeezes out
OQKUVWTGHTQOGCUVYCTFƃQYKPI2CEKƂE/CTKVKOGCKTETGCVKPIYGVCPFFT[JCNXGUVQVJGUVCVG6JG
Continental Divide runs approximately north to south, from the Canadian border to the Idaho/
Wyoming border.
The mountainous area west of the Continental Divide has a climate similar to the maritime climates
QHVJGKPVGTKQT2CEKƂE0QTVJYGUVYKVJOKNFGTYKPVGTUEQQNGTUWOOGTUCPFOQTG[GCTTQWPF
precipitation. Inversions, low clouds, and fog often form in valleys west of the Continental Divide.
East of the Continental Divide, the prairie landscapes experience a semi-arid continental climate,
with warmer summers, colder winters, and less precipitation.
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Climate divisions

Montana’s unique geography means climate varies across the state, as it does across the nation.
Thus, throughout this Montana Climate Assessment, we aggregate past climate trends and
future climate projections into seven Montana climate divisions, as shown in Figure 2-3. These
UGXGPENKOCVGFKXKUKQPUCTGCUWDUGVQHVJGFKXKUKQPUFGƂPGFD[VJG0CVKQPCN1EGCPKECPF
Atmospheric Administration (NOAA) based on a combination of climatic, political, agricultural, and
watershed boundaries (NOAAa undated). The history of the US Climate Divisions takes many twists
and turns; it is well documented in Guttman and Quayle (1996).

Montana’s Climate Divisions

Figure 2-3. Montana’s seven climate divisions.
£nN č/  č 

Current climate conditions 1981-2010
To assess Montana’s current climate, we analyzed climate variable data (see sidebar) provided
as 3-decade averages by NOAA’s National Centers for Environmental Information (NOAAb
undated). In this section, we review average temperature and precipitation conditions from
1981-2010 as an indicator of current climate conditions.5 In the next section on historical trends,
we discuss changes in Montana’s temperature, precipitation, and extreme events that have
occurred over a longer time horizon.

Climate Variables
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In analyses of climate, scientists employ a suite of 50 essential climate
variables to unify discussions (Global Climate Observing System undated).
For this assessment, we primarily focus on just two: how climate change will
affect Montana’s temperature and precipitation in the future.

Temperature is an objective measure of how hot or cold
and object is with reference to some standard value.
Temperature differences across the Earth result primarily
from regional differences in absorbed solar radiation.
Seasonal variations in temperature result from the tilt of the
Earth’s axis as it rotates around the sun.
Precipitation is the quantity of water (solid or liquid) falling
VQVJG'CTVJoUUWTHCEGCVCURGEKƂERNCEGFWTKPICIKXGP
period. Like temperature, precipitation varies seasonally
and from place to place. Precipitation amounts can have a
dramatic impact on local environmental conditions, such as
abundance of wildlife or potential for crop production.

5

The 3-decade averages are often termed climate normal periods and produced once every 10 yr. This assessment represents the
wÀÃÌÕ«`>ÌivÀÌ>>½ÃV>ÌiÃViÌ i>ÃÌV>ÌiÀ>«iÀ`v£ÇäÓäää°č>ÞÃÃÛiÀÌ iVÕÀÀiÌV>ÌiÀ>
«iÀ`>ÜÃÌ iLiÃÌ«ÃÃLiÃ} ÌÌÌ i«ÀiÃiÌÃÌ>ÌivÌ>>½ÃV>Ìi]Ì Õ} Ì>ÞÌLiÜ >ÌÌ>>½Ã]
iÃ«iV>Þ`iÀÌ>>Ã]} ÌVÃ`iÀÀ>°ÀÀi`iÌ>ÕÀiÌ `Ã>`ÀiÃÕÌÃvÀÌ Ã>>ÞÃÃ]Ãiič««i`Ý
Ó£Ì i čÜiLÃÌi°
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Temperature.—Table 2-1 shows the average seasonal temperature variation across Montana’s

seven climate divisions (Figure 2-3) from 1981-2010. Temperatures vary widely across Montana and are
strongly dependent on local elevation and proximity to the Continental Divide. Western Montana’s
annual average temperatures are generally cooler (approximately 39°F [3.9°C]) relative to the eastern
and central parts of the state (approximately 44°F [6.7°C]).

Table 2-1. Average temperatures (°F) for the seven Montana climate divisions from 19812010.a,b
Montana climate
division

Annual

Winter
>Û}É>Û}
Õ®

Spring

Summer
>Û}É>Û}
>ÝÕ®

Fall
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Northwestern

40.6

23.7 / 16.5

39.4

58.5 / 72.0

40.6

Southwestern

38.9

21.2 /12.4

37.3

57.5 / 71.5

39.4

North central

42.8

21.8 / 10.9

42.1

63.8 / 78.3

43.1

Central

43.3

24.8 / 14.6

41.8

62.7 / 77.1

43.5

South central

44.0

24.6 / 14.2

42.5

64.3 / 78.8

44.2

Northeastern

43.4

18.3 / 7.9

43.3

67.4 / 81.6

44.0

Southeastern

45.5

22.8 / 11.7

44.6

68.6 / 83.2

45.8

ÀÌ i«ÕÀ«ÃiÃvÌ ÃÌ>Li]>``ii`Ì iiÌÀi č]Üi`iwiÌ iÃi>ÃÃ>ÃÜÌiÀ iViLiÀiLÀÕ>ÀÞ®]Ã«À}>ÀV >Þ®]
ÃÕiÀÕičÕ}ÕÃÌ®]>`v>-i«ÌiLiÀ ÛiLiÀ®°

a

/>`Ài>`>LÌÞ]Üi«ÀÛ`iÞc°/i«iÀ>ÌÕÀi iÃÕÃV>LiV>VÕ>Ìi`vÀ\c rcÎÓ®É£°n

L

Winters in Montana are cold, with statewide average temperatures of 22°F (-5.6°C). Between cold
waves there are often periods of mild, windy weather in central Montana created by persistent, moist
2CEKƂECKTOCUUGUQPVJGYGUVUKFGQHVJG%QPVKPGPVCN&KXKFGCPFVJGFT[KPICPFYCTOKPIGHHGEVUCU
air descends on the east side of the Rockies. These surface winds are locally known as chinook winds
and can bring rapid temperature increases of 40-50°F (22-28°C) to areas east of the Rockies that can
last for days.

Montana springs are highly variable and bring dramatic temperature changes. As a whole, Montana’s
average spring temperature is 42°F (5.5°C), although western Montana is cooler and warming comes
NCVGTFWGVQRGTUKUVGPEGQH2CEKƂEOCTKVKOGCKT+PEQPVTCUVYCTOGTEQPVKPGPVCNCKTEQPVTKDWVGUVQCXGTCIG
temperatures up to 45°F (7.2°C) in spring across central and eastern Montana.
'NGXCVKQPCPFRTQZKOKV[VQVJG%QPVKPGPVCN&KXKFGUVTQPIN[KPƃWGPEGNQECNVGORGTCVWTGUKPUWOOGT
Valleys and the eastern plains are generally warmer than the higher elevations of the Continental Divide.
While summer average temperature across Montana is 64°F (17.8°C), temperatures generally peak in
July and August, with mean daily highs above 90°F (32°C) in the east, as well as in western valleys.
20 | CLIMATE CHANGE

Fall temperatures in Montana are often highly variable, with an average temperature of 43°F
(6.1°C). Days to weeks of warm temperatures are commonly followed by freezing temperatures
that bring frosts and snow.

Precipitation.—In general, Montana is a water-limited, semi-arid landscape where

precipitation is depended upon heavily by plants and animals alike. Table 2-2 shows the seasonal
variation of precipitation across Montana’s seven climate divisions (Figure 2-3) from 1981-2010.
Precipitation amounts and form (rain versus snow) vary widely across the state and are strongly
KPƃWGPEGFD[GNGXCVKQPCPFRTQZKOKV[VQVJG%QPVKPGPVCN&KXKFG6JGCXGTCIGCPPWCNRTGEKRKVCVKQP
for Montana is 18.7 inches (0.47 m). Western Montana typically receives twice as much precipitation
annually as eastern Montana (22-30 inches [0.56-0.76 m] versus 12-14 inches [0.30-0.36 m],
TGURGEVKXGN[ 6JGEQODKPCVKQPQHOQKUVWTGTKEJOCTKVKOGCKTHTQOVJG2CEKƂEKPVJGYKPVGTURTKPI
and fall, and strong convective systems in the summer create a more evenly distributed year-round
precipitation pattern in western Montana. In contrast, 65-75% of the annual precipitation occurs in
the late spring and summer months for eastern and central Montana, coming from sources in the
UWDVTQRKECN2CEKƂECPF)WNHQH/GZKEQ
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Table 2-2. Average precipitation in inches (cm) for the seven Montana climate divisions from
1981-2010.
Montana climate
division

Annual

Winter

Spring

Summer

Fall

Northwestern

32.4 (82.2)

9.4 (23.9)

8.9 (22.6)

6.1 (15.5)

8.1 (20.6)

Southwestern

21.2 (53.8)

4.1 (10.4)

7.1 (18.0)

5.5 (14.0)

4.6 (11.7)

North central

15.1 (38.4)

1.9 (4.8)

4.6 (11.7)

5.5 (14.0)

3.1 (7.9)

Central

17.6 (44.7)

2.4 (6.1)

5.8 (14.7)

5.9 (15.0)

3.5 (8.9)

South central

18.4 (46.7)

2.7 (6.9)

6.4 (16.3)

5.2 (13.2)

4.2 (10.7)

Northeastern

12.8 (32.5)

1.0 (2.5)

3.7 (9.4)

5.7 (14.5)

2.4 (6.1)

Southeastern

13.8 (35.1)

1.2 (3.0)

4.6 (11.7)

5.1 (13.0)

2.9 (7.4)

The average statewide precipitation during winter is 3.3 inches (8.4 cm), though it varies
considerably across the state. The majority of winter precipitation in Montana falls as snow, and
VJGRTGEKRKVCVKQPVJCVCEEWOWNCVGUCUUPQYRCEMKPVJGOQWPVCKPUKUVJGOQUVUKIPKƂECPVUQWTEGQH
water to valley bottoms throughout the summer. Northwestern Montana receives an average of 9.4
inches (23.9 cm) of winter precipitation, but locally, and at higher elevations within the mountains,
this value can increase to greater than 20 inches (50.8 cm). Eastern and central Montana typically
receive 1.0-2.7 inches (2.5-6.9 cm) of winter precipitation.
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/QPVCPCTGEGKXGUUKIPKƂECPVURTKPI
precipitation, with a statewide average of 5.8
inches (14.7 cm). Much of that precipitation
contributes to the recharge of shallow soil
moisture and groundwater supplies. This
storage plays an important part in Montana’s
water cycle by releasing water slowly
throughout the summer. Spring precipitation
averages range from 7-9 inches (17.8-22.9
cm) in the west to 3-6 inches (7.6-15.2 cm) for
prairie lands of central and eastern Montana.
The average summer precipitation for
Montana, which is relatively consistent
statewide, is 5.6 inches (14.2 cm). Convective
thunderstorms are responsible for most of
the summer precipitation across the state.
These storms result from the uplift of warm,
moisture-laden air masses originating from
VJGUWDVTQRKECN2CEKƂECPF#VNCPVKE#UVJG
air rises, it cools and water vapor condenses,
producing rainfall and, at times, large
amounts of damaging hail.

Historical trends 1950
to present
We evaluated how temperature and
precipitation have historically changed,
dating back to mid-20th century. This
review of historical trends helps us provide
context for future climate change scenarios
explored in later sections of this chapter. In
addition, evaluating these trends can help us
better understand a) how Montanans have
previously experienced and responded to
changing climate, b) if projections of future
change reveal a different climate than we
have previously experienced, and c) the
potential impacts of that projected change.
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The average fall precipitation for Montana is
4.1 inches (10.4 cm). Northwestern Montana
experiences the largest average amount
of precipitation (8.1 inches [20.6 cm]).
Average fall precipitation declines as one
moves to central and then eastern Montana
(approximately 3.6 and 2.7 inches [9.1 and 6.9
cm], respectively).

6

We used standard statistical methods
to analyze records of temperature and
precipitation spanning two periods:
1950–2015 and 1900–2015.6 The direction
KPETGCUGQTFGETGCUG CPFUKIPKƂECPEGQH
trends were generally similar for the two
periods. As such, the presentation of trends
VJCVHQNNQYUKUEQPƂPGFVQVJGRGTKQFHTQO
1950–2015. This is widely acknowledged as
the benchmark period in climate analysis
(Liebmann et al. 2010; IPCC 2013a), a
period when our network of meteorological
sensors becomes more accurate and
UWHƂEKGPVN[FGPUG+VCNUQEQKPEKFGU
YKVJCPWRYCTFKPƃGEVKQPQHVJGCPPWCN
average temperature trend for Montana,
demarcating a time period with the highest
rate of change and likely the strongest
anthropogenic signal (NOAAc undated).

ÀÀi`iÌ>ÕÀiÌ `Ã>`ÀiÃÕÌÃvÀÌ Ã>>ÞÃÃ]Ãiič««i`ÝÓ£Ì i čÜiLÃÌi°
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Our analysis uses observational data from the US Climate Divisional Database (NOAAc undated)
to provide a more complete picture. The data were corrected to remove observational bias (e.g.,
station relocation, instrumentation changes, and observer practice changes) (Vose et al. 2014).
Our approach included combining many stations to provide a more complete picture of historical
changes for large regions. In our analyses, we determined if a detectable trend existed for
temperature and/or precipitation across the seven climate divisions and/or the entire state. While
not included in our analysis, other sources of historical climate data such as local observation are
CNUQGZVTGOGN[XCNWCDNGVQEQPƂTOOGCUWTGFVTGPFUCPFVJGKTKORCEVU UGGUKFGDCT 

Crow Climate Observations
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John Doyle and Margaret Eggers

As the Crow Environmental Health Steering Committee, a group of Crow
Tribal stakeholders working on local water quality and health issues, we began
discussing long-term changes in local climate and ecosystems we’ve observed
in our lifetimes. This began a process of interviewing other Tribal members
on this topic, and then comparing our community knowledge to climate and
hydrological data available for the Crow Reservation and vicinity. We found
that these two sources of data correspond and complement one another,
YKVJQWTQDUGTXCVKQPCNFCVCƂNNKPIKPICRUYJGTGPQOQPKVQTKPIUKVGUGZKUV
and providing information on impacts to local foods, cultural traditions, and
community health.
There is widespread agreement among Tribal Elders interviewed that winter
snowfall is declining, winters are getting milder and summers are becoming
hotter. The prairies used to be covered in deep snow from November to
/CTEJQHVGPOCMKPIKVFKHƂEWNVVQHGGFNKXGUVQEMVJGTKXGTUYQWNFHTGG\GWR
and as kids we could ice skate all winter long, including along the rivers. With
winter, the wind would shift to come primarily from the north, instead of from
the west—a sign to us that winter had come. Now the prairies are commonly
barren of snow, rivers have thin ice if at all, and there are successive winter
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days above freezing when the trees thaw out, only to be damaged when
freezing conditions return. Sometimes a winter snowfall turns into rain, which
never used to happen. It’s hard to predict the winter weather anymore, as
we once could in the old days. These changes also seem to affect community
health: The long winter cold was associated with less illness; we associate the
KPETGCUKPIKPEKFGPEGQHEQNFUCPFƃWYKVJOKNFGTYKPVGTU
Around March, ice breakup on the river used to be a major event, scouring
the riverbeds and leaving large chunks of ice to slowly melt on the riverbanks.
This was accompanied by a traditional Crow ceremony. By April, the snow
would be gone and brooks would be running everywhere. Now the thin ice
UKORN[OGNVUCYC[SWKGVN[CPFVJGGRJGOGTCNDTQQMUFQPoVCNNƃQY9GYQWNF
get storms when it would rain really hard for 10-15 minutes, now the spring
UVQTOUEQOGYKVJUGXGTGYKPFUCPFUNGGVQTJCKN*QYGXGTURTKPIƃQQFGXGPVU
CTGOQTGHTGSWGPVPQY$GHQTGVJGƃQQFKPVJGUCPFVJGVYQUGXGTG
ƃQQFUKPVJGRCUVFGECFGVJGQPN[QPGQWTRCTGPVUTGOGODGTYCUKP
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 5WOOGTJGCVNCUVUNQPIGTVJCPKVWUGFVQCPFKUOQTGKPVGPUG9GWUGFVQ
get summer rains that broke the heat, now that hardly happens anymore;
when it stays hot for a long time, it seems to affect the vegetation. Plants are
CIQQFYC[QHƂPFKPIQWVVJGYGCVJGTYJGPVJGKTNGCXGUFQPoVITQYVQVJGKT
fullest, we know the weather, the climate, is changing. Boxelder trees and
some of the berry shrubs along the river are slowly dying. Riparian berries,
including plums, chokecherries, juneberries, and buffalo berries, have been
gathered for generations as staple foods. Sometimes they now bloom earlier
in the spring; cold snaps freeze the blossoms and the berry crops are lost.
Sundances—a traditional outdoor ceremony in which both men and women
dance, pray and fast without either food or water for 3 to 4 days—have
always been held in the same locations in May and June. People who have
UWPFCPEGFQXGTOCP[[GCTUUC[KVKUDGEQOKPIOQTGFKHƂEWNVCUVJGUGOQPVJU
are increasingly hotter and drier. One Elder remarked that there were never
CP[DCFHQTGUVƂTGUYJGPJGYCUCDQ[VJQUGƂTGUFKFPoVUVCTVWPVKNVJGU
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 6JGFKUCRRGCTCPEGQHUQOGKPUGEVURGEKGUVJGƃQEMKPIQHDKTFUCPKOCNU
ITQYKPIVJKEMGTEQCVUCPFUPQYQPVJGOQWPVCKPUYGTGCNYC[UUKIPUQH
YKPVGTtKVKUPQYOKF0QXGODGTUVKNN6UJKTVYGCVJGTYKVJPQUPQYQPVJG
OQWPVCKPUCPFVJGITCUUJQRRGTUCPFOQUVUWOOGTDKTFUCTGUVKNNCTQWPF
9GWUGFVQICVJGTDWHHCNQDGTTKGUKPVJGHCNNCHVGTVJGƂTUVHTQUVUYGGVGPGF
VJGDGTTKGUPQYVJGƂTUVHTQUVFQGUPoVEQOGDGHQTGVJGDGTTKGUFT[WRUQ
VJG[CTGPoVYQTVJJCTXGUVKPI
 6JGTGCTGCNQVQHURGEKGUYJKEJCTGPQNQPIGTJGTGQTCTGTCTGN[UGGPt
RGTJCRUFWGVQENKOCVGEJCPIGURGTJCRURQRWNCVKQP$CTPQYNU
DWTTQYKPIQYNUUPKRGUEGTVCKPJCYMURTCKTKGEJKEMGPUCPFDNWGITQWUG
CTGIQPG-CPICTQQOKEGCPFCPQVJGTOQWUGVJCVYCUCNYC[UPGUVKPI
WUGFVQDGEQOOQP(TQIUWUGFVQETQCMCNNPKIJVNQPIKPVJGUWOOGTU
PQY[QWFQPoVJGCTVJGOCP[OQTG5OCNNVWTVNGUHTGUJYCVGTOWUUGNUCPF
CTKXGTDCPMNK\CTFURGEKGUJCXGFKUCRRGCTGF+PCFFKVKQPVQVJGFGENKPKPI
CXCKNCDKNKV[QHDGTTKGUQVJGTHQQFRNCPVUUWEJCUYKNFVWTPKRCPFYKNF
ECTTQVYJKEJWUGFVQDGCNNQXGTJCXGDGEQOGUECTEG
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 9GCNNUGGVJGUGEJCPIGUDWVVJGTGUGGOUVQDGCTGNWEVCPEGVQVCNM
CDQWVYJCVoUJCRRGPKPIVQPCOGKV#UQPG'NFGT)$WNNVCKNEQPENWFGF

 6JGTKXGTUCTGRQYGTHWNVJG[JCXGGPGTI[CPFVJG[OCMG
VJKPIUITQY9GWUGFVQIQVQVJGTKXGTVQEQOOWPKECVGYKVJ
VJKUGPGTI[PQYYGLWUVIQVJGTGVQƂUJCPFVQUYKO0CVWTG
WUGFVQRTQXKFGHQTWUCPFYGRWVDCEMYJCVYGIQVDWVYG
FQPoVFQVJCVCP[OQTG'XGT[VJKPIKUIGVVKPIRQNNWVGFtVJGCKT
KUPoVENGCPCP[OQTG6JG'CTVJKUVT[KPIVQVGNNWUVJCVYGJCXG
VQIQDCEMVQCVKOGYJGPYGUCYVJGGPGTI[KP'CTVJYJGP
YGYGTGEQORCVKDNGYKVJ0CVWTG

2017 MONTANA CLIMATE ASSESSMENT | 25

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
Image of Little Bighorn River courtesy John Doyle. John Doyle
Ã> ÀÜ/ÀL> `iÀ>`7>ÌiÀ+Õ>ÌÞ*ÀiVÌ ÀiVÌÀ>Ì
Little Big Horn College. Mari Eggers is a Research Scientist at
Montana State University Bozeman. The authors would like to
>VÜi`}i>`Ì >1ÀL> i>À ½Ì7>]À>Ì ÕÌ>]
>ÀÀÞ`iÃÃ]č>À}i] V]>ÀÃi`Vi
ÀÃi]°,i`-Ì>À] >Û`->]->À>9Õ}]>` >Û`9>ÀÌÌ
ÀvÀVÌÀLÕÌÃÌÌ Ã>ÀÌVi°Ã}>«ÀÛ`i`LÞ 
Doyle and Mari Eggers with permission.
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Temperature.—Table 2-3 shows the decadal rate of change from 1950-2015 for average

annual temperatures across Montana. We provide that rate of change both annually and by
season for the seven Montana climate divisions depicted in Figure 2-3. We also present the
average annual and average seasonal changes statewide and for the US as a whole. To account
RCTVKCNN[HQTCWVQEQTTGNCVKQPYGEQPUKFGTGFVTGPFUCUUKIPKƂECPVYKVJCEQPUGTXCVKXGRXCNWGCV
p<0.05. Generally, Montana has warmed at a rate faster than the annual national average, as well
as within individual seasons.

Table 2-3. Decadal rate of change for annual average temperatures in °F (°C) for the seven
Montana climate divisions (Figure 2-3), statewide, and US from 1950-2015. A value of 0
KPFKECVGUPQUVCVKUVKECNN[UKIPKƂECPVEJCPIGDGVYGGPFGECFCNCXGTCIGU
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Montana climate
division

Annual

Winter

Spring

Summer

Fall

Northwestern

+0.39 (+0.22)

+0.38 (+0.21)

+0.49 (+0.27)

+0.38 (+0.21)

+0.29 (+0.16)

Southwestern

+0.35 (+0.19)

0 (0)

+0.58 (+0.32)

+0.30 (+0.17)

+0.23 (+0.13)

North central

+0.51 (+0.28)

+0.85 (+0.47)

+0.62 (+0.34)

+0.30 (+0.17)

0 (0)

Central

+0.43 (+0.24)

+0.59 (+0.33)

+0.59 (+0.33)

+0.29 (+0.16)

0 (0)

South central

+0.44 (+0.24)

+0.49 (+0.27)

+0.61 (+0.34)

+0.36 (+0.20)

+0.30 (+0.17)

Northeastern

+0.48 (+0.27)

+0.78 (+0.43)

+0.65 (+0.36)

+0.26 (+0.14)

0 (0)

Southeastern

+0.40 (+0.22)

+0.59 (+0.33)

+0.56 (+0.31)

0 (0)

0 (0)

Statewide

+0.42 (+0.23)

+0.56 (+0.31)

+0.40 (+0.22)

+0.30 (+0.17)

+0.25 (+0.14)

US

+0.26 (+0.14)

+0.30 (+0.17)

+0.40 (+0.22)

+0.18 (+0.10)

+0.18 (+0.10)
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Average annual temperatures increased for
the entire state and within all climate divisions
(see Figure 2-3). The rate of temperature
increase was 0.4°F/decade (0.2°C/decade)
across the state, and this rate was relatively
constant across all climate divisions (Table
2-3). Similarly, average annual maximum and
minimum temperatures increased statewide,
and for all seven climate divisions, by 0.30.6°F/decade (0.2-0.3°C/decade). Between
1950 and 2015, Montana’s average annual
temperature has increased by 2.7°F (1.5°C);
annual maximum and minimum temperatures
have increased approximately 3.3°F (1.8°C).

Between 1950 and 2015, average
annual temperature increased
for the entire state of Montana
and within all climate divisions.
The state average annual
temperature increased 2.7°F
(1.5°C); annual maximum and
minimum temperatures increased
approximately 3.3°F (1.8°C).
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MT Climate Division Temperature Trends from 1950–2015
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Precipitation.—Annual

precipitation averaged across the state
JCUPQVEJCPIGFUKIPKƂECPVN[UKPEG
Some change, however, has occurred
within different climate divisions and
for different seasons as shown in Table
9GHQWPFPQUKIPKƂECPVEJCPIGUKP
summer and fall precipitation between
1950-2015 for any climate division.
Seasonally, the largest changes—
declines—in precipitation (rain and snow
combined) have occurred during winter
months (Table 2-4). We used a smaller
p value (<0.05) to determine statistical

UKIPKƂECPEGQHVTGPFUCPFVQCEEQWPV
for potential autocorrelation of time
series data. Our analysis suggests that
an increase in the number of El Niño
events since 1950 has contributed to
drier winters and decreased precipitation
for Montana’s northwestern, north
central, and central climate divisions (see
Teleconnections section for more on
the El Niño Southern Oscillation). In the
GCUVGTPRQTVKQPUQHVJGUVCVGUKIPKƂECPV
increases in precipitation have occurred
during the spring months (Table 2-4).
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Table 2-4. Decadal rate of change in average precipitation in inches/decade (cm/decade)
for the seven Montana climate divisions (Figure 2-3), statewide, and US from 1950-2015. A
XCNWGQHKPFKECVGUPQUKIPKƂECPVEJCPIG
Montana climate
division

Annual

Winter

Spring

Summer

Fall

Northwestern

-0.58 (-1.5)

-0.57 (-1.4)

0

0

0

Southwestern

0

0

0

0

0

North central

0

-0.09 (-0.23)

0

0

0

Central

0

-0.11 (-0.28)

0

0

0

South central

0

0

0

0

0

Northeastern

0

0

+0.21 (+0.53)

0

0

Southeastern

+0.35 (+0.89)

0

+0.30 (+0.76)

0

0

Statewide

0

-0.14 (-0.36)

0

0

0

US

+0.33 (+0.84)

0

+0.08 (+0.20)

+0.08 (+0.20)

+0.16 (+0.41)
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Extreme aspects of Montana’s climate.—Along with analyzing historical trends in

temperature and precipitation, we performed an analysis of changes in extreme climate events
since the middle of last century. Two examples of climate extremes include periods of intense warm
QTEQQNVGORGTCVWTGUCPFUKIPKƂECPVYGVQTFT[URGNNUCETQUUUGCUQPU$GECWUGVJGUGGXGPVUCHHGEV
every aspect of our society, decision makers and stakeholders are increasingly in need of historical
evaluations of extreme events and how they are changing from seasons to centuries. The coldest
temperature ever observed in the conterminous US was -70°F (-57°C) at Rogers Pass outside of
Helena on January 20, 1954 (see sidebar). Since 1950, however, our analysis shows the average winter
temperature has increased by 0.4°F/decade (0.2°C/decade) across the state, with an overall average
winter temperature increase of 3.6°F (2.0°C). Average spring temperatures have increased by 2.6°F
(1.4°C) during the same period, and average summer temperatures have risen by 2.0°F (1.1°C).
Montana’s fall average temperatures have increased by 1.6°F (0.9°C) since 1950.
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Rogers Pass,Montana
C. Corby Dickerson IV

One-half mile west of Rogers Pass
and just south of the Continental
Divide, a humble cabin was
PGUVNGFPGZVVQCƃGFINKPIIQNF
mine. The cabin sat within a small,
“saucer-shaped depression” in the
hills. It was 1954. The weather had
been unrelenting: heavy, intense
snow had fallen near continuously
for 7 days, totaling over 5 ft (1.5
m) deep by 5 PM on the 19th of
January. The temperature that
morning had been a frigid -37°F
(-38°C). But, unbelievably, these
measurements themselves would
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ultimately pale in comparison to
what would occur later that night.
Meteorologically, conditions
had been ideal for a prolonged,
heavy snow event. A steady feed
of relatively warm and very moist
2CEKƂECKTJCFHQTUGXGTCNFC[U
rested over a comparatively dry
and persistent Arctic air mass
from Canada. As the sun set on
the horizon, the snow ceased
and the wind, which had been
biting from the northeast for
days, was notably weaker. After
settling in for another night of
trying to stay warm in his family’s
RTKOKVKXGUWTTQWPFKPIUQHƂEKCN
US Weather Bureau observer

H.M. Kleinschmidt resolved
to stay awake much of the
night due to, as described by
Dightman (1963),

… loud and frequent
“popping” noises in the
cabin, and that about 2 AM
on the 20th he had observed
JKU=WPQHƂEKCN?VJGTOQOGVGT
(exposed outside an
insulated window several
inches from the building) to
show about -68°F.

minimum temperature as -68°F
(-56°C), completely unaware that
this would come to set a record
for the coldest reading ever taken
in the United States! Thereafter,
the Kleinschmidts went about
their business as rugged Montana
miners, while the weather
gradually returned to more normal
January conditions.
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Mr. Kleinschmidt, despite the
extreme and dangerous cold,
ventured outside to check
VJGQHƂEKCNKPUVTWOGPVUJGNVGT
where he found the minimum
thermometer to read colder
than -65°F (-54°C), which was
as far down the scale as the
government-issued thermometer
could read. Later that day at
observation time, he recorded the

Although this record temperature
occurred on January 20th, the
Weather Bureau remained
unaware of it until the observation
HQTOCTTKXGFCVKVU*GNGPCQHƂEG
on February 3rd. In reviewing
this data, program manager
and State Climatologist R. A.
Dightman immediately noted the
remarkable reading. Believing it to
be a potential record, Dightman
contacted the observer, requesting
he send in the minimum
thermometer for evaluation. The
Kleinschmidts had been noted as
FQKPIpXGT[YGNNCPFMGGR=KPI?
a good record”as observers
(Dightman 1963). (It is standard
practice to send instrumentation
to the US Weather Bureau lab in
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9CUJKPIVQP&%HQTECNKDTCVKQPCPFXGTKƂECVKQPYJGPUWEJGZVTGOGTGEQTFU
CTGRQUUKDNG ;GV-NGKPUEJOKFVVJGIQQFQDUGTXGTJGYCUCEVWCNN[FKFQPG
DGVVGTCPFUGPVKPDQVJVJGQHƂEKCNOKPKOWOVJGTOQOGVGTCPFJKURGTUQPCN
OKPKOWOVJGTOQOGVGTHQTGXCNWCVKQP
 9JKNGKPVJGNCDUEKGPVKUVUTGETGCVGFVJGGZVTGOGEQPFKVKQPUCPFQDUGTXGFVJG
QHƂEKCNCPFWPQHƂEKCNVJGTOQOGVGTULWUVCU-NGKPUEJOKFVJCFFGUETKDGFVJG
OCTMGTƃQCVKPIKPVJGQHƂEKCNNKSWKFVJGTOQOGVGTTGVTGCVGFDCEMKPVQKVUDWND
CPFTGOCKPGFUVWEMVJGTGRKPPGFCVCPCPINGCICKPUVVJGINCUU6JKUOCFGKV
KORQUUKDNGHQTCPCEVWCNTGCFKPIOWEJDGNQYVJGUECNGQHVJKUVJGTOQOGVGT
$WVVJTQWIJCFFKVKQPCNNCDQTCVQT[CPCN[UKUCNQPIYKVJVJGXGTKƂGFTGCFKPI
QPVJGWPQHƂEKCNOKPKOWOVJGTOQOGVGTVJG759GCVJGT$WTGCWYCUCDNGVQ
FGENCTGVJGEQNFGUVVGORGTCVWTGQDUGTXGFVJCVOQTPKPICU( % 
0QYEQPƂTOGFCUCXCNKFQDUGTXCVKQPVJKUTGCFKPIYCUETQUUEJGEMGFCICKPUV
CFFKVKQPCNPGCTD[UVCVKQPU YJKEJJCFTGEQTFGF(=%?CPF(=%?
VJCVUCOGFC[ HQTTGCUQPCDNGEQPUKUVGPE[#HVGTRCUUKPIVJKUƂPCNVGUVCPFD[
MPQYKPIVJCVVJG[YGTGIQQFQDUGTXGTUYJQYGTGWPCYCTGQHVJGRQVGPVKCNN[
TGEQTFDTGCMKPIPCVWTGQHVJKUQDUGTXCVKQPVJG759GCVJGT$WTGCWQP/CTEJ
CEEGRVGFVJG( % TGCFKPICUVJGQHƂEKCNCNNVKOGTGEQTFNQY
HQTVJG755GXGPVGGP[GCTUNCVGTCTGCFKPIQH( % YCUQDUGTXGF
CV2TQURGEV%TGGM%CORKP#NCUMCGUVCDNKUJKPICPGYTGEQTFHQTVJGEQWPVT[
*QYGXGTVQVJKUFC[VJGTGCFKPICV4QIGTU2CUU/QPVCPCKUUVKNNVJGEQNFGUV
GXGTQDUGTXGFVJTQWIJQWVVJGEQPVGTOKPQWU75tCTGCFKPIVJCVCUVQWPFUCU
OWEJCUKVTGXGCNUCDQWVVJGNKOKVNGUUPGUUQHPCVWTG
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This highway marker near Rogers Pass
ViÀ>ÌiÃÌ iÀiVÀ`V`v£x{° ° ÀLÞ
Dickerson IV is a General Forecaster with the
National Weather Service in Missoula, MT who
also leads various graphical and social media
«À}À>Ã°/ i>ÕÌ À>VÜi`}iÃ>® ÀÃ
LÃ>`*>ÕÕ ÀvÀÌ iÀi`Ì}>ÃÃÃÌ>ViÆ
>`L®>ÌÌÀ>]V >i<iiÀ] >Ûi
Bernhardt, Gina Loss, and the staff at the
National Centers for Environmental Information
vÀÌ iÀÛ>Õ>Li>ÃÃÃÌ>Vi i«}ÌÀ>V`Ü
Ì iÃÌÀÞLi `Ì Ã ÃÌÀVLÃiÀÛ>Ì°
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We performed our analysis of climate extremes using the CLIMDEX project (CLIMDEX undated),
which provides a collection of global and regional climate data from multiple sources. CLIMDEX is
developed and maintained by researchers at the Climate Change Research Centre and the University
of New South Wales, in collaboration with the University of Melbourne, Climate Research Division of
Environment Canada, and NOAA’s National Centers for Environmental Information. The CLIMDEX
project aims to produce a global dataset of standardized indices representing the extreme aspects
of climate. Particular attention was placed on the changes in variables such as consecutive dry days,
days of heavy precipitation, growing season length, frost days, number of cool days and nights, and
the number of warm days and nights. Extreme precipitation events across the United States have
increased in both intensity and frequency since 1901 (NCA 2014), including across both the High Plains
and the northwestern US (many states combined), where studies have shown an increase in the number
of days with extreme precipitation (NCA 2014). However, for our analysis at the state level we found
no evidence of changes in extreme precipitation so it is not a variable of focus. Here, we report those
XCTKCDNGUVJCVFKFEJCPIGUKIPKƂECPVN[ R HQT/QPVCPCCPFHQTRGTURGEVKXGVJGENKOCVGPQTOCNU
for these extremes for the periods 1951–1980 and from 1981-2010 (Table 2-5).7
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Table 2-5. Changes in Montana’s climate extremes. Here, we report those variables that
EJCPIGFUKIPKƂECPVN[HQT/QPVCPC(QTJKUVQTKECNRGTURGEVKXGYGCNUQTGRQTVVJGENKOCVG
normal for these extremes from the periods 1951-1980 and from 1981-2010.
6>À>Li

7

>}i£x£Óä£ä®

£x£q£nä

£n£qÓä£ä

Warm days

11 days

30 days

41 days

Cool days

-13 days

43 days

30 days

Frost days

-12 days

171 days

159 days

Growing season

12 days

194 days

206 days

Warm nights

14 nights

30 nights

44 nights

Cool nights

-12 nights

43 nights

31 nights

Monthly minimum
temperature

5°F (2.8°C)

-25°F (-32°C)

-20°F (-29°C)

Ì Þ>ÝÕ
temperature

1.1°F (0.6°C)

97.5°F (36°C)

98.6°F (37°C)
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The annual number of cool days and the number of days with frost are decreasing across
/QPVCPC9GWUGVJG%.+/&':FGƂPKVKQPQHcool days as the percentage of days when
maximum temperature is lower than 10% of the historical observations. Coincident with
warming temperatures, the number of cool days each year during the period from 1951–2010
has decreased by 13.3 days. Along with this trend, the number of days in which the minimum
temperatures are below 32°F (0°C; i.e. frost days) has decreased by 12 days during this time
period. These trends have contributed to an overall increase in the growing season length
of 12 days between 1951 and 2010. In addition, the number of warm days, where maximum
temperature exceeds 90°F (32°C) based on historical conditions, has increased by 11 days
over this period. At a sub-annual level, monthly maximum and minimum temperatures have
CNUQEJCPIGF6JGUGCTGFGƂPGFCUVJGOQPVJN[OCZKOWO OKPKOWO XCNWGQHFCKN[OCZKOWO
(minimum) temperatures. Monthly minimum values of daily minimum temperatures have
increased by 5°F (2.8°C) from the period 1951–2010. Over the same time period, monthly
minimum values of daily maximum temperatures have increased by 1.1°F (0.6°C).
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There has been an increase in the number of warm nights and a related decrease in the
PWODGTQHEQQNPKIJVUCETQUU/QPVCPC9GWUGVJG%.+/&':FGƂPKVKQPQHwarm nights
(and cool nights) as the number of days when minimum temperature is higher (lower) than a
URGEKƂGFOCZKOWO OKPKOWO VJTGUJQNFFGƂPGFD[JKUVQTKECNEQPFKVKQPU6JGPWODGTQHYCTO
nights has increased by 11 days from 1951 to 2010. The number of cool nights has decreased
by 12 days over this same period. These trends are in agreement with observations across
many portions of the continental US (Davy and Esau 2016).

Between 1951 and 2010, the growing season in Montana increased 12 days.

Drought
Drought is a recurrent climate event that may vary in intensity and
persistence by region. Drought can have broad and potentially devastating
environmental and economic impacts (Wilhite 2000); thus, it is a topic of
ongoing, statewide concern.
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Through time, Montana’s people, agriculture, and industry, like its
ecosystems, have evolved with drought. Today, many entities across the state
CFFTGUUFTQWIJVKPENWFKPIRTKXCVGCPFPQPRTQƂVQTICPK\CVKQPUUVCVGCPF
federal agencies, and landowners, as well as unique watershed partnerships.
Drought is a complex phenomenon driven by both climate, but also
affected by human-related factors (e.g., land use, water use). Although
VJGFGƂPKVKQPQHFTQWIJVXCTKGUKPFKHHGTGPVQRGTCVKQPCNEQPVGZVUOQUV
FGƂPKVKQPUKPENWFGUGXGTCNKPVGTTGNCVGFEQORQPGPVUKPENWFKPI
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• meteorological droughtFGƂPGFCUCFGƂEKVKPRTGEKRKVCVKQPCPF
above average evapotranspiration that lead to increased aridity;
• hydrological drought,EJCTCEVGTK\GFD[TGFWEGFYCVGTNGXGNU
in streams, lakes, and aquifers following prolonged periods of
meteorological drought;

• ecological droughtFGƂPGFCUCRTQNQPIGFRGTKQFQXGTYJKEJCP
ecosystem’s demand for water exceeds the supply (the resulting
YCVGTFGƂEKVQTUJQTVCIGETGCVGUOWNVKRNGUVTGUUGUYKVJKPCPFCETQUU
ecosystems); and
• agricultural droughtEQOOQPN[WPFGTUVQQFCUCFGƂEKVKPUQKN
moisture and water supply that lead to decreased productivity (in
this assessment, we will treat this form of drought as an important
component of ecological drought).

While the subsequent chapters dealing with water, agriculture, and forests
treat the subject of drought differently, each describes drought within the
EQPVGZVQHQPGQTOQTGQHVJGHQWTFGƂPKVKQPUFGUETKDGFCDQXG
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Teleconnections
When we think of weather, we generally think
about what is happening around us at that
moment. However, the Earth’s atmosphere,
oceans, and landmasses make up a continuous
system, and what we experience as weather—
and also in expanded time frames as climate—
is actually a small part of much larger patterns
of atmospheric circulation that determine
movements of air, moisture, and energy across
the planet. Atmospheric circulation takes on
recurring patterns that link the weather and
climate across distant parts of the globe.
Scientists call these recurring or persistent
patterns, teleconnections. Teleconnections
thus are climate oscillations that link across
vast geographical areas and can last for weeks
to decades.

Scientists recognize many teleconnections.
We describe two of the most important
teleconnections for Montana below, the El Niño5QWVJGTP1UEKNNCVKQPCPFVJG2CEKƂE&GECFCN
Oscillation.8 It is important to bear in mind that
teleconnections are happening continually,
and superimposed on each other as well as
upon other long-term climate patterns. As
such, teleconnections may mask the trend of a
longer-term climate signal or enhance the signal
making it appear stronger than it is. Additionally,
teleconnections can be helpful in identifying
likely seasonal and annual weather patterns and,
in some cases, longer-term climate trends.
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+PVJGRCUVUEKGPVKUVUKFGPVKƂGFVGNGEQPPGEVKQPU
by observing patterns in historical climate
and weather data, and then investigating the
underlying processes driving those patterns.
As global climate changes, the nature of these
connections is changing, as well. We can no
longer rely only on historical observations
to understand future teleconnections.
Thus, predicting climate-related changes in
teleconnections and the impact of those changes
on local weather and climate are important areas
of ongoing research.

n

El Niño-Southern Oscillation.—

The El Niño-Southern Oscillation cycle refers
VQCƃWEVWCVKQPDGVYGGPWPWUWCNN[YCTO 'N
Niño) and cold (La Niña) waters in the tropical
2CEKƂEYKVJCUUQEKCVGFEJCPIGUKPCVOQURJGTKE
circulation (the Southern Oscillation) (Figure
2-5). El Niño and La Niña events typically
develop over 2-7 yr. During El Niño events,
western North America experiences greater
ƃQYUQHOCTKVKOGCKTCPFTGFWEGFƃQYUQHEQNF
polar air from Canada. Generally drier and
warmer conditions result in the northwestern US
(NWSa undated). In Montana, El Niño winters
receive roughly 70-90% of normal precipitation,
and both winter and summer are warmer than
average (Figures 2-5 and 2-6) (NWSb undated;
Higgins et al. 2007). The effects of La Niña
events are generally opposite those of El Niño.
The northwestern US, including Montana,
experiences increased precipitation and cooler
temperatures, while the southern states are
drier and warmer during La Niña events.

 vÀ>ÌÌ ÀiiÌ iÀÌiiViVÌÃÌ >Ì«>VÌÌ>>½ÃV>Ìi>`Üi>Ì iÀV>LivÕ`č««i`ÝÓÓÌ i
 čÜiLÃÌi°
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Typical January–March Weather Anomalies and Atmospheric Circulation During
Moderate to Strong El Niño and La Niña
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}ÕÀiÓx°/Þ«V>>Õ>ÀÞ>ÀV Üi>Ì iÀ>>iÃ>`>ÌÃ« iÀVVÀVÕ>Ì`ÕÀ}  Ì«®>`> >LÌÌ®
iÛiÌÃ°>}iVÕÀÌiÃÞ >Ì>7i>Ì iÀ-iÀÛVi 7->Õ`>Ìi`®°
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}ÕÀiÓÈ°č®/«ÌÜ>}iÃÃ ÜÌ i>ÛiÀ>}i>>ÞÌ>>½ÃÜÌiÀ«ÀiV«Ì>ÌivÌ®>`Ìi«iÀ>ÌÕÀiÀ} Ì®
`ÕÀ}> >iÛiÌÃ° ® ÌÌÌÜ>}iÃÃ ÜÌ i>ÛiÀ>}i>>ÞÌ>>½ÃÜÌiÀ«ÀiV«Ì>ÌivÌ®>`
Ìi«iÀ>ÌÕÀiÀ} Ì®`ÕÀ}  iÛiÌÃ°ÀÌ>>]  ÜÌiÀÃ>Ài}iiÀ>Þ`ÀiÀ>`Ü>ÀiÀÆ> >ÜÌiÀÃ
>Ài}iiÀ>ÞÜiÌÌiÀ>`V`iÀ°/ Ã>>ÞÃÃÜ>Ã`iÕÃ}`>Ì>vÀÛi iÌ>°Óä£Î®>`ÃL>Ãi`Ì iÃÌÕ`Þ
period of 1915-2013.

ÎnN č/  č 

2CEKƂE&GECFCN1UEKNNCVKQPt6JG2CEKƂE&GECFCN1UEKNNCVKQPKUCRCVVGTPQHQEGCP

CVOQURJGTKEENKOCVGXCTKCDKNKV[CETQUUVJGOKFNCVKVWFG2CEKƂE1EGCP6JGQUEKNNCVKQPXCTKGUKPVKOGHTQO
interannual to inter-decadal, with the strongest cycle typically occurring about every 30 yr. Effects of
VJG2CEKƂE&GECFCN1UEKNNCVKQPCTGPQVCUKPVGPUGCUVJG'N0KÍQ5QWVJGTP1UEKNNCVKQPE[ENG /CPVWC
and Hare 2002). During its warm phase, winter temperatures are warmer throughout Alaska, western
Canada, and the western US (by an average of 2°F [1.1°C]), and precipitation is decreased (Figure 2-7).
Effects during the cool phase reverse, with cooler winter temperatures and increased precipitation
experienced over western North America.
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}ÕÀiÓÇ°č®/«ÌÜ>}iÃÃ ÜÌ i>ÛiÀ>}i>>ÞÌ>>½ÃÜÌiÀ«ÀiV«Ì>ÌivÌ®>`Ìi«iÀ>ÌÕÀiÀ} Ì®
`ÕÀ}Ì iV« >ÃivÌ i*>VwV iV>`>"ÃV>Ì° ® ÌÌÌÜ>}iÃÃ ÜÌ i>ÛiÀ>}i>>ÞÌ>>½Ã
ÜÌiÀ«ÀiV«Ì>ÌivÌ®>`Ìi«iÀ>ÌÕÀiÀ} Ì®`ÕÀ}Ì iÜ>À« >ÃivÌ i*>VwV iV>`>"ÃV>Ì°ÀÌ>>]
Ì iÜ>À« >ÃivÌ i*>VwV iV>`>"ÃV>ÌÃ}iiÀ>Þ>ÃÃV>Ìi`ÜÌ Ü>ÀiÀ>``ÀiÀÜÌiÀÃ° « >Ãi*>VwV
iV>`>"ÃV>ÌÜÌiÀÃ>Ài}iiÀ>ÞÜiÌÌiÀ>`V`iÀ°/ Ã>>ÞÃÃÜ>Ã`iÕÃ}`>Ì>vÀÛi iÌ>°Óä£Î®>`
ÃL>Ãi`Ì iÃÌÕ`Þ«iÀ`v££xÓä£Î°

6JG2CEKƂE&GECFCN1UEKNNCVKQPCPF'N0KÍQ5QWVJGTP1UEKNNCVKQPVGNGEQPPGEVKQPUOC[TGKPHQTEGQT
moderate each other, depending on if their phases are in alignment or opposition.
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FUTURE PROJECTIONS
Global Climate Modeling
Projecting future climate on a global scale requires modeling many intricate relationships between
the land, ocean, and atmosphere. Many global climate and Earth system models exist, each varying
in complexity, capabilities, and limitations.
Consider one of the simplest forms of a model used for future projections, a linear regression model
(Figure 2-8). With this model, researchers would plot a climate variable (e.g., temperature) over time,
FTCYCDGUVƂVUVTCKIJVNKPGVJTQWIJVJGFCVCCPFVJGPGZVGPFVJGNKPGKPVQVJGHWVWTG6JCVNKPG
then, provides a means of projecting future conditions. Whether or not those projections are valid is
a separate question. For example, the model may be based on false assumptions: the relationship
OC[C PQVDGEQPUVCPVVJTQWIJVKOGD PQVKPENWFGQWVUKFGKPƃWGPEGUUWEJCUJWOCPKPVGTXGPVKQPU
(e.g., policy regulations), and c) not consider system feedbacks that might enhance or dampen the
relationship being modeled.
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Example of Linear Regression Mode

}ÕÀiÓn° Ý>«iv>Ã«ii>ÀÀi}ÀiÃÃ`ivV>ÌiV >}i°/ Ã`iÃ>ÌÌ i ÃÌÀV>`>Ì>v>
V>ÌiÛ>À>Lii°}°]Ìi«iÀ>ÌÕÀi®>` >Ã>LiÃÌwÌiÀÕ}Ì ÀÕ} Ì iÃi`>Ì>°/ ÃLiÃÌwÌivÜÃÌ iÃ>i
ÌÀi`ÌÌ ivÕÌÕÀi>`V>LiÕÃi`Ì«ÀiVÌÌ iV >}ivÌ iV>ÌiÛ>À>LiÌ iV}Þi>ÀÃ°-ÕV >`iÃ
ÕÃivÕÌÕÃÌÀ>Ìi`i}«ÀV«iÃ]LÕÌÌÃÌÃ«iÌ>VVÕÀ>ÌiÞvÀiV>ÃÌvÕÌÕÀiV>ÌiÌÀi`Ã°
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While the linear regression model provides an instructive visual aid for considering modeling, it is
too simple for looking at climate changes, in which the interactions are complex and often nonlinear.
For example, if temperatures rises, evaporation is expected to increase. At the same time, increasing
temperatures increase the atmosphere’s capacity to hold water. Water is a greenhouse gas so
more water in the atmosphere means the atmosphere can absorb more heat…thus driving more
evaporation. What seemed a simple relationship has changed (possibly dramatically) because of this
feedback between temperature, evaporation, and the water-holding capacity of the atmosphere.
Linear models do not account for such nonlinear relationships. Instead, climate scientists account
for nonlinearity through computer simulations that describe the physical and chemical interactions
between the land, oceans, and atmosphere. These simulations, which project climate change into the
future, are called general circulation models (GCMs; see sidebar).
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General Circulation Models

General circulation models (GCMs) help us project future climate
conditions. They are the most advanced tools currently available for
simulating the response of the global climate system—including processes
in the atmosphere, ocean, cryosphere, and land surface—to increasing
greenhouse gas concentrations.
GCMs depict the climate using a 3-D grid over the globe, typically having
a horizontal resolution of between 250 and 600 km (160 and 370 miles),
10-20 vertical layers in the atmosphere and sometimes as many as 30
layers in the oceans. Their resolution is quite coarse. Thus, impacts at
the scale of a region, for example for Montana, require downscaling the
TGUWNVUHTQOVJGINQDCNOQFGNVQCƂPGTURCVKCNITKF FKUEWUUGFNCVGT  VGZV
adapted from IPCC 2013b).
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Because of the complexities involved, climate
scientists rarely rely on a single model, but
instead use an ensemble (or suite) of models.
Each model in an ensemble represents a
single description of future climate based on
URGEKƂEKPKVKCNEQPFKVKQPUCPFCUUWORVKQPU
The use of multiple models helps scientists
explore the variability of future projections
(i.e., how certain are we about the projection)
and incorporate the strengths, as well as
uncertainties, of multiple approaches.
For the work of the Montana Climate Assessment,
YGGORNQ[GFCPGPUGODNGHTQOVJGƂHVJ
iteration of the Coupled Model Intercomparison
Project (CMIP5), which includes up to 42 GCMs
depending on the experiment conducted (CMIP5
undated). The World Climate Research Program
describes CMIP as “a standard experimental
protocol for studying the output” of GCMs (CMIP
undated). It provides a means of validating,
comparing, documenting, and accessing diverse
climate model results. The CMIP project dates
DCEMVQYKVJVJGƂHVJKVGTCVKQP %/+2 
starting in 2008 and providing climate data for
the latest IPCC Fifth Assessment Report (Stocker
et al. 2013).

6JGDGPGƂVUQHWUKPI%/+2FCVCCTGVJCV
each model in the ensemble a) has been
rigorously evaluated, and b) uses the same
standard socioeconomic trajectories—known
as Representative Concentration Pathways
(RCPs)—to describe future greenhouse gas
emissions. RCPs are future greenhouse gas
concentration scenarios.
Four RCP scenarios are available in CMIP5:
RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The
number after RCP represents the increase in
radiative forcing in watts/m2 by the year 2100.
Higher radiative forcing values are associated
with larger amounts of trapped heat in the
atmosphere due to increased greenhouse gas
emissions (see sidebar). Simply stated, higher
RCP values are typically associated with greater
greenhouse gas emissions and therefore greater
potential for climate change. Each RCP scenario
makes different assumptions about future energy
sources, population growth, economic activities,
and technological advancements, as follows:
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We employed 20 individual GCMs from the
CMIP5 project for the Montana Climate
Assessment ensemble, chosen because they
provide daily outputs and a range of important
climate variables.9(QTVJKUƂTUV/QPVCPC
Climate Assessment, we are only using climate
variables of temperature and precipitation
(later assessment may evaluate other important
variables such as wind and relative humidity).

9

•

RCP2.6.—The peak-and-decline
scenario assumes greenhouse gas

emissions peak between 2010-2020 and then
decline by the end-of-century, leading to a
radiative forcing of 2.6 watts/m2. It assumes
greenhouse gas emissions are substantially
reduced over time (Van Vuuren et al. 2011).

•

RCP4.5.—The stabilization
scenario where technological

advancements and strategies lead to a peak
in greenhouse gas emissions at about 2040
followed by a decline (Clarke et al. 2007). We

 ÕÀÌ iÀ`iÌ>Ì iÓä`iÃi«Þi`ÕÀiÃiLi]>ÃÜi>ÃÕÀ`i}«ÀViÃÃ]Ãiič««i`ÝÓ£Ì i čÜiLÃÌi°
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explore the RCP4.5
scenario in this
assessment, and the
United Nations Paris
Agreement of 2016
curbs emissions at a
level between RCP2.6
and RCP4.5.
•

RCP6.0.—A
second
stabilization
scenario, but in this

Representative Concentration
Pathways
Representative Concentration Pathways (RCPs)
make different assumptions about energy
sources, population growth, economic activities,
and technological advancements. Scientists
run general circulations models against these
scenarios to project future climate conditions,
including atmospheric carbon concentrations.
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pathway greenhouse
gas emissions peak at
2080 and stabilization
is not achieved until
after 2100 (Fujino et al.
2006).

•

For this Montana Climate Assessment, we
considered the stabilization (RCP4.5) and
business-as-usual (RCP8.5) emission pathways.

RCP8.5.—The
business-asusual emission
scenario where

greenhouse gas
emissions increase
throughout the 21st
century (Riahi et al.
2007, 2009), based
on the assumption
that society is
largely unsuccessful
in curbing those
emissions. We use
the RCP8.5 scenario,
in which greenhouse
gases steadily rise,
and note that this
pathway best matches
current trends.

This graph illustrates the different atmospheric CO2 concentrations
associated with each Representative Concentration Pathways. For
iÝ>«i]vÜiVÌÕiÕÀV>ÀLiÃÃÃ>ÌÌ iVÕÀÀiÌÀ>Ìi°i°]
Ì iLÕÃiÃÃ>ÃÕÃÕ>Q, *n°xRiÃÃÃVi>À®]Ì i>ÌÃ« iÀV "2
VViÌÀ>ÌÜLiÀÕ} ÞÇää««LÞÓäÇx* Óä£{®°
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For the Montana Climate Assessment, we explore
the RCP4.5 and RCP8.5 scenarios only. We do
not include RCP6.0 or RCP2.6 in our assessment
for several reasons. RCP6.0 overlaps with RCP4.5
KPVJGƂTUVJCNHQHVJGEGPVWT[CPFRTQXKFGU
intermediate values between RCP4.5 and RCP8.5
at the end of the century. Additionally, RCP2.6
is becoming less and less realistic as society
continues with business as usual regarding
greenhouse gas emissions. For the remainder of
the chapter, we will regularly refer to RCP4.5 and
RCP8.5 as the stabilization and business-as-usual
emission scenarios, respectively.

a GCM and statistically attribute the results
from those models to smaller regions at higher
resolution (e.g., grid points at 1 mile rather than
100 mile apart). This process, called downscaling,
more accurately represents climate across smaller,
more complex landscapes, including Montana.
For this climate assessment, we used a statistical
downscaling method called the Multivariate
Adaptive Constructive Analogs.10 By using a
downscaled dataset—rather than the original
output from the ensemble of GCMs—we
gained the ability to evaluate temperature
and precipitation at relatively high resolution
statewide before conveying the results at the
climate division scale. Additionally, we were
able to aggregate data points within each of
Montana’s seven climate divisions (Figure 2-3),
and look at Montana’s climate future in different
geographic areas. Aggregating to the climatedivision level minimizes the potential for false
precision by reporting results at spatial scales that
better represent underlying climate processes.
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Due to their complexity and global extent, GCMs
can be computationally intensive. Thus, scientists
often make climate projections at coarse spatial
resolution where each projected data point is
an average value of a grid cell that measures
hundreds of miles (kilometers) across.
For areas where the terrain and land cover are
relatively homogenous (e.g., an expanse of
the Great Plains), such coarse grid cells may
be adequate to capture important climate
processes. But in areas with complex landscapes
like Montana, data points so widely spaced are
KPCFGSWCVGVQTGƃGEVXCTKCDKNKV[KPVGTTCKPCPF
XGIGVCVKQPCPFVJGKTKPƃWGPEGQPENKOCVG#
100 mile (161 km) grid, for example, might not
capture the climate effects of a small mountain
range rising out of the eastern Montana plains
or the climate differences between mountain
summits and valleys in western Montana where
temperature and precipitation vary greatly.

To capture such important terrain characteristics,
scientist take the coarse-resolution output from

10

The 20-downscaled GCMs in CMIP5 were
evaluated at two future time periods: 1) mid
century (2040–2069) and 2) end-of-century
(2070–2099). Thirty-year averages of these future
projections were then compared to a historical
(1971–2000) 30-year average, which results in a
projected difference, or change, from historical
conditions. We make those projections using
the stabilization (RCP4.5) and business-as-usual
(RCP8.5) emission scenarios described previously
(see sidebar). These future projections were then
compared to the historical trends in Montana to
reveal the major climate-associated changes that
Montana is likely to experience in the future.

ÕÀÌ iÀ`iÌ>ÕÀ`ÜÃV>}iÌ `ÃV>LivÕ`č««i`ÝÓ£Ì i čÜiLÃÌi°

44 | CLIMATE CHANGE

Modeling Montana’s Climate Future
To derive the climate projections for this assessment, we employed 20
general circulation models to consider two scenarios of global carbon
emissions: one where atmospheric greenhouse gases are stabilized
by the end of the century and the other where it grows on its current
path (the stabilization [RCP4.5] and business-as-usual [RCP8.5] emission
scenarios, respectively).
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Model output summary from the 20 GCMs that compares projected changes in temperature and
«ÀiV«Ì>ÌvÀÌ iÃÌ>ÌivÌ>>vÀÃÌ>Lâ>Ì, *{°xqLÕiÃÞLÃ®>`LÕÃiÃÃ>ÃÕÃÕ>
, *n°xqÀi`ÃÞLÃ®iÃÃÃVi>ÀÃLiÌÜiič®`ViÌÕÀÞÓä{äÓäÈ®]>` ®i`vViÌÕÀÞ
ÓäÇäÓä®°

 #UUJQYPKPVJGƂIWTGUCDQXGYGHQTGECUV/QPVCPCoUHWVWTGENKOCVGHQT
two periods: mid century and end-of-century. In brief:
• All models and scenarios show increasing annual temperatures,
while most models also show increasing annual precipitation.
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• The business-as-usual emission scenario consistently projects
warmer temperatures and generally wetter conditions than the
stabilization emission scenario.
• The end-of-century period also projects warmer temperatures
but similar precipitation change to the mid-century projections.
6JKUƂPFKPIUWIIGUVUVJCVVGORGTCVWTGUYKNNEQPVKPWGVQYCTO
throughout the century, but precipitation changes may level off in
the latter half of the century.
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Temperature projections

Below we provide projections for various aspects of Montana’s future temperature based on
our modeling analysis. These projections are for the stabilization (RCP4.5) and business-asusual (RCP8.5) emission scenarios and for two periods: mid century (2040-2069) and end-ofcentury (2070-2099).

We discuss a subset of our modeling results here, including a) temperature projections reported
D[VJGOGFKCPXCNWGUQHVJG)%/GPUGODNGCPFD ƂIWTGUVJCVKPENWFGOCRUCPFITCRJUVJCV
represent the median value and distribution of values observed for temperature across the 20 GCMs.
An ensemble minimum, maximum, and percent agreement are also provided parenthetically. The
percent agreement represents the number of GCMs that project the same sign of change (i.e.,
positive or negative) as the median value. For example, if the median value is positive and 18 out of
20 models also project positive change, then the percent agreement would be 100 x 18/20 = 90%.
This simple calculation helps convey the uncertainty in the projections.

Average annual temperatures
Average annual temperatures increase in the mid-century and end-of-century projections for both
stabilization and business-as-usual emission scenarios (Figures 2-9, 2-10). In the mid-century projection,
most of the state has increases of about 4.5°F (2.5°C) for the stabilization emission scenario and 6.0°F
(3.3°C) for the business-as-usual emission scenario. For end-of-century, statewide temperature increases
by about 5.6°F (3.1°C) for the stabilization emission scenario and 9.8°F (5.4 °C) for the business-as-usual
emission scenario. Although small differences exist between climate divisions, the general magnitude
of these changes is consistent across the state for both emission scenarios and both time periods.
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•

/KFEGPVWT[RTQLGEVKQPURGEKƂEUtAverage annual temperatures increase by mid

century in both emission scenarios (Figures 2-9 and 2-10). In the stabilization emission scenario,
most of the state is projected to have increases of about 4.5°F (2.5°C) (minimum: 2.7°F [1.5°C],
maximum: 6.1°F [3.4°C], percent agreement: 100%). The business-as-usual emission scenario
projects larger increases in temperature of about 6.0°F (3.3°C) (minimum: 4.0°F [2.2°C], maximum:
8.2°F [4.6°C], model agreement: 100%). While small discrepancies exist between climate divisions,
in general the magnitude of these changes is consistent across the state in both emission scenarios.
•

'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtAverage annual temperatures increase by about

5.6°F (3.1°C) (minimum: 3.6°F [2.0°C], maximum: 7.7°F [4.3°C], percent agreement: 100%) in the
stabilization emission scenario and by about 9.8°F (5.4°C) (minimum: 6.6°F [3.7°C], maximum: 12.9°F
[7.2°C], percent agreement: 100%) in the business-as-usual emission scenario (Figure 2-9).
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Change in Annual Temperature

}ÕÀiÓ°À>« ÃÃ Ü}Ì iÕ]>ÝÕ]>`i`>Ìi«iÀ>ÌÕÀiVÀi>ÃiÃc®«ÀiVÌi`vÀi>V V>Ìi
`ÛÃLÌ ÃÌ>Lâ>Ì, *{°x®>`LÕÃiÃÃ>ÃÕÃÕ>, *n°x®iÃÃÃVi>ÀÃ°/ iÌ«ÀÜÃ ÜÃ`ViÌÕÀÞ
Óä{äÓäÈ®«ÀiVÌÃ>`Ì iLÌÌÀÜÃ ÜÃi`vViÌÕÀÞÓäÇäÓä®«ÀiVÌÃ°/ iÕÌivi>V LÝÃ
`iÌiÀi`LÞ`i>}ÀiiiÌÌ iÃ}vÌ iV >}i«ÃÌÛiÀi}>ÌÛi®°čL>VÕÌii>ÃÌ iÀiÃrnä¯
`i>}ÀiiiÌ>`>Ài`ÕÌii>ÃÌ >ÌÌ iÀiÃnä¯`i>}ÀiiiÌ°Ì ÃV>Ãi]>`iÃ`V>Ìi`Ì i
`ÀiVÌvÌ iÌi«iÀ>ÌÕÀiÌÀi`>Ì>>}ÀiiiÌv}Ài>ÌiÀÌ >nä¯°
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čÛiÀ>}i`>ÞÕ>`>ÝÕÌi«iÀ>ÌÕÀiÃ
Average daily minimum and maximum temperatures increase in the mid-century and end-ofcentury projections for both stabilization and business-as-usual emission scenarios (Figure 2-10
shows output for annual average daily maximum temperature). The degree of change is similar to
that found for the average annual temperatures. In end-of-century projections, summers have the
largest increases in average temperature: 6.5°F (3.6°C) for the stabilization emission scenario, 11.8°F
(6.6°C) for the business-as-usual emission scenario.
•
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temperatures change in a manner similar to the average annual projected increases (again for
both RCP scenarios).
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'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtAverage daily minimum and maximum

temperatures increase by similar magnitudes to average annual daily temperatures for
both emission scenarios. Summer months have the largest projected increase in average
temperature. In the stabilization emission scenario, summer temperatures increase by 6.5°F
(3.6°C) (minimum: 3.2°F [1.8°C], maximum: 9.1°F [5.1°C], percent agreement: 100%) and in the
business-as-usual emission scenario, summer temperatures increase by about 11.8°F (6.6°C)
(minimum: 8.0°F [4.4°C], maximum: 15.2°F [8.4°C], percent agreement: 100%).

Mid-century

End-of-century
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emission scenarios.
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Average monthly temperatures
Average monthly temperatures are projected to increase across all climate divisions by mid century
(2040-2069) and for both stabilization and business-as-usual emission scenarios (Figure 2-11).
Average monthly temperatures in summer and winter generally show larger projected increases than
those in spring and fall. In the business-as-usual emission scenario, August has the largest projected
change across all climate divisions.
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/ iÕLiÀv`>ÞÃ>LÛiäcÎÓc ®
The number of annual days where maximum temperatures are above 90°F (32°C) increases across
all climate divisions in both mid-century and end-of-century projections and for both stabilization
and business-as-usual emission scenarios (Figures 2-12, 2-13). Large differences in the magnitude of
change exist, however, among the climate divisions. For example, in mid-century projections using the
business-as-usual emission scenario, the northwestern part of the state shows increases of about 11
days with temperatures above 90°F (32°C), while the eastern parts of the state have increases of about
33 days. Similarly, in end-of-century projections based on the business-as-usual emission scenario, the
northwestern part of the state shows an increase of about 34 days, while the eastern parts of the state
have an increase of about 54 days above 90°F (32°C).
•
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maximum temperatures are above 90°F (32°C) increases across all climate divisions and both
emission scenarios (Figure 2-12, 2-13). Large differences in the magnitude of change exist, however,
among the climate divisions. These differences are likely due, in part, to variability in moisture
availability among the climate divisions and the energy it takes to evaporate this moisture (i.e.,
latent heat). In the stabilization emission scenario, the northwestern and north central climate
divisions have increases of about 5.0 days (minimum: 1.5 days, maximum: 12.0 days, percent
agreement: 100%); while the number of days in both eastern and south central climate divisions
of the state increase by about 25.0 days (minimum: 6.0 days, maximum: 36.0 days, percent
agreement: 100%). Similar spatial patterns exist for the business-as-usual emission scenario, but the
magnitudes of change increase along with the ranges of the ensemble minimums and maximums.
In the northwestern and north central climate divisions of the state, increases of about 11 days are
projected (minimum: 1.5 days, maximum: 25.0 days, percent agreement: 100%); in the south central
and both eastern climate divisions increases are projected to be about 33.0 days (minimum: 11
days, maximum: 44.0 days, percent agreement: 100%).

•

'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtThe number of days where maximum

temperatures exceed 90°F (32°C) by the end-of-century continues to increase across the state in
both emission scenarios, with 100% model agreement. The spatial pattern in the end-of-century
projection is similar to that of the mid-century one (Figures 2-12, 2-13). For the stabilization emission
scenario, the number of days/yr exceeding 90°F (32°C) increases in the northwestern and north
central regions by about 8.5 days (minimum: 1.7 days, maximum: 22.0 days, percent agreement:
100%), while in the southern and eastern parts of the state, it increases by about 29.0 days
(minimum: 11.0 days, maximum: 43.0 days, percent agreement: 100%). For the business-as-usual
emission scenario, the number of days exceeding 90°F (32°C) in the northwestern and north central
parts of the state increases by about 34.0 days (minimum: 9.5 days, maximum: 58.0 days, percent
agreement: 100%), while in the southern and eastern parts of the state, it increases by about 54.0
days (minimum: 26.0 days, maximum: 70.0 days, percent agreement: 100%).
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End-of-century
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ÕLiÀv`>ÞÃÜ iÀiÕÌi«iÀ>ÌÕÀiÃ>Ài>LÛiÎÓcäc ®
The number of days/yr where minimum temperatures exceed 32°F (0°C; i.e., frost-free days) also
increases across all climate divisions in both mid- and end-of-century projections and for both
stabilization and business-as-usual emission scenarios (Figures 2-14, 2-15). While varying considerably
across the state, projected changes are substantial. For example, in the mid-century projections with
the stabilization emission scenario, frost-free days increase by about 30 days in the western part of
the state and by 23 days in the eastern part of the state. Similar patterns exist for end-of-century
projections: in the business-as-usual emission scenario, frost-free days increase by about 70 days in the
western part of the state and by about 55 days in the eastern part of the state.
•

/KFEGPVWT[RTQLGEVKQPURGEKƂEUtThe number of days/yr where minimum

temperatures are above 32°F (0°C; i.e., frost-free days) increases across all climate divisions and
both emission scenarios (Figures 2-14, 2-15). In the stabilization emission scenario, frost-free days
increase by 30.0 days in the western part of the state (minimum: 9.0 days, maximum: 51.0 days,
percent agreement: 100%) and by 23.0 days in the eastern part of the state (minimum: 10.0 days,
maximum: 43.0 days, percent agreement: 100%). In the business-as-usual emission scenario, frostfree days increase by 41.0 days in the western part of the state (minimum: 17.0 days, maximum: 68.0
days, percent agreement: 100%) and by 32.0 days in the eastern part of the state (minimum: 15.0
days, maximum: 63.0 days, percent agreement: 100%).
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temperatures are above 32°F (0°C; i.e., frost-free days) continues to increase in the end-ofcentury projections across all climate divisions and for both emission scenarios, with 100% model
agreement. Again, similar spatial patterns exist between the mid-century and end-of-century
projections (Figures 2-14, 2-15). In the stabilization emission scenario, frost-free days increase
by 41.0 days in the western part of the state (minimum: 18.0 days, maximum: 66.0 days, percent
agreement: 100%), and by 30.0 days in the eastern part of the state (minimum: 14.0 days, maximum:
60.0 days, percent agreement: 100%). In the business-as-usual emission scenario, frost-free days
increase by 70.0 days in the western part of the state (minimum: 36.0 days, maximum: 110.0 days,
percent agreement: 100%), and by 55.0 days in the eastern part of the state (minimum: 26.0 days,
maximum: 100.0 days, percent agreement: 100%).
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Summary
In general, there is high model agreement and low uncertainty that temperatures and associated
temperature metrics will increase both by mid century and end-of-century. For both periods,
annual and seasonal temperature averages, the number of days/yr with extreme heat, and the
overall length of the growing season are projected to increase. Differences exist in projections for
the stabilization and business-as-usual emission scenarios, with the former consistently showing
lower magnitudes of change than the latter. Many of the trends and spatial patterns seen in
the mid-century projections are extended and exacerbated in the end-of-century projections.
The range of model outputs also increases for end-of-century projections, suggesting that the
magnitude of change becomes more uncertain in the models further out in time.
Regardless of uncertainties, the GCMs show full agreement regarding the direction of change:
temperatures will be increasing.
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Precipitation projections

Below we provide projections of Montana’s future precipitation based on our modeling efforts.
Those projections are for the stabilization and business-as-usual emission scenarios and for two
periods: mid century (2040-2069) and end-of-century (2070-2099).

We discuss a subset of our precipitation modeling results here, including a) precipitation
RTQLGEVKQPUTGRQTVGFD[VJGOGFKCPXCNWGUQHVJG)%/GPUGODNGCPFD ƂIWTGUVJCV
include maps and graphs that represent the median value and distribution of values observed
for precipitation across the 20 GCMs. Special consideration is required for interpretations of
precipitation changes in Montana’s complex terrain. Precipitation increases drastically with
elevation such as that found in northwest Montana. Here, median values do not characterize the
potential for spatial variability that exists within these regions.

An ensemble minimum, maximum, and percent agreement are also provided parenthetically.
As with our temperature analysis, the percent agreement concerning the precipitation trends is
based on the number of GCMs that project the same sign of change (i.e., positive or negative)
as the median value. For example, if the median value is positive and 18 out of 20 models also
project positive change, then the percent agreement would be 100 x 18/20 = 90%. This simple
calculation helps convey the uncertainty in the projections. For some variables both the absolute
change and the percent change from historical is calculated.
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Average annual precipitation
Average annual precipitation increases across the state in both mid-century and end-of-century
projections for both emission scenarios (Figures 2-16, 2-17, 2-18). For the mid-century projection using
the stabilization emission scenario, increases of about 1.3 inch/yr (3.3 cm/yr)occur in the northwestern
and north central climate divisions and about 0.9 inch/yr (2.3 cm/r) in the southwestern, central, and
eastern climate divisions. For the business-as-usual emission scenario in the mid-century projection,
average annual precipitation increases by about 2.0 inch/yr (5.1 cm/yr) in the western half of the state,
and about 1.8 inch/yr (4.6 cm/yr) in the eastern half of the state. The GCMs used in the ensemble
show large differences in their end-of-century projections, but there is high agreement in the positive
direction of change.
•
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century across the state for both emission scenarios, with moderately high agreement among
models (Figures 2-16, 2-17, 2-18). In the stabilization scenario, increases of about 1.3 inch/yr (3.3
cm/yr) and 5.0% (minimum: -0.5 inch/yr [-1.3 cm/yr], -1.1%; maximum: 3.2 inch/yr [8.1 cm/yr], 14.0%;
percent agreement: 85%) are projected in the northwestern parts of the state. In the southern
and eastern parts of the state, increases of about 0.9 inch/yr (2.3 cm/yr) and 6.5% are projected
(minimum: -1.2 inch/yr [-3.0 cm/yr], -6.0%; maximum: 2.5 inch/yr [6.4 cm/yr], 18.0%; percent
agreement: 85%). In the business-as-usual emission scenario, average annual precipitation increase
by about 1.6 inch/yr (4.1 cm/yr) and 6.5% in the northwestern parts of the state (minimum: -0.2 inch/
yr [-0.51 cm/yr], -1.0%; maximum: 4.4 inch/yr [11.2 cm/yr], 17.0%; percent agreement: 90%), and by
about 1.2 inch/yr (3.0 cm/yr) and 10% in the southern and eastern parts of the state (minimum: -0.5
inch/yr [-1.3 cm/yr], -3.5%; maximum: 2.9 inch/yr [7.4 cm/yr], 22.0%; percent agreement: 85%).

•

'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtAverage annual precipitation is projected

to increase through the end-of-century for both emission scenarios (Figures 2-16, 2-17, 2-18).
The GCMs used in the ensemble show large differences in their end-of-century projections, but
there is high agreement in the positive direction of change. In the stabilization emission scenario,
average annual precipitation increases in the northwestern climate division by about 2.2 inch/yr
(5.6 cm/yr) and 7.3% (minimum: -1.2 inch/yr [-3.0 cm/yr], -4.5%; maximum: 3.6 inch/yr [9.1 cm/yr],
12.9%; percent agreement: 85%), and by about 1.1 inch/yr (2.8 cm/yr) and 8.0% in the two eastern
climate divisions (minimum: -0.5 inch/yr [-1.3 cm/yr], -4.5%; maximum: 3.0 inch/yr [7.6 cm/yr], 18.0%;
percent agreement: 85%). In the business-as-usual emission scenario, average annual precipitation
is projected to increase by slightly more than in the stabilization emission scenario, although the
range of model projections also increases. In the western half of the state, annual precipitation
increases by about 2.0 inch/yr (5.1 cm/yr) and 10.0% (minimum: 0.4 inch/yr [1.0 cm/yr], 1.3%;
maximum: 5.5 inch/yr [14.0 cm/yr], 28.0%; percent agreement: 100%), and in the eastern half of the
state annual precipitation increases by about 1.8 inch/yr (4.6 cm/yr) and 14.0% (minimum: -0.2 inch/
yr [-0.5 cm/yr], -1.0%; maximum: 3.6 inch/yr [9.1 cm/yr], 26.0%; percent agreement: 95%).
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Change in Annual Precipitation
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Interannual variability (i.e., the amount precipitation changes from year to year) is also projected to
increase slightly across the state by mid century and end-of-century for both emission scenarios (Figure
2-19). The increase could be attributed to wet years getting wetter, dry years getting drier, or some
combination of both.
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Change in Interannual Variability
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Monthly and seasonal change in average precipitation

While annual increases in precipitation are projected across the state with moderately high
model agreement, the monthly and seasonal projections vary. In mid-century projections,
winter, spring, and fall increase in monthly precipitation for both emission scenarios, with spring
experiencing the largest increases (e.g., 0.4 inch/month [1.0 cm/month] for the business-as-usual
emission scenario; Figure 2-23). Summers, however, are projected to decrease by about 0.1
inch/month (0.3 cm/month) in both emission scenarios (model agreement, however, is fairly low
for these projections). For end-of-century projections, the same trends are seen for increasing
precipitation in winter, spring, and fall and decreasing precipitation in summer. The magnitude of
change is similar to that of mid-century projections.
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state with moderately high model agreement, the monthly and seasonal projections vary somewhat.
Winter, spring, and fall increase in monthly precipitation for both emission scenarios, with the
largest increases in spring (Figure 2-20). For the stabilization emission scenario, spring months
increase by about 0.2 inch/month (0.5 cm/month) (minimum: -0.1 inch/month [-0.3 cm/month],
maximum: 0.8 inch/month [2.0 cm/month], percent agreement: 85%). In the business-as-usual
emission scenario, spring months increase by 0.4 inch/month (1.0 cm/month) (minimum: 0.0 inch/
month [0 cm/month], maximum: 1.0 inch/month [2.5 cm/month], percent agreement: 95%). Summer
months, however, show decreasing precipitation for both scenarios, although model agreement is
fairly low in the projections. For the both the stabilization and business-as-usual emission scenarios,
summer precipitation decreases by -0.1 inch/month (-0.3 cm/month) (minimum: -0.4 inch/month
[-1.0 cm/month], maximum: 0.5 inch/month [1.3 cm/month], percent agreement: 65%).
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scenarios, the trend of increasing precipitation in winter, spring, and fall continues in the end-ofcentury projections. The trend in decreasing summer precipitation also continues (Figure 2-21).
For both the stabilization (RCP4.5) and business-as-usual (RCP8.5) emission scenarios, spring has
the largest projected changes in seasonal precipitation with increases of 0.4 inch/month (1.0 cm/
month) (minimum: -0.1 inch/month [-0.3 cm/month], maximum: 1.1 inch/month [2.8 cm/month],
percent agreement: 85%). In the summer months, projected precipitation is less than historical, but
similar to mid-century levels. For the stabilization and business-as-usual emission scenarios, summer
precipitation is projected to decrease by -0.2 inch/month (-0.5 cm/month) (minimum: -0.5 inch/
month [-1.3 cm/month], maximum: 0.5 inch/month [1.3 cm/month], percent agreement: 75%).
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Projected change in consecutive dry days
6QCUUGUUEJCPIGUKPVJGHTGSWGPE[QHFT[GXGPVUYGFGVGTOKPGFVJGCPPWCNPWODGTQHFT[FC[U FGƂPGF
as days when precipitation is less than 0.01 inch [0.03 cm]), then calculated the maximum number of
consecutive dry days/yr averaged over the 30-year periods of interest. In general, in both mid- and endof-century projections, we found a modest increase statewide in consecutive dry days—generally less than
0.5 days—for both emission scenarios (Figures 2-22, 2-23). Low model agreement exists and the range of
projections from the ensemble of GCMs is wide, both suggesting high uncertainty in these projections.
•

/KFEGPVWT[RTQLGEVKQPURGEKƂEUtIn general, consecutive dry days show a modest

increase (i.e., less than 0.5 days); however, model agreement is low (approximately 60%; where 50%
would mean complete disagreement among models) in both emission scenarios.

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
•

'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtIn end-of-century projections, changes in

consecutive dry days/yr remain positive, but the increase is small (generally less than 0.5 days) with
low model agreement (approximate 60%). This result is consistent across both emission scenarios. The
range of projections from the ensemble of models is wide; however, minimum and maximum values
are projected to increase by about -2.5 days and 4.0 days, respectively. This large range, in addition to
the low model agreement, suggests high uncertainty in these projections.

Mid-century

End-of-century

}ÕÀiÓÓÓ°/ i«ÀiVÌi`V >}iÌ iÕLiÀvVÃiVÕÌÛi`ÀÞ`>ÞÃä°£V Qä°ÎVRv«ÀiV«Ì>Ì®vÀi>V 
V>Ìi`ÛÃÌ>>ÛiÀÌÜ«iÀ`ÃÓä{äÓäÈ>`ÓäÇäÓävÀč®ÃÌ>Lâ>Ì, *{°x®>` ®LÕÃiÃÃ>Ã
ÕÃÕ>, *n°x®iÃÃÃVi>ÀÃ°
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Change in Number of Consecutive Dry Days
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agreement across the models for all climate divisions.

Projected change in wet days

To evaluate changes in wet events, we calculated the number of days/yr where precipitation is greater
than 1.0 inch (2.5 cm) and average those values over the period of interest (Figures 2-24).
•

/KFEGPVWT[RTQLGEVKQPURGEKƂEUtVery modest changes in the number of wet events

(i.e., less than 0.5 days) is projected for both emission scenarios. This time, however, model
agreement is high that these small changes will occur (approximately 90%).
•

'PFQHEGPVWT[RTQLGEVKQPURGEKƂEUtVery high model agreement (approximately

100%) exists that the number of days/yr with precipitation above 1.0 inch (2.5 cm) will increase,
although the magnitude of change is still small (less than 1.0 day). The northwestern climate division
is projected to have the largest changes in this metric for both emission scenarios, reaching almost
a 1.0 day increase of over 1.0 inch (2.5 cm) of precipitation for the period from 2070 to 2099. The
range of model output is higher in the business-as-usual emission scenario.
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Change in Number of Wet Days
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Summary

In mid-century and end-of-century projections, average annual precipitation and variability increase
across the state, as does winter, spring, and fall precipitation. Summers, however, show slight decreases
in precipitation. The projections suggest little change in the annual frequency of dry and wet events,
although there is high uncertainty in the case of wet events. Similar analysis using different metrics
for the larger region surrounding Montana indicates an even larger potential (30%) for more days of
extreme precipitation (NCA 2014). Overall, the differences in precipitation resulting from the different
emission scenarios (i.e., stabilization versus business-as-usual) are small when compared to the impact
of the emission scenarios on the temperature projections. Uncertainty in the projections generally
increases the further out in time (i.e., in the end-of-century projections), as well as for the higher
business-as-usual emission scenario.
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KEY
KNOWLEDGE
GAPS
1

Additional climate
variables.—Our analysis provides

a critical local look at changes for
two important climate variables,
precipitation and temperature.
However, Montana’s climate and
its impacts go beyond these. A
more in depth downscaling effort
that involves physics based models
will be required to evaluate two
additional important variables,
evapotranspiration and drought.

of Montana’s precipitation is critical
for areas such as water, forests, and
agriculture resources. More work
that incorporates physically based,
distributed hydrological models is
required to understand how our
precipitation distribution will change
in both space (low elevations to
mountaintops) and time.

CONCLUSIONS

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
2

Land use and land cover
change.—Most climate analyses

do not account for changes in land
cover with climatic trends. However,
interactions between climate,
vegetation cover, and land use quality
are tightly coupled. For example,
with changes in temperature and
precipitation, ecosystems within
Montana may shift to drier conditions
resulting in changes to vegetation
types. This would contribute to a
difference in evapotranspiration rates
and aridity.

3

Precipitation timing and
form.—9GVQQMCƂTUVNQQMCV

changes in Montana’s precipitation.
However, it is well known that the
timing (winter versus spring and
summer) and form (rain versus snow)

64 | CLIMATE CHANGE

The analysis presented in this chapter
shows that Montana has warmed—up to
2.7°F (1.5°C) annually as averaged across
the state—since 1950. Seasonally, that
warming has been greatest in winter (3.9°F
[2.2°C]) and spring (2.6°F [1.4°C]). Montana’s
number of frost days has decreased by 12
days since 1951. Statewide, average annual
precipitation did not change between
1950 and 2015, although variations caused
by global climate oscillations, such as El
Niño events, explain some of the historical
precipitation variability in parts of the state.

With this historical context, we considered
Montana’s future under two potential
greenhouse gas emission scenarios. Using
those scenarios, we employed standard
modeling techniques available to climate
scientists today—ensembles of general
circulation models—and projected
Montana’s climate over the next century. Our
analyses focused on projecting the possible
range of temperature and precipitation
amounts in Montana, under our chosen
greenhouse gas emission scenarios.

While the model results varied, one message
is imminently clear: Montana in the coming
century will be a warmer place.

One thing is clear: Montana in
the coming century will be a
warmer place.

In Table 2-6 we provide a summary of the
work done and described in this chapter (plus
in accompanying appendices). In summary,
Montana is projected to continue to warm
in all geographic locations, seasons, and
under all emission scenarios throughout
the 21st century. By mid century, Montana
temperatures are projected to increase by
up to 6°F (3°C); by the end of the century,
temperatures will increase by up to 9.8°F
(5.4°C) (both projections depend on the
particular carbon emission scenario [i.e., RCP],
and these numbers are based on the businessas-usual [RCP8.5] scenario). Projections show
that we could have up to 70 more frost-free
days at the end of the century. Likewise,
frequency of extreme heat will increase. In
eastern Montana, for example, we may have
as many as 54 days/yr in which maximum
temperatures exceed 90°F (32°C).

Montanans must be prepared for projected
increases in temperature in the future. Because
of its interior location, Montana has warmed
more over the last 65 yr than the national
average, and it will experience greater
warming than most parts of the country in the
future, particularly when compared to states
in coastal regions. Key to the concern is that
coming temperature changes will be larger in
magnitude and occur more rapidly than any
time since our 1889 declaration of statehood
(and, to be sure, well before).
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In mid- and end-of-century projections,
average annual precipitation and variability
increase across the state, as do winter,
spring, and fall precipitation. Summer
months, however, show small decreases in
precipitation. Current projections suggest
little change in the frequency of dry and wet
events, although projections in the former
case show high uncertainty.

Montana’s average annual
temperature is projected to
increase through the endof-century for all models, all
emission scenarios, and in all
geographic locations.

Changes in temperature and precipitation
associated with climate change will
undoubtedly impact Montana’s water
resources, forestry, and agriculture. These
changes will have direct impacts on all
Montanans, as we explore in subsequent
chapters of this assessment.
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Table 2-6. Summary of climate metrics described in this chapter.
Climate Metric—

Trend and future scenario

Atmospheric CO2
concentrations

Global atmospheric carbon dioxide concentrations have increased
over 100 ppm since Montana statehood and are projected to
increase under both future scenarios considered here.

Average temperature

Since 1950, average statewide temperatures have increased by
0.5°F/decade (0.3°C/decade), with greatest warming in spring;
projected to increase by 3-7°F (1.7-3.9°C) by mid century, with
greatest warming in summer and winter and in the southeast.

>ÝÕÌi«iÀ>ÌÕÀiÃ

Maximum temperatures have increased most in spring and are
projected to increase 3-8°F (1.7-4.4°C) by mid century, with greatest
increases in August and in the southeast.

>ÞÃ>LÛiäcÎÓc ®

Extreme heat days are projected to increase by 5-35 additional days
by mid century, with greatest increases in the northeast and south.
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Minimum temperatures

Minimum temperatures have increased most in winter and spring
and are projected to increase 3-7°F (1.7-3.9°C) by mid century, with
greatest increases in January and in the southeast.

Frost-free days

Frost-free days are projected to increase by 24-44 days by mid
century, particularly in the west.

Average precipitation

Statewide precipitation has decreased in winter ( 0.14 inches/
FGECFG=EOFGECFG? UKPEGDWVPQUKIPKƂECPVEJCPIG
has occurred in annual mean precipitation, probably because of
very slight increases in spring and fall precipitation. Precipitation is
projected to increase, primarily in spring (0.2-0.7 inches [0.5-1.8 cm])
in the northwest; a slight statewide decrease in summer precipitation
and increased year-to-year variability of precipitation are projected,
as well.

ÕLiÀvVÃiVÕÌÛi`ÀÞ
days

Little projected change, with a maximum increase of 3 days to -3
days under the most severe scenario by end of the century. However,
increased variability in precipitation suggests potential for more
severe droughts, particularly in connection with climate oscillations.

ÕLiÀvVÃiVÕÌÛiÜiÌ
days

No substantial change projected.
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Cow Island of the Missouri River.
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Photograph courtesy of Rick and Susie Graetz, University of Montana.
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Water is the lifeblood of Montana. We depend on an adequate supply of
clean water for nearly every aspect of our lives, including food production,
hydroelectric power, domestic and industrial uses, and sustaining our
VTGCUWTGFPCVWTCNGEQU[UVGOU9CVGTKUCNUQUVTQPIN[KPƃWGPEGFD[ENKOCVG
as changes in temperature and precipitation consistently alter patterns
of water availability and quality throughout the state. It is thus critical
that we understand the impacts of climate change on Montana’s water
TGUQWTEGU6JKUEJCRVGTU[PVJGUK\GUUEKGPVKƂEKPHQTOCVKQPQPJQYENKOCVG
EJCPIGKUKPƃWGPEKPIVJGUWRRN[CPFFKUVTKDWVKQPQHYCVGTKP/QPVCPC
6JGKPHQTOCVKQPRTGUGPVGFJGTGTGRTGUGPVUCPGUUGPVKCNƂTUVUVGRt
understanding what’s changing—within the longer-term, iterative process
of adapting and improving our resilience to the challenges of an uncertain
climate future.
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KEY MESSAGES
•

Montana’s snowpack has declined over
the observational record (i.e., since the
1930s) in mountains west and east of the
Continental Divide; this decline has been
most pronounced since the 1980s. [high
agreement, medium evidence] 11

•

Warming temperatures over the next century,
especially during spring, are likely to reduce
snowpack at mid and low elevations. [high
agreement, robust evidence]

•

Local responses of groundwater resources
to climate change will depend on whether
aquifers are directly sensitive to climate
variability, are buffered from climate by
water-use practices such as irrigation, or are
used to meet water demands that exceed
or replace surface water supplies. [high
agreement, robust evidence]

•

Groundwater demand will likely increase
as elevated temperatures and changing
seasonal availability of traditional surfacewater sources (e.g., dry stock water ponds
or inability of canal systems to deliver water
in a timely manner) force water users to
seek alternatives. [high agreement, medium
evidence]
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•

Historical observations show a shift toward
earlier snowmelt and an earlier peak in
spring runoff in the Mountain West (including
Montana). Projections suggest these patterns
are very likely to continue into the future
as temperatures increase. [high agreement,
robust evidence]

•

Earlier onset of snowmelt and spring runoff
will reduce late-summer water availability
in snowmelt-dominated watersheds. [high
agreement, robust evidence]

•

Long-term (decadal and multi-decadal)
XCTKCVKQPKPVQVCNCPPWCNUVTGCOƃQYKUNCTIGN[
KPƃWGPEGFD[RCVVGTPUQHENKOCVGXCTKCDKNKV[
VJGKPƃWGPEGQHENKOCVGYCTOKPIQPVJGUG
patterns is uncertain. [high agreement,
medium evidence]

•

6QVCNCPPWCNUVTGCOƃQYUCTGRTQLGEVGFVQ
increase slightly for most Montana rivers, but
the magnitude of change across the state
and agreement among models vary. [medium
agreement, medium evidence]

WATER

•

Multi-year and decadal-scale droughts
have been, and will continue to be, a
natural feature of Montana’s climate
[high agreement, robust evidence]; rising
temperatures will likely exacerbate drought
when and where it occurs. [high agreement,
medium evidence]

•

Changes in snowpack and runoff timing will
likely increase the frequency and duration of
drought during late summer and early fall.
[high agreement, medium evidence]

•

#YCTOKPIENKOCVGYKNNUVTQPIN[KPƃWGPEG
/QPVCPCoUUPQYRCEMUVTGCOƃQYF[PCOKEU
and groundwater resources, with far-reaching
consequences for social and ecological
systems. [high agreement, medium evidence]

čÀi`iÀÌ >ÌÌ ÀÕ} ÕÌÌ i čÜi>ÃÃiÃÃÕÀVw`iViÌ iiÞiÃÃ>}iÃLÞVÃ`iÀ}>®Ì iiÛiv>}ÀiiiÌ>}
iÝ«iÀÌÃÜÌ ÀiiÛ>ÌÜi`}i]>`L®Ì iµÕ>ÌÞvÌ iiÛ`iVi°7iÕÃiÌ iÃiÌÜv>VÌÀÃ>`Ì iVÀÌiÀ>`iÃVÀLi`Ì i >Ì>
>ÌičÃÃiÃÃiÌÌ>ÃÃ}Ì iVw`iViÀ>Ì}ÃiÝ«ÀiÃÃi`Ì ÃV >«ÌiÀ°-iiÃ`iL>ÀÌÌi`º Ý«ÀiÃÃi` w`iVi čiÞ
Messages” in the Introduction chapter.

11

INTRODUCTION
Our discussion focuses on climate as a principal driver of change for water resources. However, it is
important to note that there are many additional drivers beyond climate, such as population growth
CPFCUUQEKCVGFEJCPIGUKPNCPFWUGVJCVUVTQPIN[KPƃWGPEGQWTFGOCPFHQTYCVGTDQVJPQYCPFKPVQ
the future. Indeed, much of Montana’s water is already fully allocated to various uses (Table 3-1) (Arnell
1999; VörÖsmarty et al. 2000; Montana Department of Natural Resources and Conservation [MT DNRC]
2015), suggesting that creative and collaborative water management strategies will be essential for
sustaining abundant and clean water into the future (see Missouri River sidebar).

Table 3-1. Water use in Montana from the Montana State Water Plan (MT DNRC 2015).
Water use can be non-consumptive (e.g., hydropower where water returns to the surface
water system), partially consumptive (e.g., irrigation where some water returns to the
system), or consumptive (e.g., reservoir evaporation where water is non-recoverable with
respect to continued surface water use). See the DNRC Regional Basin Plans (MT DNRC
2014a, b, c, d) for additional local detail. Also note that water used for hydropower is often
counted multiple times as it travels through a series of power-generating plants.
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Hydropower

72,000,000 (8.9x1010)

85.9

Irrigation diversion

10,395,000 (1.3x1010)

12.4

Reservoir evaporation

1,002,000 (1.2x109)

1.2

Municipal, stock, industrial, and domestic use

384,000 (4.7x108)

0.5

Agricultural irrigation

2,414,000 (3.0x109)

67.3

Reservoir evaporation

1,002,000 (1.2x109)

28.0

Municipal

72,000 (8.9x107)

2.0

Stock water

42,500 (5.2x107)

1.2

Thermoelectric

27,400 (3.4x107)

0.08

Domestic

13,900 (1.7x107)

0.4

Industrial

10,400 (1.3x107)

0.03

Water usage

Total Water Use

Consumptive Water Uses
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Basin Study of the Missouri River Watershed
The current Montana Climate Assessment is focused on understanding
relationships between climate change and water resources, with
minimal focus on how water use and water management interact with
climate. To help advance this important knowledge gap, the Montana
Department of Natural Resources and Conservation is partnering with
the US Bureau of Reclamation (Reclamation) to conduct a Basin Study
of the Missouri River watershed from the headwaters to Fort Peck
Reservoir, including the Musselshell River basin (USBR 2014b).
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Purpose.—The purpose of the Basin Study is to understand potential

future changes in basin water supplies and demands, and to analyze
possible adaptation strategies for providing water needs into the
future. The study builds on Reclamation’s Upper Missouri Impact
Assessment (USBR forthcoming) and the Montana State Water Plan (MT
DNRC 2015), which evaluate how existing infrastructure would perform
under anticipated future conditions.

Modeling.—As part of the study, climate and hydrology models will

be used to project future water supplies and demands for the Missouri
River and its major tributaries. The output from these models will serve
as input data to a river-system management model that simulates
UVTGCOƃQYUYCVGTFKXGTUKQPUYCVGTWUGTGVWTPƃQYUCPFTGUGTXQKT
operations. Reservoirs simulated in the model include Clark Canyon,
Canyon Ferry, Gibson, and Tiber reservoirs, as well as some smaller
state and private projects.

Desired results.—Output from the river system model is being used to
identify likely imbalances in water supply and demand as compared to past
and existing operations under known climate and hydrologic conditions.
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Model output will be used to evaluate adaptation and mitigation strategies
KPENWFKPITGUGTXQKTQRGTCVKQPCNEJCPIGUOQFKƂECVKQPQHGZKUVKPIHCEKNKVKGUCPF
KORTQXGFYCVGTOCPCIGOGPV2WDNKERCTVKEKRCVKQPKUCMG[GNGOGPVQHVJG
$CUKP5VWF[GURGEKCNN[HQTKFGPVKH[KPICPFFGXGNQRKPICFCRVCVKQPUVTCVGIKGU
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Climate change and the water cycle
The effects of climate change on Montana’s water resources can be best understood by starting with
a brief description of the water cycle (Figure 3-1). The water cycle refers to the continuous movement
of water from the atmosphere to the Earth’s surface and back, shifting between gaseous (water vapor),
liquid, and solid (snow or ice) phases. Each of these phases of the water cycle can be impacted by
climate change.
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The primary atmospheric source for the water cycle is evaporated water from the ocean. In Montana,
much of the winter snowfall that accumulates in the mountains melts in the spring to produce
UVTGCOƃQYCPFTGEJCTIGITQWPFYCVGTCSWKHGTU6JKUUCOGYCVGTUWRRQTVUOWPKEKRCNKVKGUCPFKPFWUVT[
throughout the year and is used to irrigate crops in the summer. Some irrigation water will directly
support plant growth and some will trickle back into groundwater aquifers. Much of this same water will
return to the atmosphere as water vapor through evaporation or plant transpiration, thus completing
VJGYCVGTE[ENG2TGEKRKVCVKQPCUTCKPHCNNKUCUKIPKƂECPVRCTVQHVJGYCVGTE[ENGKP/QPVCPCCPFKVU
contribution to runoff can exceed that of snowfall in prairie environments in the state.
Changes in temperature near the Earth’s surface will have large effects on how water enters Montana
(e.g., as rain or snow), how it is distributed among the major storage pools, and how it moves or
changes from one component of the water cycle to another. For instance, elevated temperatures can
accelerate the loss of snowpack and lead to greater rates of evapotranspiration and the movement
of water from the Earth’s surface back to the atmosphere. Additionally, increases in greenhouse gas
EQPEGPVTCVKQPUCPFCUUQEKCVGFYCTOKPIECPCHHGEVJQYGHƂEKGPVN[RNCPVUWUGQTUVQTGYCVGTHWTVJGT
KPƃWGPEKPIKORQTVCPVEQORQPGPVUQHVJGYCVGTE[ENG
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Montana water resources
The vast majority of water that enters Montana comes as rain or snow at higher elevations (Figure
3-2) (MT DNRC 2014a, b, c, d; MT DNRC 2015). Although some of Montana’s water originates in
Wyoming or adjacent Canadian provinces, over 80% is derived from within state boundaries, hence
Montana’s designation as a “headwaters state.”
In a typical year, the majority of western Montana’s precipitation falls as winter snow. This natural
bank of water supports Montana’s ecosystems and economies as it melts in the higher elevations
CPFVJGPƃQYUGCUVQTYGUVQHHVJG%QPVKPGPVCN&KXKFG+PEQPVTCUVOWEJQHEGPVTCNCPFGCUVGTP
Montana receives the majority of its annual precipitation as spring and summer rains. Thus, a solid
WPFGTUVCPFKPIQHJQYENKOCVGKPƃWGPEGUC UPQYRCEMKPVJGYGUVGTPRQTVKQPQHVJGUVCVGCPFD 
rainfall timing and amount in the remainder of the state is essential for making projections about
the future of our state’s water supply.
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The major rivers of Montana export more than 40 million acre-feet of water/yr (4.9x1010 m3/yr)12—more
than twice the capacity of Flathead Lake—with the majority, approximately 60%, generated in the Clark
Fork and Kootenai river basins west of the Continental Divide (Figure 3-3). (MT DNRC 2014a). These
western watersheds are considerably smaller than those east of the Continental Divide, but tend to
DGOWEJYGVVGTDGECWUGVJG[CTGOQTGKPƃWGPEGFD[2CEKƂE0QTVJYGUVENKOCVGRCVVGTPU'CUVQHVJG
Continental Divide, continental air masses dominate and the climate is generally more arid. Most of
the water that leaves the state east of the Continental Divide (approximately 16 million acre-feet/yr
[2.0x1010 m3/yr]) is generated in the Yellowstone and Missouri river watersheds.

Statewide Average Annual Flow Accumulation
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Groundwater is another large and important resource and component of the water cycle in Montana
(Figure 3-1). Most of the groundwater used in the state comes from shallow sand or gravel aquifers in
TKXGTƃQQFRNCKPU (KIWTG 6JGUGUQWTEGUVGPFVQƃWEVWCVGTCRKFN[ FC[UVQOQPVJU KPTGURQPUGVQ
RTGEKRKVCVKQPCPFGXCRQTCVKQPQTEJCPIGUKPUWTHCEGYCVGTƃQY1VJGTFGGRGTUQWTEGUQHITQWPFYCVGT
exist in bedrock aquifers, either where steep mountain fronts meet river valleys (especially in western
Montana), or within large subsurface limestone and sandstone rock formations (especially in central and
eastern Montana; Figure 3-4).

/QPVCPC5WTƂEKCN#SWKƂGTU
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)TQWPFYCVGTTGUQWTEGUCTGETKVKECNHQTYCVGTWUGTUDWVCNUQEQPVTKDWVGUKIPKƂECPVN[VQPCVWTCN
UVTGCOƃQYVJTQWIJQWVVJG[GCT6JWUWPFGTUVCPFKPITGNCVKQPUJKRUDGVYGGPENKOCVGCPF
different types of groundwater resources is important for maintaining Montana’s water security.
The Montana Bureau of Mines and Geology tracks long-term groundwater-level change in the
state’s principal aquifers (see groundwater section).

Geographic and temporal setting
Montana is the fourth largest state (by land area) in the US and contains substantial
topographic variation. As a result, and as previously described (see Climate chapter), climate
EQPFKVKQPUXCT[UKIPKƂECPVN[CETQUUVJGUVCVG6QDGUVTGRTGUGPVVJGKPƃWGPEGQHENKOCVG
variations on water resources, this chapter focuses on eight rivers and their watersheds (Figure
3-5; note that some watersheds—for example, Poplar River and others—extend beyond the
state boundaries). These focal rivers and watersheds, chosen across the state’s seven National
Oceanic and Atmospheric (NOAA) climate divisions (Figure 2-3),13 include:
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•

Climate division 1 —Clark Fork River at Saint Regis
—Middle Fork of the Flathead River at West Glacier

•

Climate division 2 —Missouri River at Toston

•

Climate division 3 —Marias River near Shelby

•

Climate division 4 —Musselshell River at Mosby14

•

Climate division 5 —Yellowstone River at Billings

•

Climate division 6 —Poplar River near Poplar

•

Climate division 7 —Powder River near Locate

(QTOCP[QHVJGUGTKXGTDCUKPUDQVJUPQYRCEMCPFUVTGCOƃQYJCXGDGGPTGEQTFGFD[VJG75
Geological Survey (USGS) and the Natural Resources Conservation Service (NRCS) since the 1930s or
U+PQPGKPUVCPEGVJG/CTKCU4KXGTUVTGCOƃQYKPHQTOCVKQPFCVGUDCEMVQVJGU6JGUGFCVC
RTQXKFGCPGZVGPUKXGTGUQWTEGHQTWPFGTUVCPFKPIVJGJKUVQTKECNTCPIGQHUPQYRCEMCPFUVTGCOƃQY
across the state.

 ÀÀi`iÌ>ÕÀvV>ÀÛiÀÃ>`Ü>ÌiÀÃ i`Ã]Ãiič««i`ÝÎ£Ì i čÜiLÃÌi°

13
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Selected Focal Watersheds
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1WTHQECNTKXGTUYGTGUGNGEVGFVQTGRTGUGPVFKHHGTGPEGUKPUVTGCOƃQYTGIKOGUCETQUU/QPVCPCoUENKOCVG
divisions. Individual USGS stream gaging stations were selected based on two principal criteria:
1

CVNGCUV[TQHUVTGCOƃQYFCVC RTGHGTCDN[EQPVKPWQWU CPF

2

low to moderate upstream water use or levels of water development representative
QHVJGTGIKQP PQVGVJCVVJGXCUVOCLQTKV[QHTKXGTUKP/QPVCPCCTGKPƃWGPEGFVQUQOG
FGITGGD[YCVGTWUGCPFVJGUGFCVCFQTGƃGEVUQOGJWOCPOQFKƂECVKQP 
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2CVVGTPUQHUVTGCOƃQYHQTNCTIGTKXGTUKP/QPVCPCTGƃGEVCIGPGTCNFGRGPFGPEGQPUPQYRCEMCPF
UPQYOGNVYKVJRGCMƃQYUV[RKECNN[QEEWTTKPIKPVJGURTKPICPFNQYƃQYUQEEWTTKPIKPNCVGUWOOGT
and persisting through the fall and winter. However, the magnitude and timing of runoff vary among
rivers across Montana, resulting largely from variation in watershed elevation and the seasonal

Annual Hydrographs and Long-term Flow Percentiles for Focal Rivers
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distribution of precipitation as snow or rain. Changes in river levels are measured by hydrographs.
Within our representative sample of Montana rivers, three predominant hydrograph patterns are
evident (Figure 3-6): snowmelt-dominated, dual-peaked, and low-elevation plains.
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Snowmelt-dominated
hydrograph.—The vast majority of rivers

KPYGUVGTPCPFEGPVTCN/QPVCPCCTGENCUUKƂGFCU
snowmelt dominated. Representative snowmeltdominated rivers in Montana include the Middle
Fork of the Flathead River at West Glacier, the
Clark Fork River at Saint Regis, the Yellowstone
River at Billings, the Missouri River at Toston, and
the Marias River near Shelby.
Winter and spring precipitation, coupled with
seasonal patterns of solar radiation, heavily
KPƃWGPEGUVTGCOƃQYKPVJGUGTKXGTU9CTOKPI
temperatures in March and April initiate
VJGUPQYOGNVRTQEGUUFTKXKPICUKIPKƂECPV
rise in the hydrograph (Figure 3-6). Spring
precipitation (as rain) and additional rapid
UPQYOGNVYKVJCNCTIGRGCMKPƃQYUFWTKPI/C[
QT,WPGHWTVJGTCWIOGPVUVTGCOƃQY5PQYOGNV
TGEGUUKQPVJGPIKXGUYC[VQNQYDCUGƃQY
that dominates for the remainder of the year
(typically late fall to early spring).

fall precipitation, residual groundwater return
ƃQYUHTQOKTTKICVGFCTGCUCPFCIGPGTCN
reduction in plant evapotranspiration.
The Missouri River at Toston, for example,
demonstrates such a pattern (Figure 3-6).

Dual-peaked hydrograph.—Some

Montana rivers are fed by a combination of
high- and low-elevation snowpack, creating
an annual hydrograph with two distinct peaks.
These rivers are generally located in the central
and eastern parts of the state, for example the
Musselshell River at Mosby and the Powder River
PGCT.QECVG (KIWTG 6JGGCTNKGTUVTGCOƃQY
peak, centered in March-April, results from early
snowmelt as low-elevation prairies thaw. The
second hydrologic peak, generally occurring in
June, results from snowmelt and precipitation at
higher elevations. As in the snowmelt-dominated
J[FTQITCRJUUVTGCOƃQYVJGPFGENKPGU
VJTQWIJQWVVJGUWOOGTTGCEJKPIDCUGƃQYUKP
August or September.
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Variations within this category occur. Spring
runoff in snowmelt-dominated rivers west of the
Continental Divide often starts and peaks a few
weeks earlier than those to the east. The earlier
runoff results because of generally warmer
temperatures and lower elevations (e.g.,
compare the warmer and lower-elevation Clark
Fork River at Saint Regis to the Yellowstone
River at Billings). In contrast, snowmelt and
RGCMƃQYVGPFVQNCIHQTUPQYOGNVFQOKPCVGF
rivers at high elevations and with north-facing
slopes due to cooler temperatures.
Several snowmelt-dominated rivers in Montana,
particularly in agriculturally dominated basins,
GZJKDKVCUOCNNKPETGCUGKPUVTGCOƃQYFWTKPI
September and October. This pattern can be
attributed to the end of the irrigation season,
n{N7č/ ,č
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Low-elevation plains hydrograph.—

Low-elevation watersheds, also largely located in
central and eastern Montana, show more erratic
URTKPIƃQYUCUYGNNCUHCTITGCVGTKPVGTCPPWCN
XCTKCVKQPFWGVQVJGRTGFQOKPCPVKPƃWGPEGQH
TCKPKPUVGCFQHUPQYOGNV5VTGCOƃQYKPVJGUG
rivers typically begins to rise in February or
March, peaks in April, and recedes by the end of
/C[YKVJUOCNNKPETGCUGUKPUWOOGTUVTGCOƃQY
due to localized rain events. This type of runoff
pattern is only evident among plains watersheds
without mid- or high-elevation headwaters, such
as the Poplar River watershed at Poplar (Figure
3-6). Hydrographs of larger rivers in the eastern
part of the state, such as the lower Yellowstone
CPF/KUUQWTKTKXGTUCTGKPƃWGPEGFOQTGUVTQPIN[
by high-elevation snowmelt in the headwaters,
and therefore do not follow the low-elevation
plains pattern.

We can expect that climate change will have
varying effects on these different categories
of streams, which we address below.

Future projections
Climate models (see Climate chapter)
provide a method for projecting future
climate scenarios in Montana. By linking
climate models to water cycle models,
we can also generate projections about
JQYENKOCVGEJCPIGKUNKMGN[VQKPƃWGPEG
Montana’s water resources.

to the water cycle and climate-related
changes in certain elements of the water
cycle, such as evapotranspiration, can
DGRCTVKEWNCTN[FKHƂEWNVVQSWCPVKH[6JG
hydrologic projections in this assessment
are compared to a baseline period of
6JGUGDCUGNKPGUVTGCOƃQYU
are also generated by the model and may
FKHHGTHTQOCEVWCNJKUVQTKECNƃQYFCVC1WT
CPCN[UKUHQEWUGUQPTGNCVKXGEJCPIGUKPƃQY
TCVJGTVJCPCDUQNWVGUVTGCOƃQYXCNWGU#P[
future assessments aiming to offer precise
GUVKOCVGUQHRTQLGEVGFUVTGCOƃQYXQNWOGU
will need to undergo a model calibration
process (USBR 2016).
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This chapter presents climate modelbased hydrologic projections of snowpack
CPFUVTGCOƃQYHQTQWTGKIJVHQECNTKXGT
basins. These projections derive from a
national modeling effort undertaken by
a large collaborative team of agencies,
universities, and research centers (LLNL
undated). The models employed herein
were also used by the Intergovernmental
Panel on Climate Change (Stocker
et al. 2013) and the National Climate
Assessment (Melillo et al. 2014).
Hydrologic projections reported in this
chapter comprise 31 complementary
general circulation models that were
downscaled using the Bias-Correction
Spatial Disaggregation technique and
KPEQTRQTCVGFKPVQVJG8CTKCDNG+PƂNVTCVKQP
Capacity hydrologic model (USBR 2014a).
All of the models employed include
some level of uncertainty that informs
how much we should trust the results. For
example, hydrologic models are linked

Throughout the chapter we use the following
convention to represent model agreement for
the hydrologic projections:
•

8GT[JKIJEQPƂFGPEGtIf all the

models agree on the direction (positive
or negative) of a particular outcome (e.g.,
reduced April 1 snowpack).

•

*KIJEQPƂFGPEGt80% of the
models agree.

•

.QYEQPƂFGPEGt60% of the

models agree.

•

0QEQPƂFGPEGtIf 50% of the

models show one result (e.g., a future
increase in snowpack) and 50% show
the other (e.g., a future decrease
in snowpack), we have virtually no
EQPƂFGPEGKPVJGHWVWTGRTQLGEVKQP
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Chapter organization
In the remainder of this chapter, we
discuss how climate change will affect
key parts of the water cycle. The focal
areas discussed in the remainder of
this chapter are:
•

Snowpack.—We examine how

EJCPIGUKPENKOCVGJCXGKPƃWGPEGF
snowpack in Montana and the
region; and we present model
projections for snowpack in the
future.

Montana’s Disappearing
Glaciers
Glaciers are slowly moving masses
of ice formed by the accumulation
and compaction of snow. The loss
of Montana glaciers—a visible local
example of climate warming—is an
important bellwether of a broader
set of changes to Montana’s water
cycle. Changes to the water cycle
are expected to have far-reaching
effects on human and natural
systems (IPCC 2014).
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•

Snowmelt and Runoff
Timing.—We show historical

trends in snowmelt and runoff
timing; examine climate factors
VJCVOQUVKPƃWGPEGVJGUGRCVVGTPU
and present model projections for
stream runoff in the future.

•

#PPWCN5VTGCOƃQYtWe

examine historical trends in total
CPPWCNUVTGCOƃQYFKUEWUUYJCV
ENKOCVGHCEVQTUOQUVKPƃWGPEG
these patterns; and present model
projections for the future.

•

Groundwater
Resources.—We discuss how

climate change and groundwater
resources interact across the state.
•

Drought.—We present factors

VJCVKPƃWGPEGNQPIVGTORGTUKUVGPV
drought, as well as seasonal low
ƃQYUKPUWOOGTOQPVJUCPFYG
explore how drought risk might
change in the future.
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Increasing temperatures.—

Elevated greenhouse gas
concentrations have led to an
increase in average temperatures
throughout Montana (see Climate
chapter). It is likely that this trend
will continue into the future.

Decreasing glaciers.—One of the

most visible manifestations of climate
warming in Montana is the rapid
melting of the last remaining glaciers
in Glacier National Park. A repeat
photography project conducted by
the USGS highlighted the dramatic
changes over the past 150 yr (photos).

 9JGPIGQNQIKUVUƂTUVUWTXG[GF)NCEKGT0CVKQPCN2CTMKPVJGU
CRRTQZKOCVGN[INCEKGTUGZKUVGFCVRTGUGPVQPN[QHVJGUGINCEKGTU
QTKEGƂGNFUTGOCKP %JCPG[ /QUVEQPEGTPKPIKUVJGHCEVVJCVVJGUG
EJCPIGUJCXGQEEWTTGFQXGTCTGNCVKXGN[UJQTVRGTKQFYKVJVJGOCLQTKV[QH
INCEKCNOGNVQEEWTTKPIUKPEGVJGU 2GFGTUQPGVCND 5EKGPVKUVU
RTGFKEVVJCVVJGXCUVOCLQTKV[QHINCEKCNKEGKP)NCEKGT0CVKQPCN2CTMYKNN
FKUCRRGCTYKVJKPVJGPGZV[T 75)5 
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 9JCVKUFTKXKPIVJGNQUUQHRGTOCPGPVKEGHTQO)NCEKGT0CVKQPCN
2CTM!4GUGCTEJGTUJCXGCVVTKDWVGFINCEKCNFGENKPGVQKPETGCUKPI

VGORGTCVWTGUYJKEJJCXGTGFWEGFVJGRGTKQFQHINCEKCNCEEWOWNCVKQPCPF
GZVGPFGFVJGRGTKQFQHUWOOGTKEGOGNVKPI CDNCVKQP 6JGTGUWNVKUCPGV
NQUUQHKEGQXGTVKOG *CNNCPF(CITG2GFGTUQPGVCN 1VJGT
UVWFKGUJCXGUKOKNCTN[FGUETKDGFVJGFGENKPGQHINCEKGTUCPFUPQYƂGNFUKP
VJG0QTVJGTP4QEMKGUCPF2CEKƂE0QTVJYGUV GI/QVGGVCN/QQTG
GVCN0QNKPGVCN UWIIGUVKPIVJCVVJKURCVVGTPKUOWEJNCTIGT
KPUECNGVJCP)NCEKGT0CVKQPCN2CTM
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SNOWPACK
Key Message
Montana’s snowpack has
declined over the observational
record (i.e., since the 1930s) in
mountains west and east of the
Continental Divide; this decline
has been most pronounced
since the 1980s. Warming
temperatures over the next
century, especially during spring,
are likely to reduce snowpack
at mid and low elevations. [high
agreement, robust evidence]

Precipitation that falls at higher elevations
during the cold winter months accumulates
as snow until spring when temperatures
increase and snowmelt begins. In Montana’s
mountainous areas, winter snowfall represents
the majority (62-65%) of total annual
precipitation (Serreze et al. 1999), while in the
eastern plains, the contribution of snowfall
to total precipitation is considerably less
(WRCC undated). All of Montana’s major
rivers that contain headwaters above 7000 ft
(2100 m) elevation are considered snowmeltdominated systems in which precipitation
as snow is a primary driver of year-to-year
XCTKCDKNKV[KPUVTGCOƃQY6JKUUPQYRCEMCEVU
as a natural reservoir, slowly releasing water
during the spring and early summer, sustaining
approximately 2 million acres (0.8 million ha)
of irrigated farmland in Montana (Pierce et al.
2008; Vano et al. 2010; USDA-NASS 2015). A
UWHƂEKGPVUWRRN[QHYCVGT GURGEKCNN[FWTKPIVJG
summer) is not only important for maintaining
Montana’s agricultural industry, but it also
underpins our natural ecosystems and the
state’s rapidly growing tourism economy (Power
and Power 2015, 2016).
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6JGKPƃWGPEGQHENKOCVGQPUPQYRCEMKUQPG
of the major linkages between climate change
and water supply. Snowpack in the mountains
of Montana stores and provides water to
downstream users and ecosystems in both the
US and Canada. Water generated by Montana’s
UPQYRCEMVTCXGNUVQVJG2CEKƂE#VNCPVKECPF
Arctic oceans. Indeed, western Montana
is often called the Crown of the Continent
because headwater streams originating there
give rise to the major rivers that drain three
of North America’s largest watersheds, those
of the Columbia, Missouri-Mississippi, and
Saskatchewan rivers.
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Most of Montana’s annual snowfall arrives
from mid October through mid May (although
snowfall has been observed in all 12 months in
the mountains of Montana). Snowfall is strongly
KPƃWGPEGFD[NQECNCPFTGIKQPCNENKOCVG
Average annual snowfall varies considerably
throughout the state, from roughly 20 inches
(0.5 m) in the plains of northeastern Montana,
to over 400 inches (10.1 m) in several mountain
locations in the west (WRCC undated). (Note
that annual snowfall totals are higher than
annual precipitation totals—as in Figure 3.2—
because of the different physical properties of
frozen versus liquid water).

Measuring snowpack
Reliable snowpack measurements are essential
for estimating water supply and assessing the
TKUMQHFTQWIJVQTƃQQFU /6&04%WPFCVGF 
The US Department of Agriculture’s (USDA’s)
Natural Resources Conservation Service (NRCS
undated) measures Montana’s snowpack
through two networks:
•

Over 90 automated SNOwpack TELemetry
(SNOTEL) sites.—First established in
Montana during the early-1970s, SNOTEL
sites gather high-resolution data yearround, and remotely transmit snowpack and
climate information every hour.

snowpack at the watershed scale (Serreze et al.
1999; Pederson et al. 2011b) and as an indicator
QHRQVGPVKCNURTKPIUVTGCOƃQYKP/QPVCPC
April 1 is considered an optimal date for
examining trends because it is the most
continuously collected date in the observational
record; some sites have been recorded
continuously for over 80 yr (Mote et al. 2005).

Montana’s diverse
geography and topography
KPƃWGPEGRCVVGTPUQH
snowpack accumulation and
snowmelt
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•

Roughly 100 Snow Course survey
locations.—First established in Montana
in the 1920s-1960s, Snow Course data
consist of hand-collected snowpack
measurements. These measurements,
V[RKECNN[ICVJGTGFPGCTVJGƂTUVQHGCEJ
winter month, provide our longest direct
records of regional snowpack.

Scientists usually report snowpack as snow
water equivalent (SWE). SWE represents the
amount of liquid water contained within a
column of snow or, more precisely, the height
of water that would remain in a standardized
area if the snowpack melted. When examining
multi-year trends in snowpack, scientists
and managers often use the April 1 SWE
measurement to represent peak snowpack and
total accumulated cold-season precipitation.
Although April 1 SWE values can underestimate
actual peak snowpack in the Northern Rockies
(Bohr and Aguado 2011), this metric functions
as a reasonable approximation for maximum

Geography.—In Montana, the Continental

&KXKFGGZGTVUCOCTMGFKPƃWGPEGQPENKOCVG
patterns and resulting snowpack:
•

Areas west of the Continental Divide
typically exhibit milder winters, cooler
summers, and a longer growing season
FWGVQVJGKPƃWGPEGQHYCTO2CEKƂECKT
masses (see Climate chapter). Figure 3-2
shows that average annual precipitation is
highest west of the Continental Divide (MT
DNRC 2015). As a result, total water yields
and water yield relative to watershed area
are greatest in climate division 1 (Figure
3-5) (MT DNRC 2015).

•

Areas east of the Continental Divide
experience more extreme seasonal
VGORGTCVWTGƃWEVWCVKQPUCPFCUJQTVGT
ITQYKPIUGCUQPFWGVQITGCVGTKPƃWGPEG
by drier continental air masses (see
Climate chapter) (WRCC undated).
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Topography.—Mountains west of the

Continental Divide are generally situated
at lower elevations than those east of the
Continental Divide, yet the western mountains
still receive more snowfall on average each
year (Figure 3-2). SNOTEL stations record the
highest snowfall totals west of the Continental
Divide in the Kootenai, Flathead, and Clark Fork
basins. Several of these stations are located at
relatively low elevations (5000-6500 ft [15001980 m]), but receive over 40 inches (1 m) of
SWE each year. By comparison, the highest
annual snowpack totals east of the Continental
Divide (20-35 inches [0.5-0.9 m] of SWE) are
generally located at elevations over 8000 ft
(2400 m) (NRCS 2016).

Long-term variation
in snowpack and the
importance of oceanatmosphere linkages
As discussed in the Climate chapter, largescale atmospheric patterns associated with
changes in sea-surface temperatures are largely
responsible for variation in Montana’s weather
and climate (Cayan et al. 1998; Abatzoglou
2011; Pederson et al. 2011a; Pederson et al.
C 2JCUGUJKHVUKPVJG2CEKƂE&GECFCN
Oscillation can be readily detected in the longterm records of annual snowfall. On shorter
VKOGUECNGUCPFNC[GTGFQPVQRQH2CEKƂE
&GECFCN1UEKNNCVKQPXCTKCVKQPVJG2CEKƂE0QTVJ
American pattern and the El Niño-Southern
Oscillation cycles (see Climate chapter) can
also affect variation in snowpack. During El
Niño episodes, Montana tends to experience
warmer-than-average temperatures and belowaverage precipitation, especially during the
winter and spring. These anomalies decrease
snowpack and result in early snowmelt (Climate
Prediction Center 2016). In contrast, La Niña
episodes typically result in below-average
temperatures, above-average precipitation, and
above-average snowpack. Exceptions to these
patterns certainly exist.
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For most mountainous areas in Montana, SWE
typically peaks in April or early May, but this
can vary depending on elevation, aspect (e.g.,
north versus south facing), and relative position
west or east of the Continental Divide. Lowelevation SNOTEL sites west of the Continental
Divide in the Kootenai Basin (approximately
4200 ft [1280 m]) typically record maximum
snowpack at the end of March and snow is
absent by early May. In contrast, high-elevation
sites (over approximately 8500 ft [2590 m]) in
the headwaters of the Yellowstone and Missouri
basins exhibit peak SWE values in mid May,
and some north-facing slopes can retain snow
through the end of June (NRCS 2016).
Snowpack accumulated at high elevations
tends to be more stable and persist longer than
at low elevations, largely as a result of colder
temperatures at high elevations. Snowpack
at higher elevations is also less prone to melt
during short warm spells in the early spring that
can degrade snowpack at lower elevations.
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Observed regional trends in snowpack
Regional trends in April 1 SWE demonstrate that average annual snowpack has declined in large
portions of the American West over the period of reliable measurement (1930s to present; Figure
3-7) (Mote 2003; Hamlet et al. 2005; Mote 2006; Casola et al. 2009; Mote and Sharp 2016). Some
regions, such as low-elevation sites in the northern Rocky Mountains (including Montana) and the
Cascades, have experienced more drastic reductions than other sites, such as high-elevation loctions
in the Sierras and central Rocky Mountains.

Trends in April Snowpack in the Western US, 1955–2016
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However, it is important to place these recent observations in the context of much longer-term
(multi-century) changes in climate. Climate reconstructions based on tree-ring measurements
provide a robust tool for producing quantitative comparisons of past and present climate (Fritts
2012). One such recent reconstruction showed that declines in snowpack since the 1950s are
unusually severe and synchronous across the West when viewed in the context of the past
1000 yr (Figure 3-8) (Pederson et al. 2011b). Separate studies have suggested that these recent
declines in snowpack can be directly attributed to elevated greenhouse gas emissions and
associated warming (Barnett et al. 2008; Pierce et al. 2008).

Long-term SWE Reconstruction for the Northern Rockies
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In the Rocky Mountains, spring (February-March) warming since the 1980s has been largely
responsible for recent snowpack declines at mid- and low-elevation sites (Pederson et
al. 2013b). Most studies agree that general declines in snowpack across the West have
resulted from warming spring temperatures (Mote 2003; Hamlet et al. 2005; Mote et al. 2005;
Abatzoglou 2011; Kapnick and Hall 2012; Pederson et al. 2013a; Lute et al. 2015); however,
declines in winter precipitation may also be important (Clow 2010). If spring temperatures
continue to warm as projected (see Climate chapter), snowpack is likely to decline even further.
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Observed trends in Montana’s snowpack
We conducted an updated assessment of Montana’s April 1 SWE to assess variability
and trends over the full record—from the late 1930s to present—of NRCS Snow
Course observations.15 We used Snow Course rather than SNOTEL data because of its
longer period of record. Although studies have shown a strong correlation between
Snow Course and SNOTEL April 1 SWE measurements (Serreze et al. 1999; Bohr and
Aguado 2001; Dressler et al. 2006; Pederson et al. 2011a), all snowpack measurements
have limitations, including the potential for human measurement error, land-use
change over the period of record, poor representation for watersheds with highly
complex terrain, and misrepresentation of high-elevation sites that lack measurement
stations (Gillan et al. 2010; Silverman and Maneta 2016). Nonetheless, Snow Course
trends are more dependable and useful for describing long-term changes to snowpack
across Montana’s large mountainous watersheds.
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Long-term cycles in April 1 SWE are evident among all Snow Course groupings
(Figure 3-9). These cycles can be attributed in part to decadal-scale climate patterns,
KPENWFKPIVJG2CEKƂE&GECFCN1UEKNNCVKQP(QTGZCORNGVJG2CEKƂE&GECFCN1UEKNNCVKQP
was in a negative phase between approximately 1960-1980, leading to above average
snowpack across the state. In contrast, from the mid 1980s through approximately
2000, a positive phase led to relatively low snowpack years (Figure 3-9).

.CTIGKPVGTCPPWCNXCTKCDKNKV[KPUPQYRCEMECPDGPGUVGFYKVJKP2CEKƂE&GECFCN
1UEKNNCVKQP CPF2CEKƂE0QTVJ#OGTKECP FTKXGPRCVVGTPU GIUGGVJGJKIJUPQY[GCTU
of 1996 and 1997 that occurred during a 25-year period of below average snowpack).

Medicine Lake National Wildlife Refuge.
Photograph courtesy of Rick and Susie Graetz, University of Montana.
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Montana Trends in April 1 SWE from Snow Course Data
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upper panel in each column shows data summarized from all Snow Course stations west or east of the Continental Divide.
The middle and lower panels show patterns of SWE at high or lower elevations. Black lines represent simple downward
trends and are not meant for statistical inference.
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Snow Course groupings on both sides of the Continental Divide show long-term downward trends
in April 1 SWE (Figure 3-9, Table 3-2). This observation is consistent with other studies that have
described shrinking snowpack volumes in Montana and elsewhere in the western US (Mote et
al. 2005; Pederson et al. 2013a; Mote and Sharp 2016). In general, April 1 SWE in Montana has
declined roughly 20% over the last 80 yr, and this decline is most pronounced at lower elevation
sites (Table 3-2).

Table 3-2. Linear trends in snowpack for particular elevations east and west of the Divide,
calculated from data in Figure 3-9.16

West

East
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ÈääävÌ
£nÎä®

<6000 ft
£nÎä®

All sites

ÇääävÌ
Ó£ää®

<7000 ft
Ó£ää®

Decline in
V iÃV®v
-7 É`iV>`i

ä°{n
£°Ó®

-0.36
(-0.91)

-0.45
(-1.1)

-0.33
(-0.84)

-0.29
(-0.74)

-0.35
(-0.89)

Decline (percent
ÛiÀÌ iÀiVÀ`®

£¯

-12%

-23%

-20%

-14%

-27%

In general, April 1 snow water equivalent in Montana has declined roughly
20% over the last 80 yr, and this decline is most pronounced at lower
elevation sites.

 ÀÀi`iÌ>ÕÀÃÜ«>V>>ÞÃÃiÌ `ÃÃiič««i`ÝÎÓÌ i čÜiLÃÌi°
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Montana’s snowpack is particularly sensitive to
warming
Both empirical studies and model projections demonstrate that snowpack in the Northern
4QEMKGUCPFKPNCPF2CEKƂE0QTVJYGUVKUOQTGXWNPGTCDNGVQYCTOKPIVJCPUQOGQVJGT
regions in the West. For example, Mote and Sharp (2016) showed that western Montana and
VJG2CEKƂE0QTVJYGUVJCXGGZRGTKGPEGFVJGOQUVFTCUVKEFGENKPGUKPUPQYRCEMXQNWOGKPVJG
West over the past 80 yr.
7PNKMG4QEM[/QWPVCKPTGIKQPUVQVJGUQWVJ/QPVCPCUVQTGUCUKIPKƂECPVCOQWPVQH
snowpack at mid and low elevations (below 8000 ft [2400 m]), particularly within the
Flathead, Kootenai, and lower Clark Fork basins of northwestern Montana. In regions such
as these, the projected increase in temperatures will result in reduced winter snowpack and
a higher-elevation snowline (Regonda et al. 2005; Klos et al. 2014).
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masses. These regions have experienced an increase in precipitation falling as rain instead
of snow since the 1950s (Knowles et al. 2006), a trend that is expected to continue under
future climate conditions (Barnett et al. 2005).

Snowpack projections for Montana

Here we present projections of April 1 SWE values for three of our focal snowmeltdominated basins in Montana (Figure 3-10). Projections consist of two future scenarios of
greenhouse gas emissions (Representative Concentration Pathways [RCPs], RCP4.5 and
RCP8.5; see Climate chapter), for two periods in the future: 2040-2069 and 2070-2099.
Model results were compared to a historical baseline period of 1970-2000. These projections
highlight the general direction of projected changes and differences among watersheds
across the state. Values near the dotted 0% line would represent model results that project
no future change in snowpack relative to 1970-2000 data. While our results demonstrate
relatively strong agreement among most of the climate models, they should only be used to
RTQLGEVVJGFKTGEVKQPQHEJCPIGCPFPQVURGEKƂEHWVWTGUPQYRCEMXQNWOGU
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April 1 SWE projections for RCP 4.5 and
RCP 8.5 (2040-2069 and 2070-2099)
Figure 3-10. APRIL 1 SWE projections
vÀÌ ÀiiÃÜiÌ`>Ìi`L>ÃÃ
in Montana under two scenarios
, *{°x>`, *n°x®>`ÌÜÌi
«iÀ`ÃÓä{äÓäÈ>`ÓäÇäÓä®°
Data are presented as the projected
percent change in April 1 SWE
LiÌÜiiÌ iL>Ãii«iÀ`£Çä
2000 and two future time periods
Óä{äÓäÈ\Õ««iÀ«>iÆÓäÇäÓä\
ÜiÀ«>i®° Ý>`Ü ÃiÀÃ«ÌÃ
show variation in projections among
the different models. These types of
«ÌÃ>««i>ÀÌ iÀ}À>« ÃLiÜ
that depict model projections.
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Water Chapter.
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Our projections show that
•

snowpack volumes for the Montana basins studied will very likely decline in the future; and

•

the largest projected changes in snowpack appear to be located west of the Continental
Divide, and are the same areas that have experienced the largest declines in April 1 SWE over
the past 80 years (see, for example, the Clark Fork River in Figure 3-9).

Small headwater basins west of the Continental Divide show this vulnerability because they
occupy relatively low elevations that are likely to experience additional days with temperatures
above the freezing point. In contrast, many small headwater basins east of the Continental Divide
are at higher elevations (often 8000-10,000 ft [2400-3000 m]) and are thus less likely to experience
temperatures above freezing during the winter-spring transition (see Climate chapter).
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Historical observations show a shift toward earlier snowmelt and an earlier
peak in spring runoff in the Mountain West (including Montana). Projections
suggest these patterns are very likely to continue into the future as
temperatures increase. [high agreement, robust evidence]

Earlier snowmelt and spring runoff will reduce late-summer water availability
in snowmelt-dominated watersheds. [high agreement, robust evidence]

Rocky Mountain Front, Dupuyer Creek area.

nN7č/ ,č
Photograph
courtesy
 č/
of Rick and
čSusie
 Graetz, University of Montana.

Changes in Montana’s snowpack, as described in the previous section, have direct consequences
for how water is delivered to streams and rivers, both in terms of amount and timing of runoff.
Snowmelt runoff refers to snow and ice melting into liquid water, which eventually moves downhill
CPFCEEWOWNCVGUVQRTQFWEGUVTGCOƃQY5PQYOGNVKUCFQOKPCPVEQORQPGPVQHVJGCPPWCNYCVGT
cycle (Figure 3-1) in most mountain regions of the West, including Montana.
6JGOCLQTKV[QHVQVCNCPPWCNUVTGCOƃQYXQNWOGKP/QPVCPCTKXGTUKUFGNKXGTGFFWTKPICTGNCVKXGN[
short period in the spring, typically April through June. In the context of a changing climate, it is
critical that we a) examine regional evidence for changes in snowmelt and runoff timing, b) assess
what factors are most important in driving these changes, and c) evaluate observed and projected
patterns in runoff timing for our focal rivers in Montana.
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Observed regional trends in snowmelt and runoff timing

Researchers have already documented shifts toward earlier snowmelt and spring runoff in many
mountain regions of the West (Figure 3-11) (Regonda et al. 2005; Stewart et al. 2005). Spring runoff
has shifted at least a week earlier in the Northern Rockies over the past half-century, with most of
this change occurring since the mid 1980s (Pederson et al. 2011a). Numerous studies in western
North America support this conclusion (Dettinger and Cayan 1995; Stewart et al. 2004; McCabe
and Clark 2005; Lundquist et al. 2009; Gillian et al. 2010), and some demonstrate that shifts in
TWPQHHVKOKPIJCXGNGFVQTGFWEGFUVTGCOƃQYFWTKPIVJGUWOOGTOQPVJU GI4QQFGVCN 
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}ÕÀiÎ££°"LÃiÀÛi`
and projected trends
demonstrating a general shift
toward earlier snowmelt and
spring runoff in many regions
of the west. Data represent
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shifts in the center of timing17
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trends in center of timing
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gauging station.
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(CEVQTUVJCVKPƃWGPEGUPQYOGNVCPFVJGVKOKPIQHTWPQHH
(CEVQTUVJCVKPƃWGPEGUPQYOGNVCPFVJGVKOKPIQHTWPQHHKPENWFGVGORGTCVWTGRTGEKRKVCVKQPCPF
elevation, as described below.
•

Temperature.—There is evidence for a connection between warmer winter and

spring temperatures and earlier timing of spring runoff for many rivers in western
North America (Stewart et al. 2004). While some of this variation has been attributed to
FGECFCNUECNGENKOCVGQUEKNNCVKQPU GI2CEKƂE&GECFCN1UEKNNCVKQP OWEJQHKVKUNKPMGF
to the trend of long-term warming in spring observed since 1948 (Das et al. 2009).
Spring warm spells are occurring more frequently and earlier in recent years, and even
modest warming in winter or spring can lead to large changes in snowmelt and runoff
dynamics, especially at lower elevations (Regonda et al. 2005; Stewart et al. 2005; Klos
et al. 2014).
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Rising winter and spring temperatures have already been observed in most regions
of Montana since 1950 (see Climate chapter). Pederson et al. (2010) reported a rapid
decline in the annual number of days below freezing in western Montana since the
1980s. In addition, from 1950-2015, spring maximum temperatures increased more
than any other season (0.7°F/decade [0.4°C/decade]) (Pederson et al. 2010). Over the
same period, winter minimum temperatures increased by approximately 0.6°F/decade
(0.3°C/decade). Projections of statewide warming into the future (see Climate chapter)
will advance snowmelt to earlier dates.

•

Elevation.—Along with slope, aspect, and other features of the local setting,

elevation is a critical variable that determines how watersheds across Montana respond
to changes in climate because of the relationship between elevation and temperature
(Pomeroy et al. 2004; Stewart et al. 2004; Bales et al. 2006; DeBeer and Pomeroy 2009;
Lundquist et al. 2009; Pederson et al. 2010). Mid-elevation locations tend to be most
sensitive to warming trends because small increases in temperature sometimes result
in temperatures rising above freezing, which is less likely at higher (and thus colder)
elevations. Regonda et al. (2005) showed that from 1950-1999 spring runoff has come
10-20 days earlier in basins below 8000 ft (2400 m) elevation, while basins above this
elevation have shown little to no change in runoff timing. Thus, for Montana, changes in
snowmelt timing should be more pronounced for areas west of the Continental Divide
and low-elevation sites east of the Continental Divide that contribute to winter snowpack.
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•

Precipitation.—Observed changes in precipitation across Montana since 1950 are more

varied and uncertain when compared to the strong evidence for ongoing and continued increases
in temperature. However, there has been a general trend of decreasing winter precipitation from
1950 to present; this pattern is most evident in the northwest and central portions of the state and
may be due to increased frequency of El Niño events (see Climate chapter). Natural variation in
RTGEKRKVCVKQPKPƃWGPEGUUPQYOGNVVKOKPICPFVJGUGCUQPCNFKUVTKDWVKQPQHUVTGCOƃQY(QTGZCORNG
below-average winter precipitation can lead to smaller mountain snowpack volumes, which tend to
result in shorter duration spring runoff (Hamlet and Lettenmaier 1999; Stewart et al. 2004; Moore et
CN9JKVƂGNF 9CTOKPIVGORGTCVWTGUECPCNUQTGUWNVKPOQTGRTGEKRKVCVKQPHCNNKPICUTCKP
KPUVGCFQHUPQYRCTVKEWNCTN[KPVJG2CEKƂE0QTVJYGUVCPFYGUVGTP/QPVCPC -PQYNGUGVCN 
also resulting in reduced snowpack and shorter duration runoff (Knowles et al. 2006; McCabe et al.
2007; Gillian et al. 2010; Knowles 2015). Conversely, particularly high-snowpack years may effectively
compensate for warming temperatures by offsetting rapid snowmelt. Spring precipitation as rain or
UPQYECPCNUQJGNRVQCWIOGPV[GCTUQHTGNCVKXGN[NQYYKPVGTUPQYCPFRTGXGPVTGFWEGFUVTGCOƃQY
Indeed, increased spring precipitation in recent years has apparently prevented what would
otherwise be large snow-related declines in hydrologic yield (Pederson et al. 2011a). In addition,
[GCTVQ[GCTƃWEVWCVKQPUKPURTKPIRTGEKRKVCVKQPOC[DGEQPVTKDWVKPIVQXCTKCVKQPKPVJGVKOKPIQH
runoff among years (Pederson et al. 2011a).
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North Fork Flathead, Glacier National Park.
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Model projections for snowmelt and runoff timing
Strong agreement exists among climate models that average temperatures will continue to
increase through the mid century (2040-2069) and end-of-century (2070-2099) across Montana
(see Climate chapter). The climate models also project an increase in precipitation during
winter, spring, and fall, but the magnitude of this change is small relative to historical variation
and there is less agreement among models.
We used the same model output described in the snowpack section to assess projected
EJCPIGUKPUVTGCOƃQYHQTQWTHQECNTKXGTDCUKPU*[FTQNQIKEOQFGNUKPENWFGWPEGTVCKPV[TGNCVGF
to the GCMs selected for the model, as well as uncertainty related to projected future change
in elements of the water cycle, such as evapotranspiration. Additionally, all of these models
were run without consideration of human water use, which will need to be incorporated to
effectively manage water resources (see Missouri River sidebar). Therefore, these projections
UJQWNFPQVDGEQPUKFGTGFURGEKƂERTGFKEVQTUQHHWVWTGUVTGCOƃQYXQNWOGUDWVKPUVGCFCUC
useful tool for understanding the general direction (positive or negative) of change.
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6YQFKUVKPEVRCVVGTPUQHRTQLGEVGFUVTGCOƃQYGOGTIGHTQOQWTCPCN[UKUQPGHTQOYCVGTUJGFU
that contain large amounts of land at high elevations and the other from those that do not
(Figure 3-12).

In watersheds with headwaters at relatively high elevations—for example, the Yellowstone at
Billings, Missouri at Toston, Clark Fork at Saint Regis, and Marias at Shelby—the models show
UVTQPICITGGOGPVVJCVC ,CPWCT[#RTKNTWPQHHKUNKMGN[VQKPETGCUGCPFD UVTGCOƃQYUYKNNNKMGN[
be reduced during July-September (Figure 3-12). Although the different projections show slight
differences in timing among rivers, the overall patterns are consistent: a larger percentage of
water will leave these watersheds during winter and early spring, resulting in much less water to
UWRRQTVUVTGCOƃQYFWTKPIUWOOGTCPFGCTN[HCNN6JGUJKHVKUKORQTVCPVIKXGPVJGJKIJFGOCPFHQT
water resources in late summer from agriculture, municipalities, and recreation industries.

For watersheds with high-elevation headwaters, the overall patterns in
model projection are consistent: a larger percentage of water will leave high
elevations during the winter and early spring, leaving much less water to
UWRRQTVUVTGCOƃQYNCVGTKPVJG[GCTFWTKPIUWOOGTCPFGCTN[HCNN
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Projections for middle-to-low-elevation watersheds—for example the Musselshell at Mosby, Powder
River near Locate, and Poplar River near Poplar—show similar increases in winter and spring
UVTGCOƃQY KGOQUVQHVJGRTQLGEVKQPUHCNNCDQXGVJGNKPG *QYGXGTVJGOQFGNUCITGGHCTNGUU
CDQWVUVTGCOƃQYRCVVGTPUFWTKPIVJGTGUVQHVJG[GCT (KIWTG YKVJUQOGRTQLGEVKPIKPETGCUGUKP
UVTGCOƃQYKPUWOOGTCPFHCNNYJKNGQVJGTURTQLGEVTGFWEGFUVTGCOƃQYFWTKPIVJGUGOQPVJU

/QPVJN[5VTGCOƃQY2TQLGEVKQPUHQT4%2 
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+VKUXGT[NKMGN[VJCVKPETGCUGFYCVGTWUGKPVJGHWVWTGYKNNHWTVJGTTGFWEGUVTGCOƃQYUFWTKPIUWOOGT
months when demand is greatest (see drought section below).
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refer to Future Projections in Water Chapter.
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TOTAL ANNUAL STREAMFLOW
Key Messages
 .QPIVGTO FGECFCNCPFOWNVKFGECFCN XCTKCVKQPKPVQVCNCPPWCNUVTGCOƃQY
KUNCTIGN[KPƃWGPEGFD[SWCUKE[ENKEEJCPIGUKPUGCUWTHCEGVGORGTCVWTGU
CPFTGUWNVKPIENKOCVGEQPFKVKQPUVJGKPƃWGPEGQHENKOCVGYCTOKPIQPVJGUG
patterns is uncertain. [high agreement, medium evidence]
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 6QVCNCPPWCNUVTGCOƃQYUCTGRTQLGEVGFVQKPETGCUGUNKIJVN[HQTOQUV/QPVCPC
rivers, but the magnitude of change and agreement among models vary
across the state. [medium agreement, medium evidence]

6QVJKURQKPVQWTUVTGCOƃQYFKUEWUUKQPJCUHQEWUGFQPJQYENKOCVGKPƃWGPEGUVJGVKOKPICPF
FKUVTKDWVKQPQHƃQYVJTQWIJQWVVJG[GCT*QYGXGTKVKUCNUQKORQTVCPVVQEQPUKFGTRCVVGTPUQH
CPPWCNUVTGCOƃQY QTCPPWCNYCVGTUWRRN[ YJKEJKUVJGVQVCNCOQWPVQHTWPQHHIGPGTCVGFD[C
given watershed throughout an entire year.

#PPWCNUVTGCOƃQYFGTKXGUHTQOCXCTKGV[UQWTEGUKPENWFKPITCKPHCNNUPQYOGNVTWPQHHITQWPFYCVGT
FKUEJCTIGCPFINCEKCNTWPQHH#PPWCNUVTGCOƃQYKUETKVKECNDGECWUGKVFGƂPGUVJGRQVGPVKCNXQNWOG
QHYCVGTCXCKNCDNGGCEJ[GCTVQKPƃWGPEGITQWPFYCVGTƂNNTGUGTXQKTUCPFNCMGUCPFUWRRQTV
EQPUWORVKXGCPFPQPEQPUWORVKXGWUGUQHYCVGT%NKOCVGKPFWEGFEJCPIGUKPCPPWCNUVTGCOƃQY
have the potential to impact hydroelectric power generation, agricultural production, wildlife
JCDKVCVTGETGCVKQPCPFQVJGTDGPGƂEKCNWUGUQH/QPVCPCoUYCVGTTGUQWTEGU
.QPIVGTOTGEQTFUFGOQPUVTCVGVJCVCPPWCNUVTGCOƃQYXCTKGUYKFGN[QXGTVKOGFWGVQEJCPIGUKP
both natural and human-related factors. Here again, we focus largely on atmospheric processes
VJCVKPƃWGPEGCPPWCNUVTGCOƃQY KGVGORGTCVWTGCPFRTGEKRKVCVKQP YJKEJCTGVJGOUGNXGU
OQFKƂGFD[DQVJPCVWTCNCPFJWOCPTGNCVGFHCEVQTUUWEJCUITGGPJQWUGICUGOKUUKQPU
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+PVGTCPPWCNXCTKCVKQPKPRTGEKRKVCVKQPVGPFUVQJCXGVJGITGCVGUVKPƃWGPEGQP[GCTVQ[GCTXCTKCVKQP
KPCPPWCNUVTGCOƃQYXQNWOGU -CTNCPF4KGDUCOG/E%CDGCPF9QNQEM ;GCTUQH
high snowpack accumulation or high spring and summer rains tend to produce high annual
UVTGCOƃQYXQNWOGUCPFJGPEGITGCVGTRQVGPVKCNYCVGTUWRRN[9JKNGVGORGTCVWTGGHHGEVUQP
CPPWCNUVTGCOƃQYCTGOWEJYGCMGTCPFNGUUEQPUKUVGPVVJCPVJGGHHGEVUQHRTGEKRKVCVKQPVJG
relative importance of temperature is likely to increase as the climate warms (Tesemma et al. 2015;
Woodhouse et al. 2016).

1DUGTXGFVTGPFUKPVQVCNCPPWCNUVTGCOƃQY
1PFGECFCNVKOGUECNGUCPPWCNUVTGCOƃQYXCTKCVKQPCPFRTGEKRKVCVKQPCTGFTKXGPD[NCTIGUECNG
RCVVGTPUQHENKOCVGXCTKCDKNKV[UWEJCUVJG2CEKƂE&GECFCN1UEKNNCVKQP UGGVGNGEQPPGEVKQPU
description in Climate chapter) (Pederson et al. 2011a; Seager and Hoerling 2014). Periods of
high or low precipitation associated with these patterns generally translate to periods of high
QTNQYCPPWCNUVTGCOƃQYTGURGEVKXGN[ -CTNCPF4KGDUCOG/E%CDGCPF9QNQEM 
1DXKQWURGTKQFUQHNQYGTVJCPCXGTCIGUVTGCOƃQYKPOQUVQHVJGHQECNTKXGTUKP/QPVCPCKPENWFG
the drought years of the Dust Bowl (late 1920s to early 1940s), the 1950s, the late 1980s to early
1990s, and the early 2000s (Figure 3-13).
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5RGEKƂE[GCTUQHCDQXGCPFDGNQYCXGTCIGUVTGCOƃQYFKHHGTUNKIJVN[COQPITKXGTDCUKPUFWG
VQ/QPVCPCoUIGQITCRJKEFKXGTUKV[CPFVJGXCT[KPIKPƃWGPEGQHNCTIGCVOQURJGTKEEKTEWNCVKQP
patterns east and west of the Continental Divide. Interestingly, large semi-cyclic patterns
KPVQVCNCPPWCNUVTGCOƃQYCTGFGVGEVCDNGKPOQUV/QPVCPCTKXGTUUWIIGUVKPIVJCVRCTCNNGN
changes in water use over time have not been large enough to mask these climate-driven
VTGPFU5WEJRCVVGTPUKPCPPWCNUVTGCOƃQYJQYGXGTCTGQHVGPJKFFGPHQTTKXGTUVJCVCTGJKIJN[
regulated by dams or large irrigation withdrawals (e.g., the Marias River below Tiber Reservoir)
(MT DNRC 2014c).

#MG[SWGUVKQPKUYJGVJGTCPPWCNUVTGCOƃQYUJCXGEJCPIGFQXGTVKOGKP/QPVCPCCPFKHUQ
YJ[2GFGTUQPGVCN D TGRQTVGFPQTGEGPVEJCPIGKPCPPWCNUVTGCOƃQYHQTCPWODGTQH
TKXGTUKPVJGPQTVJGTP4QEM[/QWPVCKPUKPENWFKPIKP/QPVCPCFGURKVGUKIPKƂECPVTGFWEVKQPUKP
UPQYRCEM6JGCWVJQTUCVVTKDWVGFVJKUƂPFKPIVQTGEGPVKPETGCUGUKPURTKPIRTGEKRKVCVKQPVJCV
may have offset reduced snowpack.

.WEGCPF*QNFGP  TGRQTVGFFGENKPGUKPCPPWCNUVTGCOƃQYFWTKPIVJGFTKGUV[GCTU KG
lowest 25thƃQYRGTEGPVKNG HQTCUGVQH2CEKƂE0QTVJYGUVTKXGTUKPENWFKPIUQOGTKXGTUKP
/QPVCPCYGUVQHVJG%QPVKPGPVCN&KXKFG1VJGTYQTMJCUUWIIGUVGFVJCVUVTGCOƃQYFGENKPGU
KPVJG2CEKƂE0QTVJYGUVJCXGTGUWNVGFHTQOTGFWEGFOQWPVCKPRTGEKRKVCVKQPTCVJGTVJCP
warming (Luce et al. 2013).
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.QPIVGTO2CVVGTPUQH#PPWCN5VTGCOƃQY
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Figure 3-13. Long-term patterns of total annual
ÃÌÀi>yÜÕÀvV>ÀÛiÀÃ° >V «>iÃ ÜÃ
Ì i>Õ>`ÃV >À}i}À>Þi®iÝ«ÀiÃÃi`>Ã
VÕLVviiÌ«iÀÃiV`À -iÌÀVÕÌÃ3ÉÃ®°
/ iLÕi>`Ài`iÃÃ ÜÌ i«iÀViÌ>}i
`iÛ>Ì>LÛiLÕi®ÀLiÜÀi`®Ì i}
ÌiÀ>ÛiÀ>}ivÀi>V Þi>À°/ i`>ÀL>Vi
represents the 5-year moving average. The red
Ã >`}Ài«ÀiÃiÌÃÌ iÃÌÃ}wV>Ì«iÀ`Ãv
hydrologic drought for each focal river.
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0QTVQPGVCN  CNUQTGRQTVGFTGEGPV  FGENKPGUKPCPPWCNUVTGCOƃQYHQTTKXGTU
in the Upper Missouri watershed. It is unclear whether these declines are attributed to changes
in climate or other factors such as changing patterns of land or water use (e.g., conversion of
agricultural lands to subdivisions, or changing irrigation methods and practices).

(CEVQTUVJCVKPƃWGPEGVQVCNCPPWCNUVTGCOƃQY
#VNQECNUECNGUCPFQXGTUJQTVGTRGTKQFUCPPWCNUVTGCOƃQYTGURQPFUVQUGCUQPCNEJCPIGU
in climate variables (e.g., temperature, precipitation) and related processes such as
GXCRQVTCPURKTCVKQP6JGTGNCVKXGKPƃWGPEGQHVJGUGHCEVQTUQPCPPWCNUVTGCOƃQYFKHHGTCETQUUVJG
UVCVGoUYCVGTUJGFU6JWUKFGPVKH[KPIVJGOQUVKORQTVCPVHCEVQTUVJCVKPƃWGPEGCPPWCNUVTGCOƃQYKP
GCEJDCUKPECPJGNRWUWPFGTUVCPFJQYEJCPIKPIENKOCVGOC[KPƃWGPEGHWVWTGYCVGTUWRRNKGU
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CPPWCNUVTGCOƃQYXCTKCDKNKV[HQTCPWODGTQHKORQTVCPVYCVGTUJGFUKP/QPVCPC 75)5WPFCVGF
analysis contributed by Connie Woodhouse, University of Arizona). The work, which covered
1936-2010, considered average monthly temperatures and total monthly precipitation for
VJGYCVGT[GCT RTKQT1EVQDGTVQ5GRVGODGT CURQUUKDNGRTGFKEVQTUQHCPPWCNUVTGCOƃQY
+ORQTVCPVN[VJKURCTVKEWNCTCPCN[UKUYCUEQPFWEVGFYKVJUVTGCOƃQYFCVCEQTTGEVGFHQTYCVGT
WUGCPFJWOCPOQFKƂECVKQP KGPCVWTCNK\GFƃQYU 6JWUVJGUGTGUWNVURTQXKFGCYKPFQYKPVQ
VJGFKTGEVENKOCVGHCEVQTUVJCVKORCEVUVTGCOƃQY#UWOOCT[QHTGUWNVUGZRNCKPKPIKPVGTCPPWCN
XCTKCDKNKV[QHUVTGCOƃQYHQNNQYU

Figure 3-14. Climate factors
associated with naturalized
ÃÌÀi>yÜvÕÀÌ>>
ÀÛiÀL>ÃÃ°/ iÃâiv«i
pieces correspond to how
strong the particular climate
v>VÌÀyÕiViÃÌÌ>>Õ>
ÃÌÀi>yÜ°-ivÌ iÃi
v>VÌÀÃi>`Ì}Ài>ÌiÀyÜ
«ÃÌÛi®]Ü iÌ iÀÃi>`
ÌÀi`ÕVi`>Õ>yÜ
i}>ÌÛi®°-iiÌiÝÌvÀ
vÕÀÌ iÀiÝ«>>Ì°
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•

For the Missouri River at Toston, fall-to-early-winter (October-January) precipitation accounts
HQTPGCTN[JCNH  QHVJGXCTKCDKNKV[KPVQVCNCPPWCNUVTGCOƃQY (KIWTG 18 Years of high
YKPVGTRTGEKRKVCVKQPNGCFVQ[GCTUQHJKIJCPPWCNUVTGCOƃQY5PQYOGNVUGCUQP /CTEJ,WN[ 
VGORGTCVWTGUGZRNCKPCPCFFKVKQPCNQHVJGKPVGTCPPWCNXCTKCVKQPKPƃQYNKMGN[DGECWUG
warmer temperatures during this time can lead to greater evapotranspiration and reduced
CPPWCNUVTGCOƃQYU

•

In contrast, for the Marias River basin near Chester,19 spring-to-early-summer temperatures, not
HCNNVQYKPVGTRTGEKRKVCVKQPCEEQWPVHQTVJGNCTIGUVCOQWPV  QHCPPWCNUVTGCOƃQYXCTKCVKQP
(Figure 3-14), although reasons for this observation are not entirely clear. Prior NovemberJanuary precipitation is the second most important factor (17% of the variation), with springearly summer (May-June) precipitation being third (5%).
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•

For the Powder River near Locate, May-June precipitation accounts for close to half (43%)
QHVJGCPPWCNXCTKCDKNKV[KPUVTGCOƃQYRTQDCDN[DGECWUGUQWVJGCUVGTP/QPVCPCTGEGKXGU
the majority of its annual precipitation in the spring and early summer. January precipitation
accounts for 15% of annual variation, showing that winter precipitation from the Powder
River’s alpine headwaters in Wyoming is also important.

•

For the Yellowstone River at Corwin Springs,20 at the northern edge of Yellowstone
National Park, fall and early winter precipitation (Oct-Jan) account for 70% of the annual
XCTKCDKNKV[4WPQHHUGCUQPVGORGTCVWTGUJCXGCOKPKOCNGHHGEVQPCPPWCNƃQYRGTJCRU
because much of the watershed consists of high-elevation terrain and snowpack that is
less affected by variation in spring temperatures.

The Missouri River analysis suggests that large snow years that are associated with cold air
temperatures during runoff lead to the greatest annual water supplies. The Marias River analysis
UWIIGUVUVJCVTKUKPIURTKPIVGORGTCVWTGUEQWNFGZCEGTDCVGNQYƃQYUKPVJG/CTKCUFWTKPI[GCTU
QHDGNQYCXGTCIGRTGEKRKVCVKQP#NNCPCN[UGUKPENWFGUKIPKƂECPVQVJGTXCTKCVKQPVJCVTGOCKPU
WPGZRNCKPGFUWIIGUVKPIVJCVC VJGOQFGNUFQPQVKPENWFGCNNHCEVQTUKPƃWGPEKPICPPWCN
UVTGCOƃQYCPFD VJGTGKUUQOGQDUGTXCVKQPCNCPFUVCVKUVKECNGTTQT

 À>iÝ«>>ÌviÌ `ÃÃiič««i`ÝÎÓÌ i čÜiLÃÌi°
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#PPWCNUVTGCOƃQYRTQLGEVKQPU
/QFGNRTQLGEVKQPUHQTCPPWCNUVTGCOƃQY (KIWTG UJQYNKVVNGCITGGOGPVCOQPI
models regarding the direction and magnitude of change in our two focal rivers west of

#PPWCN5VTGCOƃQY2TQLGEVKQPUHQT4%2CPF4%2 
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the Continental Divide (Middle Fork of the Flathead and Clark Fork at St Regis). In contrast,
RTQLGEVKQPUUJQYOQFGTCVGN[JKIJVQJKIJCITGGOGPVVJCVVQVCNCPPWCNUVTGCOƃQYYKNNKPETGCUG
east of the Continental Divide (e.g., Missouri River, Yellowstone River, Musselshell River),
especially under the RCP8.5 emission scenario (see Climate chapter).
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Data are presented as the projected percent change
ÀÕvvLiÌÜiiÓä{äÓäÈ>`Ì iL>Ãii«iÀ`
v£ÇäÓäää° Ý«ÌÃ>ÀiiÝ«>i`Ì iV>«Ì
v}ÕÀiÎ£ä°®ÀiÝ«>>ÌvÃ«iVwVVw`iVi
levels, refer to Future Projections in Water Chapter.
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GROUNDWATER
Key Messages
Local responses of groundwater
resources to climate change will
depend on whether aquifers
are directly sensitive to climate
variability, are buffered from
climate by water-use practices
such as irrigation, or are used
to meet water demands that
exceed or replace surface water
supplies. [high agreement,
robust evidence]

Groundwater—water that is stored and
transmitted in aquifers below the Earth’s
surface—is a crucial but hidden part
of the water cycle. On a global scale,
groundwater represents 96% of available
freshwater (excluding polar and glacier
ice). Groundwater is one of Montana’s most
valuable natural resources: a) it is often
the only source of water for domestic use
outside of municipalities, either for individual
homes or small public water supplies; b) it
provides water for livestock production and
agriculture in the certain parts of the state;
and c) it plays a critical role in sustaining
UVTGCOƃQYVJTQWIJQWVVJG[GCT KPCV[RKECN
Montana stream, groundwater contributes
QHVJGCPPWCNƃQY=/6&04%? 
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Groundwater demand will
likely increase as increasing
temperatures and changing
seasonal availability of traditional
surface water sources (i.e., dry
stock water ponds or failure of
canal systems to deliver timely
water) force water users to seek
alternatives. [high agreement,
medium evidence]
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Montana’s aquifers are closely tied to
the geology of the state’s two prominent
geographic regions (Figure 3-16):
•

The intermontane basins
of the northern Rocky
Mountains.—Within these basins

groundwater generally occurs in shallow
alluvial (sand and gravel) aquifers, and in
FGGREQPƂPGFVQUGOKEQPƂPGFDCUKP
ƂNNCSWKHGTUDQVJQHYJKEJEQPVCKPNCTIG
amounts of water.

•

The northern Great Plains of
eastern Montana.—Aquifers

in this region are not as productive,
but groundwater is nonetheless
highly utilized. Layers of sedimentary
sandstone and limestone form the most
important aquifers. Alluvial aquifers
within major river valleys are more
localized, but also important.

Each geographic region has a unique climate, geology, and geologic history; these, in turn, have
created the different hydrogeologic settings and determine the location and size of groundwater.
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and the northern Great Plains of eastern Montana.

Water moves between the surface and subsurface (groundwater) in response to hydrostatic
forces, as follows:
•

Groundwater recharge (water movement from surface to subsurface) results from

precipitation and/or through interaction with surface-water bodies (e.g., rivers and lakes). In
the snowmelt-dominated intermontane basins of western Montana, groundwater recharge
mechanisms include: 1) diffuse movement of precipitation and snowmelt through soil to
groundwater, 2) focused gains of water from ephemeral or perennial streams, especially
CNQPIOQWPVCKPHTQPVUCPF RGTEQNCVKQPQHGZEGUUKTTKICVKQPYCVGTDGNQYECPCNUCPFƂGNFU
In the large sedimentary aquifers of eastern Montana, groundwater recharge is principally by
 HQEWUGFTGEJCTIGVJTQWIJUVTGCODGFUCPF FKHHWUGKPƂNVTCVKQPQHRTGEKRKVCVKQPKPTQEM[
outcrop areas.

•

Groundwater discharge (water movement from subsurface to surface) is the loss

of water from an aquifer to wells, surface water, or the atmosphere, driven by human and
natural processes.
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Residence times for groundwater can range dramatically, from days in shallow alluvial aquifers to
tens of thousands of years in deep bedrock aquifers. Residence time is one of the factors that can
affect an aquifer’s sensitivity to climate change. Groundwater systems with longer residence times
may be less impacted by a changing climate than those with short residence times.
In Montana, more than 200,000 wells withdraw about 875 acre-feet/day (1.1x106 m3/day) for stock,
irrigation, industrial, domestic, and public water supply uses (Figure 3-17) (MBMGa undated).
In Montana’s rural areas, groundwater supplies stock, ranch, and domestic needs. In some of
Montana’s more urban areas—for example, Missoula, Kalispell, and Sidney—groundwater is the
public water supply source.
)TQWPFYCVGTCNUQRNC[UCETWEKCNTQNGKPUWUVCKPKPIUVTGCOƃQYVJTQWIJQWVVJG[GCT#DQWVJCNHQH
VJGVQVCNCPPWCNƃQYKPV[RKECN/QPVCPCUVTGCOUFGTKXGUHTQOITQWPFYCVGT /6&04% 
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The effects of climate change on
groundwater resources are relatively
uncertain, but the sensitivity of a given
aquifer to change will depend on its
geographic setting, and the particular
mechanisms of groundwater recharge.
Projected climate change is likely to reduce
recharge, increase water demand, and
alter interactions between groundwater
and surface-water systems (Earman
and Dettinger 2011; Green et al. 2011;
Huntington and Niswonger 2012; Taylor et al.
2013). Reductions in recharge are expected
for mountain aquifer systems because
of decreased snowpack and changes
VQRCVVGTPUQHKPƂNVTCVKQP6JGITCFWCN
character of snowmelt is more favorable to
KPƂNVTCVKQPVJCPTCKPHCNNGXGPVUVJGTGHQTG
as an increasing percent of precipitation
HCNNUCUTCKPKPUVGCFQHUPQYKPƂNVTCVKQP
is likely to decrease, despite projected
increases in winter and spring precipitation.
Rising temperatures will also lead to a
longer growing season, in turn increasing
evapotranspiration and further reducing
recharge (Meixner et al. 2016) (see Climate
chapter). These expected reductions in
recharge might appear contrary to projected
KPETGCUGUKPCPPWCNUVTGCOƃQY (KIWTG
3-15). However, changes in the character of
precipitation (e.g., shifts from snow to rain
or increases in extreme precipitation events)
may cause more water to run off into streams
CPFNGUUVQKPƂNVTCVGKPVQITQWPFYCVGT
aquifers. Thus, surface water contributions
CPFCPPWCNƃQYKPCRCTVKEWNCTYCVGTUJGF
OC[KPETGCUGGXGPCUTGEJCTIGCPFDCUGƃQY
EQPVTKDWVKQPUVQUVTGCOƃQYFGENKPG

In the sections that follow, we review
groundwater information from three
representative Montana aquifer systems
(MBMGa undated). The data show
how these systems have differentially
responded to historical climate variability,
which in turn provides insight into how
groundwater resources might respond to
future climate variability.

Madison Limestone—an
aquifer sensitive to changes
in climate
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The Madison Limestone is a bedrock aquifer
that underlies most of central and eastern
Montana. The formation outcrops in the
Little Belt and Big Snowy mountains of
central Montana, where precipitation as snow
CPFTCKPKPƂNVTCVGUKPVQVJGITQWPFYCVGT
system. Away from the mountains, hundreds
of feet of non-aquifer, impermeable shale
formations separate the Madison Limestone
from the surface. However, where limestone
layers are within 500-900 ft (150-270 m) of
the land surface, the Madison Limestone
aquifer is a productive and important source
of domestic, municipal, industrial, and stock
water. The aquifer is the source for many
large springs, including Giant Springs at
Great Falls and Big Springs at Lewiston.
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In Cascade County, between the Little Belt
Mountains and the Missouri River near Great
Falls, more than 900 relatively low-use wells
use the Madison Limestone aquifer (Figure
3-18). Between 1995 and 2005, water levels in

Madison Limestone aquifer observation wells
near Great Falls dropped by about 30 ft (9
m), while the number of Madison Limestoneaquifer wells nearly doubled from about 400
to 800 (Figure 3-19) (MBMGb undated).
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Precipitation: departure from yearly
average near Great Falls, MT

Figure 3-19. Between 1995 and
Óääx]Ì iÕLiÀvÜiÃ`Ài`
into the Madison Limestone
>µÕviÀ>ÀÕ`Ài>Ì>Ãi>ÀÞ
`ÕLi`° ÕÀ}Ì iÃ>i
«iÀ`]Ü>ÌiÀiÛiÃÌ i>µÕviÀ
`À««i`LÞÎävÌ®°ÜiÛiÀ]
this was also a dry period, as
`V>Ìi`LÞÌ i`i«>ÀÌÕÀivÀ
>ÛiÀ>}i«ÀiV«Ì>Ì«Ì>LÛi°
Water levels recovered following
several wet years, even though
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hydrograph wells is shown in
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The decrease in water levels from 1995-2005 suggested that wells were removing water from
the aquifer faster than it was being replenished. However, since 2005 water levels have climbed
to elevations higher than those in 1995 even though new wells continued to be drilled into the
Madison Limestone aquifer. This increase in water levels matches an increase in precipitation
QDUGTXGFFWTKPIVJCVUCOGRGTKQF (KIWTG CPFUWIIGUVUVJCVENKOCVGtCPFURGEKƂECNN[
mountain precipitation—as and is the primary driver of Madison Limestone aquifer water levels
(i.e., groundwater replenishment and storage). The average annual precipitation from 19952005 was below average, supporting that conclusion. If small domestic withdrawals continue
to characterize use in the Madison Limestone aquifer, we can expect the Madison Limestone
aquifer to follow short- and long-term patterns in mountain precipitation that result from future
climate change. However, if changes in climate and/or future development result in higher
demand and higher capacity withdrawals, we may begin to see long-term declines, regardless of
precipitation patterns.
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Irrigation-supported alluvial
aquifers will likely be
resilient to climate change
Alluvial aquifers recharged by irrigation are
expected to be resistant to climate impacts.
More than 7000 miles (11,300 km) of irrigation
canals lace Montana’s river valleys and alluvial
terraces. These canals, which are mostly
unlined, carry about 10.5 million acre-feet
(1.3x1010 m3) of surface water each year to
irrigate about 2 million acres (0.8 million ha).

•

A well from an irrigated area near Hamilton
shows that groundwater levels rise quickly
at the onset of irrigation, remain elevated
throughout the irrigation season, and then
decline in the late summer or fall when
irrigation ceases.

•

A well distant from irrigation near Florence
shows a far different water-level response,
which is synchronized with interannual
and seasonal variation in Bitterroot River
ƃQY*GTGYCVGTNGXGNURGCMENQUGVQYJGP
UVTGCOƃQYRGCMUCPFVJGPITCFWCNN[HCNN
back to a base level.
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In these valleys, losses from irrigation canals
CPFUGGRCIGHTQOKTTKICVGFƂGNFUEQPUVKVWVG
CUKIPKƂECPVHTCEVKQPQHCSWKHGTTGEJCTIG
Groundwater levels in such areas typically start
rising during April and May when irrigation
begins, remain elevated from midsummer
to the end of the irrigation season, and then
decline to an annual minimum just before the
next growing season. This response is observed
throughout the irrigated valleys in Montana.
Hydrographs from two Bitterroot Valley wells
from the same aquifer demonstrate this
DGJCXKQTCPFVJWUJKIJNKIJVVJGUKIPKƂECPEG
of irrigation recharge and the resilience of
irrigation-supported aquifers to climate
variability (Figure 3-20):

120 | WATER AND CLIMATE CHANGE

1PCXGTCIGVJGCPPWCNYCVGTNGXGNƃWEVWCVKQP
in the Hamilton well is nearly 10 ft versus
2 ft (3 m versus 0.6 m) for the Florence
well. The timing and the magnitude of the
UGCUQPCNƃWEVWCVKQPUKPVJG*COKNVQPYGNNCTG
consistent from year to year. This consistency
demonstrates that interannual climate variability
does not affect groundwater recharge or
storage in this irrigated area. However, future
improvements to irrigation infrastructure
CKOGFCVKPETGCUKPIVJGGHƂEKGPE[QHYCVGT
delivery are likely to greatly impact the extent
of incidental recharge related to irrigation.
Such changes will make alluvial aquifers such
as that near Hamilton less resistant to climate
EJCPIGKPƃWGPEGKPVWTPCHHGEVKPIITQWPFYCVGT
EQPVTKDWVKQPUVQUVTGCOƃQYKPCHHGEVGFCTGCU
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is not located near irrigation. The average monthly water levels show the difference in seasonal response of groundwater
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Fox Hills–Hell Creek aquifer, impacted by user withdrawals
Groundwater depletion occurs when the rate of groundwater recharge is less than the rate of
discharge. The Fox Hills–Hell Creek aquifer underlies most of the eastern third of Montana and
TGEGKXGUTGEJCTIGHTQOTGNCVKXGN[PCTTQYUWTƂEKCNGZRQUWTGU#NVJQWIJVJGCSWKHGTECPDGCUOWEJ
as 2000 ft (600 m) below the land surface, it provides water for domestic and livestock watering
purposes, as well as municipal water for the towns of Baker, Circle, Lambert, and Richey.
In the lower Yellowstone River basin, the Fox Hills–Hell Creek aquifer serves about 1500 wells
(Figure 3-21). The widespread use of the aquifer has resulted in persistent water-level declines,
especially in the Yellowstone River valley. The hydrograph from observation well 1846 near Terry
shows declining water levels of about 25 ft (7.6 m) during the past 33 yr (inset of Figure 3-21). The
groundwater hydrograph shows no response to local climate variability and suggests that water
use currently overwhelms or masks any variability related to climate. Projected shifts in temperature
and precipitation are likely to reduce diffuse recharge to the Fox Hills–Hell Creek aquifer and
accelerate the current depletion by water users. Increased demand on the aquifer will also occur
with a warmer climate.
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Groundwater systems are characterized by
JKIJUVQTCIGECRCEKV[TGNCVKXGVQKPƃQYUCPF
QWVƃQYU #NNG[ 6JKUEJCTCEVGTKUVKEYKNN
allow groundwater storage to play a key role
in dampening the impact of climate variability
on water resources (Taylor et al. 2013). Two
strategies employing groundwater storage are:
•

Coordinated use of
groundwater and surface
water resources.—Often referred
to as “conjunctive use”, this approach
stresses usage of surface water during
wet periods and stored groundwater
during dry periods to best maximize
water availability.

Effective management responses require
information, including:
•

URGEKƂEMPQYNGFIGQHVJGJ[FTQIGQNQI[
for many aquifers across the state to
assess the impact of climate change on
groundwater resources and develop
adaptive strategies; and

•

long-term monitoring of groundwater levels,
ITQWPFYCVGTWUGCPFUWTHCEGYCVGTƃQYVQ
establish baseline properties and conditions
for predicting change.
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•

/CPCIGFQTCTVKƂEKCN
groundwater recharge with
excess surface water.—The use
of aquifers as natural storage reservoirs
for later withdrawal helps avoid
evaporative loss, ecosystem impacts,
and other problems associated with
large, surface-water reservoirs.

Both strategies require comprehensive
hydrogeologic analysis due to the
uncertainty and variability of the climate
and sub-surface conditions.

The demand for groundwater is likely to
increase in the face of projected climate
variability and change (Brown et al. 2013) (see
Climate chapter). Whether groundwater will be
utilized to help meet future water demand will
depend not only on the physical availability of
groundwater, but also on its legal availability.
Surface water and groundwater are managed
as a single resource in Montana and both are
subject to restriction based on the water rights
doctrine of prior appropriation.

Key Messages

Multi-year and decadal-scale
droughts have been, and will
continue to be, a natural feature
of Montana’s climate [high
agreement, robust evidence];
rising temperatures will likely
exacerbate drought when and
where it occurs. [high agreement,
medium evidence]
Changes in snowpack and
runoff timing will likely increase
the frequency and duration of
drought during late summer
and early fall. [high agreement,
medium evidence]
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Drought is a recurrent climate feature that
occurs throughout the world, although it varies
substantially from region to region. Drought can
have broad and potentially devastating economic
and environmental impacts (Wilhite 2000); thus, it
is a topic of ongoing, statewide concern.

•

Through time, Montana’s people,
agriculture, and industry, like its
ecosystems, have evolved with drought.
Today, many entities across the state
address drought, including private and
PQPRTQƂVQTICPK\CVKQPUUVCVGCPFHGFGTCN
agencies, and landowners, as well as
unique watershed partnerships. These
groups incorporate drought preparedness
and management goals into Montana
water policy (see Building Drought
Resilience sidebar).

•

ecological drought,FGƂPGF

as a prolonged period over which an
ecosystem’s demand for water exceeds
VJGUWRRN[ VJGTGUWNVKPIYCVGTFGƂEKVQT
shortage, creates multiple stresses within
and across ecosystems);21 and

agricultural drought, commonly

WPFGTUVQQFCUCFGƂEKVKPUQKNOQKUVWTG
and water supply that lead to decreased
productivity (in this assessment, we will
treat this form of drought as an important
component of ecological drought).
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Drought is a complex phenomenon, driven
by both climate and human-related factors.
#NVJQWIJCENGCTFGƂPKVKQPQHFTQWIJV
KUGNWUKXGOQUVFGƂPKVKQPUHCNNKPVQHQWT
interrelated categories:
•

meteorological drought,

FGƂPGFCUCFGƂEKVKPRTGEKRKVCVKQP
and above average evapotranspiration
that lead to increased aridity;

•

hydrological drought,

Here, we focus on hydrological drought,
in keeping with the emphasis on water
CXCKNCDKNKV[CPFUVTGCOƃQY

Drought is also discussed in terms of its
duration. This section will address both
persistentFTQWIJVYJKEJYGFGƂPG
as multiple years of below-average
UVTGCOƃQY YKVJKPYJKEJKPFKXKFWCN
UGCUQPUQHCDQXGCXGTCIGƃQYOC[
QEEWT CPFUGCUQPCNFTQWIJVFGƂPGFCU
DGNQYCXGTCIGUVTGCOƃQYNCUVKPIOQPVJU
In Montana, seasonal drought is most
common and of greatest concern during
the warm growing season in summer and
early fall. We therefore refer to this as
warm-season drought.

characterized by reduced water
levels in streams, lakes, and aquifers
following prolonged periods of
meteorological drought;

21

Ecological drought >Ã>ÃLii`iwi`ÀiViÌÞLÞ>-ViVivÀ >ÌÕÀi>`*i«i*>ÀÌiÀÃ «ÜÀ}}ÀÕ«°/ iÀ`iwÌÃ
>«À}i`>`Ü`iÃ«Ài>``iwVÌ>ÌÕÀ>Þ>Û>>LiÜ>ÌiÀÃÕ««iÃÌ >ÌVÀi>ÌiÃÕÌ«iÃÌÀiÃÃiÃ>VÀÃÃiVÃÞÃÌiÃ-ViVivÀ
>ÌÕÀi>`*i«i*>ÀÌiÀÃ «Õ`>Ìi`®°
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Building Drought Resilience in Montana
 +PVJGRCUV/QPVCPCQHVGPCFFTGUUGFFTQWIJVCPFƃQQFKPICU
temporary emergencies, with reactionary responses to an immediate
crisis. Over the past decade, western water planners have learned
VJCVVJGDGUVVKOGVQRTGRCTGHQTVJGKORCEVUQHFTQWIJVQTƃQQFKPIKU
before those events occur. Thus, they have developed plans advocating
a proactive hazard management approach.
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Today, Montana’s drought planning efforts take this approach,
seeking to apply foresight, commitment, technology, and cooperation
to diminish the impacts of drought. For example, water managers
and users now employ improved short-term drought forecasting
methods to better plan for and mitigate drought impacts. Even so,
our forecasting abilities must further improve for Montanans to better
prepare for short-term variation in weather patterns and expected
long-term impacts associated with climate change.

Canoeing the Jefferson River. Photograph courtesy of Scott Bischke.

2017 MONTANA CLIMATE ASSESSMENT | 125

National Drought Resilience Partnership
Montana Demonstration Project
Through the Montana Demonstration Project partners, Montana
is forging new ground in bringing together agencies, resource
managers, and communities to plan for drought impacts and build
drought resilience within watershed communities. Teaming with the
National Drought Resilience Partnership—a collaborative of federal
and state agencies, watershed stakeholders, and non-governmental
organizations—the Montana group is working to leverage and deliver
VGEJPKECNJWOCPCPFƂPCPEKCNTGUQWTEGUVQJGNRCFFTGUUFTQWIJVKP
the arid West.
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The team selected the Missouri Headwaters Basin in southwest
Montana for a national demonstration project. This basin experiences
frequent drought, plays an important role in landscape connectivity
in the Northern Rockies, and faces rapidly changing population and
land use. The Montana Demonstration Project partners are working
collaboratively to engage and train community-based drought
coordinators to lead planning, mitigation, and project implementation
in each of the eight watersheds in the basin. The individual watershed
planning efforts will provide the basis for a scaled-up, integrated
Headwaters Basin plan.
This unique partnership is successfully demonstrating a) the value of
enhanced coordination, and b) how to effectively leverage federal,
state, and private resources to build community and ecosystem
resilience to prepare and adapt to a changing climate.
Text contributed by Ann Schwend, MT DNRC.
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Persistent drought
During the past century, Montana
GZRGTKGPEGFUKIPKƂECPVRGTKQFUQH
persistent drought in 1917-1919, the
late 1920s to early 1940s (the Dust Bowl
droughts), the 1950s, the late 1980s to early
1990s, and the early 2000s (Figure 3-13).
Most consider the Dust Bowl drought to
be the worst multi-year drought in the
observational record in Montana.
While these major droughtss affected all
of Montana—and indeed much of the
West—the severity, duration, and timing
of each drought varied across the state
(KIWTG KPENWFKPIKPVJGKTKPƃWGPEGQP
the larger river basins (MT DNRC 2015). In
the 1950s, for example, rivers east of the
Continental Divide show multiple years of
DGNQYCXGTCIGƃQYYJKNGVJG%NCTM(QTM
at Saint Regis experienced above-average
ƃQYUFWTKPIVJGGPVKTGFGECFG

Regional and local factors
VJCVKPƃWGPEGRGTUKUVGPV
drought
A complex interplay of climate, hydrologic
and ecosystem processes, and human
KORCEVUKPƃWGPEGUFTQWIJV(QTVJKU
CUUGUUOGPVYGHQEWUQPVJGƂTUVVYQ
However, it is notable that humans
UKIPKƂECPVN[KORCEVUVTGCOƃQYCPFYCVGT
supply, and, hence, patterns of drought.
Those impacts must be included in future
efforts to assess drought risk, manage water
use and supply, and build resilience to
climate change.
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Studies of tree-ring-based reconstructions
QHFTQWIJVUPQYRCEMCPFUVTGCOƃQYQHHGT
important insights about the long-term
history of drought, as well as the natural
variability of climate over the last millennium
(Jackson et al. 2009). Reconstructions of
UPQYRCEMUVTGCOƃQYCPFFTQWIJVKPFKEGU
show that wet and dry periods, persisting
between 10-25 yr, occurred throughout the
western US (Cook et al. 2004; Pederson et al.
2006; Pederson et al. 2011b). Further, treering reconstructions of drought (using the
Palmer Drought Severity Index) show that a)
the frequency and duration of droughts in
the West were greater prior to 1200 AD than
during the 20th century, and b) the past 300
yr have been wet relative to the long-term
average (Cook et al. 2004; Cook et al. 2010).

Natural variability in precipitation and
temperature will continue to characterize
Montana’s climate in the future, resulting in
droughts of varying duration and intensity.
Within the context of this natural variability,
human-driven changes in temperature and
precipitation will affect future patterns of
drought in Montana. For this assessment, we
focus on important factors, described below,
that affect the natural variability of persistent
drought in Montana, as well as potential
shifts in drought occurrence as a result of a
changing climate.
•

Precipitation.—Interannual

variability in precipitation is widely
accepted as the primary climate
factor driving drought. While annual
precipitation is expected to increase in
many parts of Montana, precipitation
projections are less certain than changes
in temperature, making accurate
assessment of future drought risk based
QPVJQUGRTQLGEVKQPUFKHƂEWNV %QQMGV
al. 2014). Additionally, the total volume
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of annual precipitation is only a single
factor that helps to predict drought;
the frequency, intensity, character, and
seasonality of precipitation are equally
KORQTVCPV 5JGHƂGNFCPF9QQF 
For example, shifts from snow to rain in
headwater areas and potential decreases
in summer precipitation could have
negative consequences for water supply
in the seasons of highest water demand
(see snowpack, snowmelt and runoff, and
seasonal drought sections).

•

Evapotranspiration and
drought.—Rising temperatures cause

increased rates of evaporation and plant
transpiration, which together are referred
to as evapotranspiration. This increased
evapotranspiration will be one of the
OQUVUKIPKƂECPVKPƃWGPEGUQPFTQWIJV
resulting from rising temperatures. In
the absence of increased precipitation,
higher rates of evapotranspiration can
move substantial amounts of water back
to the atmosphere (Figure 3-1), leading
VQTGFWEVKQPUKPUVTGCOƃQYUQKNOQKUVWTG
and groundwater recharge. Recent
studies suggest a) a global trend toward
drying of land surfaces since the 1980s
5JGHƂGNFCPF9QQF&CK
Dai 2013), and b) an increase in water
FGƂEKVUKPVJG0QTVJGTP*GOKURJGTGUKPEG
2000 (McCabe and Wolock 2015), both
resulting from rising temperatures and
elevated levels of evapotranspiration.
However, regional changes in
evapotranspiration are less certain
than global trends (Cook et al. 2014).
Additionally, quantifying the effects of
climate change on evapotranspiration—
and subsequently to the water
balance—is complex; so much so that
future projections of drought risk vary
UKIPKƂECPVN[ <YKGTUGVCN5JGHƂGNF
et al. 2012) depending on assumptions
made about how evapotranspiration
will respond to climate change. Among
other factors, complexity results from
uncertainty in how plants will respond to
elevated greenhouse gases and changes
in water availability, as shown below.
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•

Temperature.—Temperature

variability can also affect drought,
CNVJQWIJKVUKPƃWGPEGKUOWEJUOCNNGT
than that of precipitation (Dai 2011;
Livneh and Hoerling 2016). Historically,
temperature appears to be a secondary
response to drought, rather than an
initial driver. In the prolonged absence
of precipitation, soils dry out and the
fraction of energy that once went into
evaporation heats the land surface and
forces temperatures higher (Lukas et
al. 2014). In severe circumstances, a
positive feedback then occurs, with high
temperatures further exacerbating the
drought. Several recent studies suggest
that, while precipitation remains the
RTKOCT[FTKXGTQHFTQWIJVVJGKPƃWGPEG
of high temperatures on drought is
increasing, as shown for recent droughts
in California and the Great Plains
(Hoerling et al. 2014; Wang et al. 2014;
Livneh and Hoerling 2016).

£ÓnN7č/ ,č

 č/  č 

Evapotranspiration is expected
to increase with warming and,
yet, plants can respond to
elevated atmospheric CO2 (that
occurs in parallel with warming)
D[WUKPIYCVGTOQTGGHƂEKGPVN[
leading to less water loss through
evapotranspiration (Tesemma et al.
2015; Swann et al. 2016).
Evapotranspiration is limited by
water supply and, thus, long-term
or seasonal increases in aridity will
constrain potential increases in
evapotranspiration caused by rising
temperatures (Huntington and
Niswonger 2012; Trenberth et al.
2014).

Drought and the dominant
role of sea-surface
temperatures
As discussed in the Climate chapter, largescale atmospheric circulation patterns
connected to changes in sea-surface
VGORGTCVWTGUUVTQPIN[KPƃWGPEGPCVWTCN
variations in precipitation and temperature
(e.g., Cayan et al. 1999; Mantua and Hare
2002). Shifts in sea-surface temperatures
KPDQVJVJG2CEKƂECPF#VNCPVKEQEGCPUECP
produce conditions that lead to periods of
drought (McCabe et al. 2004, Seager and
Hoerling 2014).
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Surface water stored in reservoirs provides
important warm-season water supplies in
much of Montana, particularly in central and
eastern areas that receive the lowest levels
QHCXGTCIGCPPWCNRTGEKRKVCVKQP#UKIPKƂECPV
percentage of this stored water is currently
lost to evaporation. For example, 7% of the
water budget for the lower Missouri River
Basin evaporates annually from Fort Peck
Reservoir (MT DNRC 2014a). Additionally,
in the many arid parts of Montana, runoff
GHƂEKGPE[tVJGRTQRQTVKQPQHRTGEKRKVCVKQP
EQPXGTVGFVQUVTGCOƃQYtKUCNTGCF[NQY
(e.g., 4% of precipitation in the Musselshell
NGCXGUVJGDCUKPCUUVTGCOƃQY=/6&04%
2014a]). Higher rates of reservoir evaporation
due to rising temperatures could exacerbate
both problems, resulting in reduced water
supply and decreased ability for reservoirs to
DWHHGTUWOOGTRGTKQFUQHNQYUVTGCOƃQY

A deeper understanding of these circulation
patterns is required to predict persistent
drought in Montana and the West accurately
(Cook et al. 2007; Trenberth et al. 2014).
The relationship between changes in
sea-surface temperature and drought is
complicated by many factors, including a)
the large number of meteorological or other
environmental phenomena involved; b) the
widely varying timescales and large distances
those phenomena act over; and c) the
fact that those phenomena can amplify or
dampen each other’s effect on weather and
climate (Schubert et al. 2016). Indeed, our
current understanding of how sea-surface
temperatures respond to climate change
is relatively weak (see Climate chapter),
severely limiting our ability to forecast
persistent drought (Dai 2011; Seager and
Hoerling 2014; Trenberth et al. 2014).
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Likelihood of persistent
drought
Given the known occurrence of long-term
drought in Montana over the observed
historical and paleo-climate records, there
is very high likelihood that persistent
drought will continue to be part of
Montana’s future climate, regardless of the
effects of climate change.
There is relatively little consensus about how
climate change will affect the incidence of
persistent drought at global and regional
scales, in large part due to the uncertainties
discussed above. In addition, exclusion of
human-related impacts such as irrigation, land
use, and water diversion from most current
climate models makes reliable projection
QHFTQWIJVGXGPNGUUEGTVCKP 5JGHƂGNFCPF
Wood 2008). Across the western US, there
is considerable variation in projected future
drought risk, both regionally and among
climate models.

temperatures will exacerbate drought when
and where it occurs, leading to more rapid
onset of drought and increased intensity
(Strzepek et al. 2010; Peterson et al. 2013;
Lukas et al. 2014; Trenberth et al. 2014). Such
effects may already be occurring in some areas
(Lukas et al. 2014).
In addition, strong evidence exists that climate
change is likely to impact the occurrence and
severity of warm-season drought (Cook et al.
5JGHƂGNFCPF9QQF2GFGTUQPGVCN
2011a; Dai 2013; Trenberth et al. 2014).
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Projections for the northern Rocky Mountains
and northern Great Plains, including
precipitation only, suggest that long-term
droughts will not increase in frequency
(Strzepek et al. 2010). However, projections
for these regions that incorporate other
changes in climate (such as temperature
and evapotranspiration) predict increasing
drought frequency in the latter half of the
21st century (Strzepek et al. 2010; Dai 2011;
Cook et al. 2014), suggesting an increasing
KPƃWGPEGQHVGORGTCVWTGQPFTQWIJV#OKFUV
debates over changes in drought frequency,
there is widespread agreement that rising
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Warm-season drought

Drought during the warm season is a common
phenomenon in arid and snowmelt-dominated
regions in the West, including much of Montana.
In these areas, the majority of precipitation arrives
as snow in winter and melts in spring to produce
JKIJUVTGCOƃQYVJCVIGPGTCNN[FKOKPKUJGUVJTQWIJ
summer. Even for areas in eastern Montana that
receive most of their annual precipitation in
spring and summer, water in larger watersheds is
predominantly derived from mountain snowpack
/6&04%D CPFVJWUUVTGCOƃQYVJGTG
follows a similar seasonal pattern (Figure 3-6).
Warm-season drought can occur during years of
persistent drought as well as years of average
precipitation if, for example, high spring
temperatures rapidly reduce snowpack. Changes
KPNCVGUWOOGTƃQYUCTGNKMGN[VQDGOQTGETKVKECN
VQRGQRNGVJCPEJCPIGUKPCPPWCNƃQYUDGECWUG
the demand for water is highest in summer.
Thus, understanding current trends and potential
changes in warm- season drought is essential for
building water resource resilience in Montana.

Observed trends in warmseason drought
'XKFGPEGHQTFGENKPKPIUWOOGTƃQYUCETQUU
much of the West comes from large-scale
studies in the Sierra Nevada; the Columbia,
Colorado (Das et al. 2011), and Upper
Missouri basins (Norton et al. 2014); and
many small watersheds in western Montana,
Idaho, Alberta, and British Columbia (Rood
et al. 2008; Leppi et al. 2012). Widespread
FGENKPGUKP#WIWUVUVTGCOƃQYCPFKPETGCUGF
HTGSWGPE[QHNQYƃQYUJCXGDGGPTGRQTVGF
in both pristine and regulated watersheds of
western Montana, Idaho, and Wyoming, with
the most pronounced trends in pristine sites
(Leppi et al 2012).

used to predict #WIWUVUVTGCOƃQYKPVJG
future, it can help reveal patterns of seasonal
temperature and precipitation that tend
VQRTQFWEGJKIJGTQTNQYGTUWOOGTƃQYU
It should be acknowledged, however, that
increased water use during the summer
makes it harder to explicitly separate the
effects of climate from water use.

Factors that determine August
ƃQYUXCT[CETQUUVJGUVCVGtIn

QWTHQECNYCVGTUJGFUYGƂPFVJCVHQTTKXGTU
fed primarily by mid- to high-elevation
snowmelt (e.g., the Yellowstone at Billings,
the Clark Fork at Saint Regis, and the
/KUUQWTKCV6QUVQP #WIWUVƃQYUJCXGC
strong positive relationship with winter
(November-March) precipitation and a strong
negative relationship with spring (April-June)
temperatures. Thus, we can expect that years
with low winter precipitation and high spring
VGORGTCVWTGUYKNNNGCFVQNQY#WIWUVƃQYU
In addition, for the Yellowstone at Billings,
when recent years (1980-2015) are compared
to the entire period of record (1929-2015),
the relationship between high spring
VGORGTCVWTGUCPFNQY#WIWUVƃQYU PQV
pictured in Figure 3-22) is strengthened, a
ƂPFKPIEQPUKUVGPVYKVJNKVGTCVWTGUWIIGUVKPI
that recent warming is exacerbating low
UWOOGTƃQYU *C[GVCN.GRRKGVCN
2012; Huntington and Niswonger 2012).
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Most studies link declining summer
ƃQYUYKVJKPETGCUGFYKPVGTCPFURTKPI
temperatures, reduced snow accumulation
(see snowpack section), and earlier snowmelt
and spring runoff (see snowmelt and runoff
section) (Rood et al. 2008; Kim and Jain
2010; Leppi et al. 2012). The problems of
FGENKPKPIUWOOGTƃQYUCTGEQORQWPFGFKP
YCVGTUJGFUYKVJUKIPKƂECPVYCVGTWUG

Factors associated with low
UWOOGTƃQYUKP/QPVCPC
Here, we investigate factors associated
YKVJUWOOGTNQYƃQYUKPQWTHQECNTKXGTUD[
examining correlations between historical
 ENKOCVGCPF#WIWUVUVTGCOƃQY
(e.g., the relationship between winter or
URTKPIRTGEKRKVCVKQPCPF#WIWUVƃQY(KIWTG
3-22). While this investigation cannot be

Although these three rivers receive the
vast majority of their annual precipitation
in winter and spring (70-78%), summer
precipitation can also have an important
KPƃWGPEGQP#WIWUVƃQYU (KIWTG 
For the Marias River near Shelby and the
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4GNCVKXG+PƃWGPEGQH+PETGCUKPI6GORGTCVWTGCPFQT2TGEKRKVCVKQP
QP#WIWUV5VTGCOƃQY PQUKIPKƂECPVKPƃWGPEG

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
}ÕÀiÎÓÓ°,i>ÌÛiyÕiVivÌi«iÀ>ÌÕÀi>`«ÀiV«Ì>ÌčÕ}ÕÃÌyÜÃvÀÌ ivV>ÀÛiÀÃvÌ Ã>ÃÃiÃÃiÌ°
}iiÀ>]Ü>ÀiÀÌi«iÀ>ÌÕÀiÃ >Ûi>i}>ÌÛiyÕiVičÕ}ÕÃÌÃÌÀi>yÜ]Ü i«ÀiV«Ì>Ì >Ã>«ÃÌÛiyÕiVi
yÜÃ° vviÀiViÃiÝÃÌ>}Ãi>ÃÃ>`ÀÛiÀÃ°

/WUUGNUJGNN4KXGTCV/QUD[#WIWUVƃQYUCTGNQYGUVFWTKPI[GCTUQHJKIJUWOOGTVGORGTCVWTGU
(Figure 3-22) and low summer precipitation. For the Marias River near Shelby, high spring
VGORGTCVWTGUCNUQPGICVKXGN[KPƃWGPEG#WIWUVƃQYUNKMGN[DGECWUGQHCEEGNGTCVGFUPQYOGNV
For the two focal rivers in eastern Montana (Powder River near Locate and Poplar River near
2QRNCT #WIWUVƃQYUCTGOQUVFGRGPFGPVWRQPUWOOGTRTGEKRKVCVKQP (KIWTG NKMGN[DGECWUG
eastern Montana receives a higher percentage of precipitation in spring and summer relative to
the other parts of the state.
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Climate projections and warmseason drought.—Future changes in

climate are likely to increase the incidence
of warm-season drought (Cook et al. 2004;
5JGHƂGNFCPF9QQF2GFGTUQPGVCN
2011a). Based on the relationships between
ENKOCVGCPF#WIWUVƃQYUFGUETKDGFCDQXG
projected warming in winter and spring will
NKMGN[NGCFVQNQYGTUWOOGTƃQYUCPFQTNQY
ƃQYUQHNQPIGTFWTCVKQP*KIJYCTOUGCUQP
temperatures show a negative relationship
YKVJ#WIWUVƃQYUKPUGXGTCNYCVGTUJGFUCP
GHHGEVVJCVKUNKMGN[VQDGOCIPKƂGFYKVJTKUKPI
summer temperatures and the projected
increase in number of days over 90°F (32°C)
(see Climate chapter).

will leave Montana watersheds earlier in
VJG[GCTTGUWNVKPIKPNQYGTƃQYUFWTKPIVJG
UWOOGTOQPVJU.QYGTƃQYUCTGCEQPEGTP
for multiple reasons, as described below.
•

Although Montana has experienced a
long history of warm-season drought,
projected changes in temperature and
precipitation could have a substantial
impact on the severity of warm-season
drought in the future.

•

Short-term drought during the season
of highest demand can a) test water
supply infrastructure, and b) have severe
consequences for human and natural
systems (Luce and Holden 2009).

•

Given the projected increases in
UVTGCOƃQYFWTKPIYKPVGTCPFURTKPI
OCKPVCKPKPIUVTGCOƃQYUFWTKPIYCTO
season months will likely necessitate
reconsideration of water storage
practices and reservoir management.

•

Changing seasonality of water availability
will likely put additional stress on the
rigid and legally encumbered water
TKIJVUU[UVGOOCMKPIKVFKHƂEWNVVQCEEGUU
water at critical times (Udall 2013).

•

Changes in stream temperature due to
NQYGTƃQYUCPFTKUKPICKTVGORGTCVWTG
are likely to have catastrophic impacts on
some aquatic species, with ripple effects
on Montana’s important river-based
recreation industry (see Warming Rivers
and Streams sidebar).
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Any potential decline in summer
precipitation is also projected with medium
EQPƂFGPEGHQTOCP[CTGCUKP/QPVCPC
(see Climate chapter). Small decreases in
summer precipitation could exacerbate the
occurrence and severity of warm-season
drought because a) many smaller watersheds
in eastern Montana are fed more by spring
and summer precipitation than by winter
snowpack (MT DNRC 2014b), and b) low
#WIWUVƃQYUUJQYCUVTQPIEQTTGNCVKQPYKVJ
summer precipitation in all focal watersheds.
Projected hydrographs for our focal
watersheds demonstrate reductions in
NCVGUWOOGTƃQYUHQTCNNTKXGTUGZEGRV
the Musselshell, although variation in
the magnitude of change and projection
EQPƂFGPEGGZKUVU UGG(KIWTG 6JGUG
projections, therefore, generally illustrate
VJCVCJKIJGTRTQRQTVKQPQHVJGCPPWCNƃQY
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Warming Rivers and Streams
Montana’s 40,000 miles (64,000 km) of perennial rivers and streams
UWRRQTVYQTNFHCOQWUVTQWVƂUJGTKGU6JG[CNUQRTQXKFGJCDKVCVHQTTCTG
CPFVGORGTCVWTGUGPUKVKXGURGEKGUNKMGDWNNVTQWV 5CNXGNKPWUEQPƃWGPVWU),
EWVVJTQCVVTQWV Oncorhynchus clarkii CPFRGCTNUJGNNOWUUGNU /CTICTKVKHGTC
OCTICTKVKHGTC 
 4GUGCTEJGTUJCXGTGEGPVN[FGXGNQRGFJKIJTGUQNWVKQPUVTGCOENKOCVGOCRU
+UCCMGVCN DCUGFQPGZVGPUKXGUVTGCOVGORGTCVWTGFCVCEQNNGEVGF
D[UGXGTCNCIGPEKGUCETQUUVJGUVCVG6JGOCRUUJQYVJCVUWOOGTUVTGCO
VGORGTCVWTGUXCT[EQPUKFGTCDN[VJTQWIJQWVVJGUVCVG6JQUGVGORGTCVWTGU
IGPGTCNN[TGƃGEVRCVVGTPUKPCXGTCIGCKTVGORGTCVWTGUtWUWCNN[DGKPIEQNFGUV
KPVJGJKIJOQWPVCKPUCPFYCTOGUVCVNQYGNGXCVKQPUCPFKPVJGGCUVGTPRNCKPU
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 %JCPIGUKPENKOCVGFGUETKDGFKPVJKUCUUGUUOGPVGURGEKCNN[FGENKPKPIUWOOGT
ƃQYU 4QQFGVCN.GRRKGVCN CPFKPETGCUKPICKTVGORGTCVWTGU
2GFGTUQPGVCN JCXGECWUGFVGORGTCVWTGUVQKPETGCUGKPVJGUVCVGoU
TKXGTUCPFUVTGCOUCVVJGTCVGQH( %FGECFG  +UCCMGVCN
 5VTGCOYCTOKPITCVGUCTGUNQYGTVJCPCKTVGORGTCVWTGYCTOKPITCVGU
FWGVQVJGDWHHGTKPIGHHGEVUQHITQWPFYCVGTDWVCP[VGORGTCVWTGKPETGCUGECP
DGKORQTVCPVHQTEQNFDNQQFGFCSWCVKEURGEKGU6YQTCOKƂECVKQPUQHKPETGCUKPI
UVTGCOVGORGTCVWTGUHQNNQY
r(KUJOQXKPIWRUVTGCOt5VWFKGUCNTGCF[UJQYVJCVFKUVTKDWVKQPUQHDTQYP
trout (5CNOQVTWVVC CPFDWNNVTQWVJCXGUJKHVGFWRUVTGCOCUƂUJUGGM
VQCEEGUUEQQNGTJCDKVCVU 'D[GVCN#N%JQMJCEJ[GVCN 
+PCFFKVKQPYCTOYCVGTƂUJGU GIUOCNNOQWVJDCUU=/KETQRVGTWU
dolomieu? JCXGDGGPECWIJVYKVJKPETGCUKPIHTGSWGPE[KPJKUVQTKECNN[EQNF
UGEVKQPUQHUQOGTKXGTUUWEJCUVJG;GNNQYUVQPG4KXGTPGCT.KXKPIUVQP
%QNFJGCFYCVGTUVTGCOUCTGRQKUGFVQRTQXKFGKORQTVCPVENKOCVGTGHWIG
HQTURGEKGUTGSWKTKPIEQNFYCVGTU +UCCMGVCN 
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r2QUUKDNGEJCPIGUKP/QPVCPCƂUJKPITGIWNCVKQPUt+PNCTIGTTKXGTUCV
NQYGTGNGXCVKQPUYCTOKPIVTGPFUOC[TGUWNVKPOQTGHTGSWGPVƂUJKPI
UGCUQPENQUWTGUCPFFKUGCUGQWVDTGCMUUWEJCUVJGOQWPVCKPYJKVGƂUJ
(Prosopium williamsoni MKNNQPVJG;GNNQYUVQPG4KXGTKPVJGHCNNQH
/(929TKIJV 5QOGUGEVKQPUQHTKXGTUVJCVEWTTGPVN[
UWRRQTVVTQWVƂUJGTKGUOC[VTCPUKVKQPITCFWCNN[KPVQDCUUƂUJGTKGU
 +VKUFKHƂEWNVVQMPQYRTGEKUGN[JQYOWEJYCTOGT/QPVCPCoUTKXGTU
CPFUVTGCOUYKNNDGEQOGKPVJKUEGPVWT[DWVCETQUUVJGUVCVGYCVGT
VGORGTCVWTGUYKNNNKMGN[HQNNQYTKUKPICKTVGORGTCVWTGU
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Climate map showing
average summer
temperatures in
Montana’s rivers and
streams during historical
L>Ãii«iÀ`v£Îq
Óä££Ì««>i®>`>
late-century scenario in
which temperatures are
warmer than historical
V`ÌÃLÞÎ°Èc
Ó°äc ÆLÌÌ«>i®°
River segments colored
red are usually too warm
for popular cold-water
species like trout. A
more detailed version of
this map, as well as the
stream temperature data
ÕÃi`Ì]>Ài>Û>>Li
from the NorWeST
ÜiLÃÌi1--,,-
Õ`>Ìi`®°-`iL>ÀÌiÝÌ
>`w}ÕÀiVÌÀLÕÌi`LÞ
Daniel J. Isaak, US Forest
Service, Rocky Mountain
Research Station.
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Flooding.—While drought likely

represents the greatest persistent waterTGUQWTEGEQPEGTPKP/QPVCPCƃQQFKPIJCU
also occurred regularly throughout the state’s
history, resulting in loss of life and substantial
damage to property, infrastructure, and
TKRCTKCPGEQU[UVGOU(NCUJƃQQFKPIGXGPVU
V[RKECNN[QEEWTYKVJNKVVNGYCTPKPICTGFKHƂEWNV
to predict, and are caused by a variety of
climate and human-related factors. The
IGQITCRJKECNGZVGPVQHƃQQFKPIKUQHVGPOQTG
NKOKVGFVJCPVJCVQHFTQWIJVƃQQFJKUVQT[
KP/QPVCPCVJGTGHQTGXCTKGUUKIPKƂECPVN[D[
watershed and basin (Table 3-3).

1964, 13 inches (33 cm) of rain fell in 24 h near
Augusta, Montana, nearing the average annual
precipitation for the region in a single day.
This record-breaking rainfall on a higher-thanaverage and late-melting snowpack along the
Rocky Mountain Front caused the overtopping
of the Gibson Dam on the Sun River, and the
failure of Swift Dam on Birch Creek and Lower
Two Medicine Dam on Two Medicine Creek.
6JGƃQQFECWUGFGZVGPUKXGFCOCIGCPF
resulted in 30 fatalities, all of which were on
the Blackfeet Reservation.
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+P/QPVCPCƃQQFGXGPVUECPQEEWTCVCP[VKOG
QHVJG[GCTDWVVJGECWUGUQHƃQQFKPIXCT[
COQPIUGCUQPU/QUVURTKPIƃQQFUCTGECWUGF
by rapid snowmelt, particularly during rainQPUPQYGXGPVUKPYJKEJTCKPKPƂNVTCVGUCPF
degrades the existing snowpack. The most
UGXGTGCPFFGUVTWEVKXGƃQQFUKPVJGUVCVGoU
observational record have resulted from rainon-snow events (Table 3-3) (Paulson et al. 1991;
MT DNRC 2015) that occurred after a period
of relatively cold weather. During these events,
HTQ\GPUQKNURTGXGPVVJGKPƂNVTCVKQPQHUWTHCEG
water into soils, resulting in greatly elevated
runoff (MT DNRC 2015). In northwestern
Montana, rain-on-snow events are one of the
most frequent causes of annual maximum
UVTGCOƃQYU /CE&QPCNFCPF*QHHOCP
Ferguson 2000).
Natural variability in precipitation also plays
CUKIPKƂECPVTQNGKPƃQQFKPIKP/QPVCPC
sometimes in combination with rain-on-snow
GXGPVU(QTGZCORNGKPVJGJWIGƃQQFQH,WPG
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Flood events can also occur in winter as
CTGUWNVQHKEGLCOUYJKEJKORGFGƃQYKP
VJGTKXGTEJCPPGNCPFNGCFVQƃQQFRNCKP
KPWPFCVKQP6JGUGƃQQFUCTGOQUVEQOOQP
east of the Continental Divide during
persistent cold weather fronts. Interestingly,
Montana has recorded more ice jam events
than any other state in the continental US
(US Army CRREL undated). Floods that occur
during summers are generally caused by large
convective rainstorms and are most common
in the eastern plains, particularly in the lower
Yellowstone River Basin.

*WOCPHCEVQTURNC[CUKIPKƂECPVTQNGKP
OQFKH[KPIƃQQFTGIKOGU#EVKXKVKGUUWEJCU
urbanization, forest clearing, wetland drainage,
and stream channelization, tend to amplify
ƃQQFKPIYJKNGYCVGTOCPCIGOGPVRTCEVKEGU
such as reservoir storage operation, can often
RTGXGPVQTOQFGTCVGVJGRGCMƃQYUVJCVNGCF
VQNCTIGƃQQFU -WPMGNCVCN4QQFGVCN
2016). Consideration of these factors will be
ETKVKECNHQTRTGXGPVKPICPFOKVKICVKPIƃQQFU
into the future.

6CDNG/QPVCPCƃQQFJKUVQT[HTQOHTQOVJG0CVKQPCN9CVGT5WOOCT[CPF
recent observations (Paulson et al. 1991).
Date

Area affected

Recurrence Description
ÌiÀÛ>ÞÀÃ®

Cause

June
£än

Clark Fork
Basin, Missouri
headwaters

Unknown

Widespread and severe; worst
ƃQQFWPVKNNKXGUNQUV

Excessive spring rains
and snowmelt runoff

Sept
1923

Powder River basin

Unknown

Largest known discharge at
Moorhead.

Intense rain

May-June
£{n

Clark Fork,
Flathead,
Kootenai basins

25 to 50

Severe

Intense rain and rapid
snowmelt runoff

April
1952

Milk River basin

25 to >100

Severe on Milk River main
stem

Rapid snowmelt runoff

May-Jun
1953

Missouri
headwaters

25 to100

Moderate to severe

Intense rain and rapid
snowmelt runoff

June
1964

Missouri
50 to >100
headwaters
(Sun, Teton, Marias),
Clark Fork basin

Worst on record; lives lost,
30 (all on the Blackfeet
Reservation)

Intense rain and rapid
snowmelt runoff

Jan
1974

Kootenai River
basin

25 to >100

Severe on several Kootenai
tributaries

Intense rain and rapid
snowmelt runoff

May-July
1975

Missouri
headwaters,
Clark Fork basin

25 to 100

Severe in most areas affected
in 1964

Intense rain and rapid
snowmelt runoff

May
£Çn

Bighorn, Powder
and Tongue basins

10 to >100

Severe on larger tributaries;
lives lost, 1

Intense rain and rapid
snowmelt runoff

May
£n£

West-central
Montana

10 to >100

Severe; centered on Helena

Intense rain and rapid
snowmelt runoff

Sept
£nÈ

Milk River basin

10 to >100

Severe on larger tributaries;
lives lost, 1

Intense rain

June
1996

Statewide

50 to 100

+EGLCOƃQQFKPI (GD KPVJG
Clark Fork and Yellowstone
basins and widespread spring
ƃQQFKPI

Intense rain and rapid
snowmelt runoff

June
1997

Statewide

50 to 100

Severe and widespread
ƃQQFKPIKORCEVKPIYKFG
geographic area,

Record statewide
snowpack, Intense rain
and rapid snowmelt
runoff

May-June
2011

Statewide

50 to >100

.CTIGUVƃQQFQHTGEQTFHQT
Missouri River near Wolf Point
and Yellowstone River near
Livingston. Flooding most
severe on the Musselshell
River.

Above average
mountain snowpack,
spring rainfall, and
extensive and late
melting prairie
snowpack
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6TGPFUKPƃQQFTGNCVGF
precipitation.—&GVGTOKPKPIVTGPFUKPƃQQF

GXGPVUCPFVJGKTWPFGTN[KPIECWUGUKUFKHƂEWNVFWG
to the complex interplay of climate and humanrelated factors. Many studies have therefore
GZCOKPGFƃQQFTGNCVGFRTGEKRKVCVKQPGXGPVU
instead (Karl and Knight 1998; Kunkel 2003;
McCabe et al. 2007).
Studies have shown an increase in global and
North American extreme precipitation events
since 1970 (Karl and Knight 1998; Peterson et al.
2013; Rood et al. 2016). In the US, increases in
extreme precipitation have been most substantial
in the East, while trends in the West appear to be
OKZGFCPFNQECVKQPURGEKƂE 5CNCVJÅGVCN 

(WVWTGƃQQFTKUMtWarming will continue

to reduce mountain snowpack, and this could
TGFWEGƃQQFTKUMTGNCVGFVQTCKPQPUPQYGXGPVU
by reducing the quantity of water available for
release stored as snow (Cohen et al. 2015). Yet
warming is also likely to increase the amount of
winter and spring precipitation that falls as rain
(particularly in rain-snow transition zones), which
YKNNCEEGNGTCVGUPQYOGNVCPFEQWNFKPETGCUGƃQQF
risk, depending on antecedent snowpack, soil
moisture, and other conditions. As such, rising
VGORGTCVWTGUCNQPGYKNNKPƃWGPEGƃQQFTKUM
TGICTFNGUUQHVTGPFUKPRTGEKRKVCVKQP 5CNCVJÅGVCN
2014); yet the effects will likely be location- and
GXGPVURGEKƂECPFVJGTGHQTGFKHƂEWNVVQRTGFKEV
(Cohen et al. 2015).
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McCabe et al. (2007) analyzed the frequency
of rain-on-snow events at over 400 sites in
the western US between 1949 and 2003 and
found declining trends at lower elevations and
increasing trends at higher elevations. Reductions
in rain-on-snow events at lower elevations are
attributed to declines in the extent of lowelevation snowpack caused by warming (McCabe
et al. 2007). Increases at higher elevations are
likely due to a high-elevation snowpack that has
been largely unaltered by warming (Mote et al.
2005), combined with increased variability of latefall-winter precipitation.

The above studies and others (e.g., Hamlet
and Lettenmeier 2007) suggest that change
KPƃQQFTKUMFWTKPIVJGNCVVGTJCNHQHVJG
20th century has been a function of both
precipitation (increased variability) and
temperature (warming in mid winter). Climatedriven changes in both of these variables will
EQPVKPWGVQCHHGEVƃQQFTKUMKPVJGHWVWTG

£ÎnN7č/ ,č

 č/  č 

Future precipitation projections show a general
increase in extreme events at a global scale (Min
et al. 2011; Rood et al. 2016), and regional climate
models also consistently predict increases in
extreme precipitation in the northwestern US. In
Montana, the frequency of wet events (days with
more than 1 inch [2.5 cm] of rain) and variability
in interannual precipitation are both projected to
increase slightly by mid to late century (Figures
2-25 and 2-20).
There is considerable uncertainty surrounding
HWVWTGƃQQFTKUMKPTGURQPUGVQENKOCVG
change, and some research suggests that
extreme precipitation events can actually
intensify more quickly than what is projected
by general circulation models (Min et al. 2011;
also see section on GCMs in Climate chapter).
#FFKVKQPCNN[ƃQQFTKUMFGRGPFUQPURGEKƂE
UVQTOEJCTCEVGTKUVKEUVJCVCTGFKHƂEWNVVQECRVWTG
KPOQUVOQFGNU 5CNCVJÅGVCN /QTGQXGT
the particular effects of projected changes in
VGORGTCVWTGCPFRTGEKRKVCVKQPQPƃQQFTKUMYKNN

depend on location, elevation, and antecedent
weather conditions, as well as human practices
VJCVKORCEVƃQQFKPI

EJCPIGUHQTURGEKƂETKXGTDCUKPU6JG
collaboration between MT DNRC and the
Bureau of Reclamation (see sidebar) and
other ongoing efforts associated with
the Northwest Climate Science Center
(Integrated scenarios project undated)
are helping to close this gap, but
additional modeling and local hydrologic
expertise will be needed.

KEY KNOWLEDGE
GAPS
•

Water demand and
management in the context
of a changing climate.—

#NVJQWIJVJGFKTGEVKPƃWGPEGUQHENKOCVG
change on water supply have received
substantial attention (as evidenced by
this assessment), much less is known
about the intersection between changes
in climate and water demand and/
or water management. New solutions
are needed that balance the multiple,
and sometimes competing, demands
for water in the context of changing or
shifting water supplies (Poff et al. 2016).
Communication and collaboration
among multiple stakeholders, including
universities, agencies, non-governmental
organizations, and citizen groups, will
be paramount. The regional basin water
plans in Montana (e.g., MT DNRC 2014aF TGRTGUGPVCDQNFCPFETKVKECNƂTUVUVGR
but there is much work to be done.

In addition, we know that groundwatersurface water interactions are central
for projecting climate change impacts
on water resources, particularly in
snowmelt-dominated watersheds. These
interactions are not typically integrated
in hydrologic models, but such efforts
will be necessary for improving our
projections about climate change and
water supply (Huntington and Niswonger
2012).
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•

Improving the accuracy of
models in Montana.—Many

of the downscaled climate-hydrology
projections are not yet calibrated for
URGEKƂEDCUKPUCETQUU/QPVCPC6JWU
when the models agree, we have
TGNCVKXGN[JKIJEQPƂFGPEGKPVJGdirection
of projected changes, but much less
EQPƂFGPEGKPVJGmagnitude of future

•

Maintain and expand our
water monitoring network.—

Our knowledge about current and future
water supplies depends critically on
our ability to monitor the water cycle
across Montana and beyond. Our current
PGVYQTMQHYGCVJGTUVCVKQPUUVTGCOƃQY
gages, groundwater wells, and snowpack
monitoring sites must be maintained
and expanded to better represent
ongoing changes in the state. Current
collaborations between USGS, Montana
Bureau of Mines and Geology, and the
Montana DNRC are helping to support
this monitoring network, but additional
investment in this area will serve as
insurance for managing a sustainable
water future.
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CONCLUSIONS
Future changes in climate will alter
/QPVCPCoUJ[FTQNQI[#NVJQWIJVJGURGEKƂE
magnitude of changes remains uncertain,
two conclusions regarding the general
character of changes can be made with high
EQPƂFGPEG
•

Rising temperatures will reduce
accumulation of snowpack, shift historical
RCVVGTPUQHUVTGCOƃQYKP/QPVCPC
and likely result in additional stress on
Montana’s water supply, particularly
during the summer and early fall.

•

explicitly addressing the issue of water
use and demand in conjunction with best
data on climate and water supply
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•

Rising temperatures will exacerbate
persistent drought periods that are a
natural part of Montana’s climate.

The goal of this chapter has been to provide
UEKGPVKƂEFCVCQPVJGKORCEVUQHENKOCVG
change on Montana’s water supply, which are
crucial to the health of Montana’s agriculture,
industry, municipalities, and human and
natural ecosystems. Building resilience for
the future will require:
•

cooperation between legislators,
planners, scientists, managers and water
users across the state;
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Key snow and snowmelt hydrology publications:

•

CYCVGTWUGU[UVGOVJCVKUƃGZKDNGCPF
able to adapt to changes in timing of
water supply;

•

a focus on other means for natural and
CTVKƂEKCNUVQTCIGQHYCVGTHQTWUGFWTKPI
times of high demand; and
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of changes in snowmelt timing? Hydrological Processes
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Smoke over the Bitterroot Mountains.
Photograph courtesy of Philip Higuera.
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In this chapter, we interpret how past and projected shifts in climate—as
FGUETKDGFKPVJG%NKOCVGEJCRVGTtOC[KPƃWGPEG/QPVCPCHQTGUVU+VKU
important to note that any potential effects will be spatially and temporally
variable, depending on current forest conditions, local site characteristics,
GPXKTQPOGPVCNKPƃWGPEGUCPFCPPWCNCPFFGECFCNRCVVGTPUQHENKOCVG
variability, such as the El Niño-Southern Oscillation cycle, which can drive
regional weather and climate conditions. Additionally, when discussing
FTQWIJVKPVJKUEJCRVGTYGCTGTGHGTTKPIVQGEQNQIKECNFTQWIJVCUFGƂPGF
in the Drought sidebar of the Climate chapter. The summary of potential
ENKOCVGKPƃWGPEGUQPHQTGUVTGUQWTEGURTQXKFGFJGTGCTGKPRCTVHQEWUGF
on assisting managers and policy makers develop management responses.
Forest managers throughout Montana are key players in maintaining the
health of our forests and, ultimately, forest managers will need to consider
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KEY MESSAGES
•

Increased temperatures will have positive
or negative effects on individual trees and
forest-wide processes, depending on local
site and stand conditions, but impacts from
increased extreme heat will be negative.
[high agreement, moderate evidence]

•

Direct effects of climate change on individual
trees will be driven by temperature in
energy-limited forests and moisture in waterlimited forests. [high agreement, moderate
evidence]

•

#PKPETGCUGKPƂTGTKUM KGRTQDCDKNKV[QH
occurrence)—including an increase in size
and possible frequency and/or severity
(i.e., tree mortality)—is expected in the
coming century as a result of a) prolonged
ƂTGUGCUQPUFWGVQKPETGCUGFVGORGTCVWTGU
CPFD KPETGCUGFHWGNNQCFUHTQORCUVƂTG
suppression. [high agreement, robust
evidence]
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•

•

The speed and magnitude of climate change
may mean that increased forest mortality
and contractions in forest distributions will
outpace any gains in forest growth and
productivity over the long run, leading to
a net loss of forested area in Montana.
[medium agreement, limited evidence]

Direct effects of climate change on trees and
forests, such as warmer, wetter conditions
improving forest productivity or warmer,
drier conditions increasing tree mortality,
will be secondary to the impacts of altered
forest disturbance regimes, such as changes
KPHQTGUVƂTGDGJCXKQTCPFCTGCDWTPGF[high
agreement, limited evidence]

FOREST
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•

Rising temperatures are likely to increase
bark beetle survival [high agreement, strong
evidence], but climate-induced changes to
other insects and forest pathogens are more
varied and less certain. [medium agreement,
moderate evidence]

•

Forest responses to climate change may be
non-linear and complex due to feedbacks.
[high agreement, limited evidence]

•

There may be a reduction in the amount of
carbon stored in forests. [low agreement,
limited evidence]

URGEKƂECFCRVCVKQPCEVKQPUKPTGURQPUGVQEWTTGPVCPFRQVGPVKCNENKOCVG
changes. Forest managers also have an important role to play in climate
change mitigation via efforts to increase forest carbon storage.

BACKGROUND
Forest ownership, communities, and distribution in
Montana
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In Brief

• There are approximately 23 million acres (9.3 million ha) of forested land
in Montana, with the majority publicly owned and in the western part of
the state.
• The three most common forest types in the state are dominated by
/QPVCPCoUOQUVEQOOGTEKCNN[KORQTVCPVURGEKGU&QWINCUƂTNQFIGRQNG
pine, and ponderosa pine.

• Forest conditions in Montana are varied, and potential impacts from climate
change will overlay on existing stresses to forests.

The Montana State Assessment of Forest Resources (MT DNRC 2010) estimates that forested land
covers 23 million acres (9.3 million ha) in Montana (Figure 4-1). The majority of Montana forestlands
occur in the northwestern climate division (approximately 50%), followed by the southwestern, central,
and south central divisions. Additionally, the majority (16.3 million acres [6.6 million ha], 71%) is publicly
owned, under the jurisdiction of federal and state agencies (Figure 4-2). Tribal ownership accounts for
5% (1.2 million acres [0.49 million ha]) of forests in Montana. Approximately 5.5 million acres (2.2 million
ha) of forestland (24%) is privately owned, with the bulk (4.4 million acres [1.8 million ha], 19% state total)
held by more than 83,000 nonindustrial private landowners, and the remainder managed by private
industrial forest products companies.
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Existing Land Cover in Montana
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6JGTGCTGRTKOCT[HQTGUVV[RGUtFGƂPGF
by the dominant tree species in a given
CTGCtKP/QPVCPCCUKFGPVKƂGFCPF
SWCPVKƂGFKPVJG/QPVCPC5VCVG#UUGUUOGPV
of Forest Resources (MT DNRC 2010). The
three most widespread and commercially
important tree species and their direct and
indirect sensitivities to climate change are
described below.
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•

&QWINCUƂT Pseudotsuga
menziesii var. glauca) forests occur

in cooler settings, but can tolerate a variety
of climate conditions. They are found
predominantly in the northwestern climate
division (but also in the southwestern and
central divisions), on approximately 7 million
acres (2.8 million ha) in Montana (Figure 4-3).
&QWINCUƂTVTGGUCTGOQFGTCVGN[VQNGTCPVQH
ƂTGCPFVQNGTCVGFTQWIJVDGVVGTVJCPOCP[
QVJGTURGEKGU&QWINCUƂTHQTGUVUCTGUWDLGEV
to damage from western spruce budworm
CPF&QWINCUƂTDGGVNGCUYGNNCUUGXGTCNTQQV
diseases (e.g., Armillaria root disease).

Percent Forest Ownership in Montana
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•

Lodgepole pine (Pinus contorta
var. latifolia) forests occupy approximately

4.9 million acres (2.0 million ha) in Montana
(statewide, though primarily in the
northwestern and southwestern climate
divisions). Lodgepole pine trees grow on
moist soils and are highly frost tolerant,
DWVCTGNGUUFTQWIJVCPFƂTGTGUKUVCPVVJCP
&QWINCUƂT5VKNNNQFIGRQNGRKPGHQTGUVUCTG
well adapted to recolonizing burned areas
since lodgepole pine trees reach reproductive
maturity at a young age. Lodgepole pine
trees are susceptible to mountain pine beetle
infestation and resulting mortality.

•

, Óä£ä®°

Ponderosa pine (Pinus
ponderosa) forests are found in drier

areas of Montana, predominantly west of
the Continental Divide, although east of
the Continental Divide ponderosa pine is
the dominant commercial timber species.
Ponderosa pine forests occupy approximately
3 million acres (1.2 million ha) in Montana,
RTKOCTKN[C OKZGFYKVJ&QWINCUƂTVTGGU
in the northwestern, southwestern, and
central climate divisions, and b) as a single
species in the south central and southeastern
climate divisions. Compared to many other
conifers, ponderosa pine trees have deep
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roots, making them more drought tolerant, and thick bark and high crown, making them more
ƂTGCFCRVGF.KMGNQFIGRQNGRKPGRQPFGTQUCRKPGVTGGUCTGUWUEGRVKDNGVQOQWPVCKPRKPGDGGVNG
infestation and resulting mortality.

Existing Forest Cover Type in Montana
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1VJGTEQPKHGTHQTGUVV[RGUHQWPFKP/QPVCPCCTGURTWEGƂTHQTGUV RTKOCTKN[EQORQUGFQH'PIGNOCPP
spruce (Picea engelmannii) CPFUWDCNRKPGƂT Abies lasiocarpa), as well as forests dominated by western
larch (Larix occidentalis ITCPFƂT Abies grandis), limber pine (2KPWUƃGZKNKU), and miscellaneous
western softwoods. An additional forest type is composed of hardwoods, including aspen (Populus
tremuloides), cottonwood (Populus trichocarpa and P. deltoides), box elder (Acer negundo), bur
oak (Quercus macrocarpa), green ash (Fraxinus pennsylvanica), willow (Salix spp.), and birch (Betula
papyrifera). Of these hardwood species, cottonwood is the most abundant; it is concentrated in riparian
areas of central and eastern Montana.
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7TDCPHQTGUVUCNUQRTQXKFGKORQTVCPVDGPGƂVUVQSWCNKV[QHNKHGKP/QPVCPC*QYGXGTWTDCPHQTGUVU
which include many nonnative species, are not a focus of this chapter. Additionally, we will not focus
on forest understory species (e.g., shrubs and grasses) despite their importance as wildlife habitat,
NKXGUVQEMHQTCIGƂTGHWGNUCPFUQEKQEWNVWTCNKORQTVCPEG UGG5QEKQEWNVWTCNUKFGDCT $QVJWTDCPHQTGUVU
and the forest understory include a vast number of vegetation species, and consideration of speciesby-species impacts is beyond the scope of this report.

Potential climate impacts to forests

In Brief
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• Forests have evolved, adapted, and transformed in response to natural
processes, including disturbance and climate shifts, over the millennia.

• Current levels of atmospheric carbon dioxide are at their highest level in
approximately 3 million years, and projected to increase, which will drive
climate changes.

• Temperatures in Montana have increased and are projected to continue
VQTKUGVJGTGJCUDGGPPQUKIPKƂECPVEJCPIGKPOGCPCPPWCNRTGEKRKVCVKQP
across Montana, but most models project an increase in mean annual
precipitation with spring contributions greatest and with slightly reduced
summer precipitation. The combination of rising summer temperatures,
potential reductions in snowpack (see Water chapter), and decreased or
similar summer precipitation will likely make droughts more severe when
they do occur. The frequency and severity of extreme events (e.g., drought,
extreme hot days) will be enhanced or diminished depending on annual and
decadal climate oscillations.
• Individual tree species may prove to be more susceptible to projected
changes in climate conditions and associated disturbances, but the actual
response of individual species will be spatially complex and dependent on
local factors like soils, aspect, water, and nutrient availability.
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• There will be direct effects (related to increased temperatures and shifts in
precipitation) and indirect effects (changes in disturbance regimes as a result
of the direct effects) on forests from climate change.
• Shifts in temperature and precipitation can have both positive and negative
direct effects on forest establishment and regeneration, growth and
productivity, and mortality. Overall, net impacts are likely to be negative,
particularly in water-limited areas.
• Indirect effects from climate change on forest disturbance regimes will likely
have the greatest impacts on forest ecosystems, and will complicate patterns
of direct effects. Key indirect effects from climate change are likely increases in
ƂTGCPFKPUGEVECWUGFOQTVCNKV[
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• Climate change will directly alter the range of forests with range expansion in
some regions and range contractions in other regions. Indirect climate change
impacts, such as drought or beetle-induced mortality, will also constrain forest
ranges.
• Climate-driven impacts to forest ecosystems may be enhanced or reduced
by changes in human land use or management at the forest-stand scale.
(QTGUVUVCPFCPFNQECNUKVGEQPFKVKQPUYKNNCNUQITGCVN[KPƃWGPEGRCVVGTPUQH
climate-driven impacts.

Change is the norm for forests, and over millennia Montana’s forests have transformed and adapted
as a result of variations in climate, disturbance, and other natural processes (Whitlock 1993; Brunelle
et al. 2005; Power et al. 2011). However, current levels of atmospheric CO2 are higher than those in the
NCUVOKNNKQP[GCTU <JCPIGVCN CPFVJGUGNGXGNUCTGNKMGN[VQFTKXGEJCPIGUVQENKOCVG 5QNQOQP
et al. 2009). Although the magnitude of potential climate change may be comparable to variability
GZRGTKGPEGFKPVJGRCUVVJGTCVGQHVJCVEJCPIGKUCPVKEKRCVGFVQDGUKIPKƂECPVN[ITGCVGT &KHHGPDCWIJ
and Field 2013), with substantial implications for Montana’s forests. Montana’s forests will be affected by
both direct and indirect effects of climate change. Direct effects are impacts to trees that arise directly
in response to changes in temperature and precipitation; indirect effects are secondary impacts, such
CUKPETGCUGFPWODGTQHƂTGUCUUQEKCVGFYKVJYCTOKPIVGORGTCVWTGUYJKEJVJGPCHHGEVVTGGUCPFHQTGUVU
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In the face of changing climate, forest managers can best maintain stable forest health and product
yield by understanding past trends and planning for a range of climate scenarios. The assessments in
VJKUEJCRVGTCTGDCUGFQPVJGENKOCVGVTGPFUHQTYJKEJYGJCFUWHƂEKGPVFCVCCPFENKOCVGRTQLGEVKQPU
that represent plausible future scenarios, as described in the Climate chapter of this assessment (see
Water chapter for snowpack trends and projections) and summarized in Table 4-1.

Table 4-1. Summary of climate metrics and related direct and indirect effects on forests.
Climate Metric—
Trend and future scenario

Potential direct effects

Potential indirect
effects

Atmospheric CO2 concentrations
have increased; projected to increase
leading to future warming

Positive: Increased fecundity,
photosynthesis, vegetation water use
GHƂEKGPE[CPFRTQFWEVKXKV[KPUQOG
species and locations

Average temperatures
have increased with greatest warming
in spring; projected to increase with
greatest warming in summer and winter
and in the southeast

Positive: Increased productivity,
particularly at higher elevations and
cooler areas

>ÝÕÌi«iÀ>ÌÕÀiÃ
have increased with greatest warming
in spring; projected to increase with
greatest warming in summer and winter
and in the southeast

Negative: Increased heat stress,
Negative: +PETGCUGFƂTGTKUM
reduced growth and productivity, and
increased mortality

>ÞÃ>LÛiäcÎÓc ®
are projected to increase, with greatest
increases in the northeast and south

Negative: Increased heat stress,
Negative: +PETGCUGFƂTGTKUM
reduced growth and productivity, and
increased mortality

Minimum temperatures
have increased most in winter and
spring; projected to increase, with
greatest increases in January and
in the southeast

Positive: Longer (or at least earlier)
growing season; reduced winter
mortality

Frost-free days
are projected to increase,
particularly in the west

Positive: Longer (or at least earlier)
growing season; increased potential
for regeneration success; reduced
winter mortality
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Positive: Increased soil
organic matter from
increased productivity in
some areas; increased
Negative: Increased plant respiration, nitrogen cycling
evaporation and transpiration;
reduced productivity in areas with
Negative: Decreased
already high temperatures
soil organic matter from
increased decomposition
rates; increased soil acidity;
reduced soil (and forest)
carbon storage

Negative: Increased
potential for pathogen
and insect survival

Negative: Lower and shorter duration
snowpack and shift from snow to
rain-dominant precipitation regimes
resulting in less water available in
summer
Negative: Increased
potential for pathogen
and insect survival
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Table 4-1. Continued.
Climate Metric—
Trend and future scenario

Potential direct effects

Potential indirect
effects

Growing degree-days
are projected to increase,
particularly in the southeast

Positive: Increased opportunities
for establishment and regeneration;
increased productivity

Negative: Increased
potential for pathogen
and insect survival

Average precipitation
has decreased in winter, but no
UKIPKƂECPVEJCPIGKPCPPWCNOGCP
precipitation potentially because
of very slight increases in spring
and fall precipitation; precipitation
is projected to increase across
Montana, primarily in spring; slight
decrease in summer precipitation;
variability of precipitation year-toyear projected to increase

Positive: Increased water availability
Negative: +PETGCUGFƂTGTKUM
in spring during critical establishment
period

ÕLiÀvVÃiVÕÌÛi`ÀÞ`>ÞÃ
shows little projected change,
however, increased variability in
precipitation suggests potential for
more severe droughts, particularly
in connection with climate
oscillations

Negative: Reduced establishment,
productivity; increased mortality if
increased severity of dry spells

Positive: Reduced
disturbance from fungi

Snowpack
has declined substantially;
projected to continue to decrease

Negative: Less available water in
summer and potential for increased
water stress at same time as highest
temperatures

Negative: +PETGCUGFƂTGTKUM
warmer and drier soils and
reduced mycorrhizal activity

Negative: Combined with less
available water from reduced and
shortened snowpack, drier summers
could reduce or shift growing season
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Negative: +PETGCUGFƂTGTKUM
increased susceptibility to
pathogens and insects

Since 1950, statewide temperatures have shown an upward trend. Although differing somewhat
spatially and seasonally, the warming trend is seen across all temperature variables, including annual
average, maximum, and minimum temperatures. Similarly, all climate models used in this assessment
agree that the average annual temperature in Montana will increase over the next century.
An average statewide increase of 4.5-6.0°F (2.5-3.3°C) is projected for the mid-century and an overall
increase of 5.6-9.8°F (3.1-5.4°C) is projected for the end of the century (see Climate chapter for a
description of the emission scenarios used to obtain these values). Maximum monthly temperatures
are projected to increase, as are extreme heat days (days with temperatures >90°F [32°C]), monthly
minimum temperatures, frost-free days, and accumulated growing degree-days.

£xnN", -/-č

 č/  č 

Changes in precipitation (described in the Climate chapter) are more varied and uncertain. In general,
VJGTGJCUDGGPCUNKIJVDWVUVCVKUVKECNN[UKIPKƂECPVVTGPFQHFGETGCUKPIYKPVGTRTGEKRKVCVKQPCETQUU
the state, averaging -0.14 inches/decade (-0.36 cm/decade) since 1950. Projected future shifts in
precipitation are varied, with not all models agreeing on whether precipitation will increase or decrease
in Montana. The majority of models suggest a slight increase in total average annual precipitation
across the state, largely occurring in spring, particularly in the northwest. The models show less
agreement regarding summer precipitation patterns, though a slight majority of models suggest that
there may be very small decreases in summer precipitation, particularly in the southeast.
Given these trends and projections for temperature and precipitation, for the remainder of this chapter
we consider the impacts of continued warming to Montana forests. In particular, we focus on increasing
maximum temperatures in summer and increasing minimum temperatures throughout the winter, with
greatest temperature increases in the southern and eastern areas of Montana. We assume a scenario
of slightly wetter years on average, with spring precipitation increasing most in the north and western
areas, although we assume summers become slightly drier.
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&TQWIJVJCUCOCLQTKORCEVQPHQTGUVU#PKORQTVCPVRTGFKEVQTQHHWVWTGGEQU[UVGOFTQWIJV FGƂPGF
as ecological drought in the Water chapter) susceptibility is the net balance of water gained through
precipitation and water lost through evapotranspiration (the combined effect of water evaporation
and the transpiration of water by plants). Predicting how increases in temperature and atmospheric
CO2 may shift evapotranspiration is extremely challenging, especially at regional scales such as
Montana. However, it is expected that—given the combination of changes in precipitation variability,
changed snowpack, and rising temperatures—future droughts will be more severe when they do occur.
Undoubtedly, Montanans will continue to experience periodic drought, particularly in connection with
climate oscillations (or equivalently, teleconnections, as described in the Climate chapter) (Trenberth et
al. 2014). Thus, we discuss the implications of more severe drought, particularly during dry periods that
may amplify drought effects, although we do not assume a change in frequency or duration of drought.
It is important to note that current forest conditions will largely determine the potential impacts from
current and future climate change. Forest conditions vary across land ownership types, and many
/QPVCPCHQTGUVUCTGWPFGTUVTGUUFWGKPRCTVVQRCUVHQTGUVOCPCIGOGPVRTCEVKEGU(QTGZCORNGƂTG
suppression practices on some state and federal lands have led to denser forests, which are more
UWUEGRVKDNGVQƂTGCPFUVTGUUGFD[EQORGVKVKQPCPFETQYFKPIHTQOQVJGTVTGGU(WTVJGTJCTXGUV
practices have shifted the genetic makeup of some forests, potentially reducing their resilience to
climate change (see Genetics sidebar).
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A note on species-level effects
We do not detail potential responses of individual tree species to climate shifts in this assessment; we
instead direct the reader to Chapter 6 in the Northern Region Assessment Program report (Keane et
al. forthcoming). That report reviews tree genetics, species distribution, potential adaptive strategies,
CPFUWUEGRVKDKNKV[VQFTQWIJVCPFFKUVWTDCPEGHTQOƂTGCPFKPUGEVU9JKNGVJGNKVGTCVWTGKUKPEQPUKUVGPV
about the susceptibility of certain species to direct and indirect impacts of climate change, the relative
UWUEGRVKDKNKV[QHVTGGURGEKGUVQFTQWIJVƂTGCPFKPUGEVFKUGCUGJCUDGGPCUUGUUGFDCUGFQPGZRGTV
opinion (Table 4.2). Species responses will strongly depend on the magnitude of climate change, water
availability, management practices, and local conditions.

6CDNG)GPGTCNK\GFUWUEGRVKDKNKV[QHEQOOQP/QPVCPCVTGGURGEKGUVQFTQWIJVƂTGCPF
insects and pathogens or disease, rated low to high (mod=moderate) per detailed species
climate vulnerability assessment by Keane et al. (forthcoming).
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Species

Drought

Fire

ÃiVÌÉ Ãi>Ãi

Alpine larch

Low

High

Low

Aspen

Low-Mod

High

Moderate

Cottonwood

Low-Mod

Moderate

Low-Mod

&QWINCUƂT

Low-Mod

Low-Mod

Moderate

Engelmann spruce

Low-Mod

Mod-High

Low-Mod

)TCPFƂT

Mod-High

Mod-High

Mod-High

LiÀ«i

Low

Mod-High

Mod-High

Lodgepole pine

Moderate

Moderate

Mod-High

Ponderosa pine

Low-Mod

Low

Moderate

-ÕL>«iwÀ

Low-Mod

High

Moderate

Western larch

Mod-High

Low

Low-Mod

Western white pine

Moderate

Low

Mod-High

7 ÌiL>À«i

Mod-High

Moderate

Mod-High
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DIRECT EFFECTS OF CLIMATE
CHANGE ON FORESTS
Key Messages
• Increased temperatures will have positive or negative effects on individual
trees and forest-wide processes, depending on local site and stand
conditions. In relatively cool and moist areas, increased temperatures can
improve reproduction and establishment, lengthen the growing season,
and increase forest growth and productivity. Alternatively, in areas that are
already warm or projected to see large temperature increases, warming is
likely to decrease growth and increase heat- and drought-related mortality.
[high agreement, moderate evidence]

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
• Direct effects of climate change on individual trees will be driven by
temperature in energy-limited forests and moisture in water-limited
forests. +PETGCUGFVGORGTCVWTGUCPFYCVGTCXCKNCDKNKV[EQWNFDGPGƂVHQTGUV
regeneration and growth, particularly in higher-elevation forests in the
northern and western parts of the state. Alternatively, decreased water
availability, such as in Montana’s southeast, or south-facing slopes, will likely
increase tree mortality. [high agreement, moderate evidence]
• The speed and magnitude of climate change may mean that increased
forest mortality and contractions in forest distributions will outpace any
gains in forest growth and productivity over the long run, leading to a
net loss of forested area in Montana. However, range shift responses will
be highly dependent on species and region. [medium agreement, limited
evidence]
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The direct effects of climate change on forests include increased temperatures and shifts in
precipitation that together can alter humidity, soil moisture, and water stress. These effects result in
short-term and long-term impacts to tree establishment, growth and productivity, and mortality. In
addition, elevated CO2NGXGNUOC[KPƃWGPEGHQTGUVITQYVJRTQFWEVKXKV[CPFYCVGTWUG
&KTGEVGHHGEVUECPDGDGPGƂEKCNor detrimental to forest growth and survival. Each tree species will
TGURQPFFKHHGTGPVN[VQENKOCVGXCTKCVKQPFGRGPFKPIQPKVUURGEKƂERJ[UKQNQIKECNVQNGTCPEGU&KTGEVGHHGEVU
overlie existing forest conditions arising from past and future human land-use activities (Moritz and
#IWFQ 6JWUPGVKORCEVUYJGVJGTRQUKVKXGQTPGICVKXGOC[DGFKHƂEWNVVQGUVKOCVGCPFYKNNXCT[
substantially across Montana.
Forest patterns and conditions depend on the life cycles of individual trees and forest-wide processes.
+PVJGTGOCKPFGTQHVJKUUGEVKQPYGTGXKGYJQYFKHHGTGPVCURGEVUQHENKOCVGOC[KPƃWGPEGVJTGGRTKOCT[
life-cycle stages or forest processes: seedling establishment and forest regeneration; tree growth and
HQTGUVRTQFWEVKXKV[CPFVTGGOQTVCNKV[CPFHQTGUVFKGQHH ƂPFKPIUUWOOCTK\GFKP6CDNG .KHGE[ENG
stages and forest processes may occur at different temporal and spatial scales, but are related and
we discuss each in turn. We close the section with a discussion of changes in species distribution that
might be expected from the direct effects of climate change.
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Bitterroot Range.
Photograph courtesy of Rick and Susie Graetz, University of Montana.

Table 4-3. Summary of potential climate-related direct effects to forests.
Direct effect

*ÃÃLi«>VÌÃ

Projected net effect

ÃÌ>LÃ iÌ>`
regeneration

Positive: Higher CO2
concentrations and temperatures
may lead to increased tree
fecundity

Possible positive or negative effects are
superimposed on climate oscillations,
UWEJCUVJG2CEKƂE&GECFCN1UEKNNCVKQP
which can produce decades of cooler
and wetter conditions that may be
more favorable for establishment and
regeneration

Negative: Higher temperatures
and reduced water availability
could reduce seedling survival
Growth and
productivity

Positive: Increased vegetation
water use and increased growth
and productivity as a result of
longer growing season

Possible increased growth and
productivity concurrent with climate
oscillations that increase water
availability, particularly at higher
elevations and where stand density is
low; extreme high temperatures would
have net negative impact, regardless of
water availability
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Negative: Reduced growth and
productivity in water limited areas

Mortality

Positive: Few opportunities for
reduced direct climate effects
on mortality but possibility for
reduced mortality from indirect
effects

Increased mortality, although may be
driven by indirect effects; patterns of
mortality will be dependent on initial
stand and local site conditions, but
more arid regions more susceptible

Negative: Increased acute
and background mortality
from increased temperatures
and indirectly from increased
disturbance

Range shifts and forest Positive: Potential range
`ÃÌÀLÕÌ
expansion with warmer
VGORGTCVWTGUCPFUWHƂEKGPV
moisture
Negative: Potential range
contraction where temperature
is too high or in water-limited
locations

Possible faster range contraction
compared to expansion, with net range
reduction particularly in drier areas;
no clear direction of elevational shifts;
responses will be highly species and
location dependent
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Establishment and
regeneration
Although tree recruitment—the process
of a seedling becoming established and
surviving into adulthood—is affected by
many factors, the process is strongly tied
to temperature and water availability
(Ibáñez et al. 2007). Overall, studies are
inconclusive as to net impacts of changing
atmospheric chemistry and climate on
seedling establishment and growth. Given
the climate projections of increased winter
and spring precipitation, but drier summers,
predicted uncertainties of seedling
regeneration are uncertain.

higher CO2 levels have been shown to
increase fertility and seed and pollen
production in some trees (Ladeau and
Clark 2006). However, in the long term,
more severe drought is likely to reduce
tree establishment by reducing seed
germination, as well as increasing mortality
of seedlings and saplings (Kolb and
Robberecht 1996; Chmura et al. 2011).
/CP[TGURQPUGUOC[DGURGEKGUURGEKƂE
for example ponderosa pine seedlings
are sensitive to temperature, lodgepole
pine seedlings are sensitive to moisture
ƃWEVWCVKQPU 2GVTKGGVCN 7NVKOCVGN[KP
forests not otherwise limited by energy or
nutrients variability in moisture availability
with natural and climate oscillations may
drive establishment success between years
(League and Veblen 2006), with indirect
FKUVWTDCPEGGHHGEVU GIƂTGUNCPFUNKFGU
insect outbreaks, and pathogen attacks)
greatly affecting long-term recruitment
success (Clark et al. 2016).
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Climate conditions determine the
window of time for successful seedling
establishment (Ibáñez et al. 2007). Warmer
conditions combined with wetter winters
and springs may lengthen the window for
seedling establishment in high-elevation
HQTGUVUDWVOC[PQVEJCPIGUKIPKƂECPVN[
in lower elevation forests (though it may
shift earlier) (Keane et al. forthcoming).
However, even with a lengthened window
for establishment, warming temperatures
alone may cause seedling mortality and
failed regeneration as a result of seasonal
OKUOCVEJGUKPVJGVKOKPIQHƃQYGTKPI
and seed production (Cayan et al. 2010;
Williams et al. 2013). In the short term,
warmer temperatures but drier summers
may increase forest regeneration due to a)
KPETGCUGFVTGGƃQYGTKPICPFTGETWKVOGPV
and b) drought-related reductions in canopy
cover speeding sapling growth (Galiano et
al. 2013; Ibáñez and McCarthy-Neumann
2014; Clark et al. 2016). Additionally,

164 | FORESTS AND CLIMATE CHANGE

Growth and productivity

Warming temperatures, increased
atmospheric CO2 , and longer growing
seasons provide opportunities for increased
photosynthesis, thereby improving forest
growth and productivity (Ehleringer and
Cerling 1995; Joyce and Birdsey 1995;
Waring and Running 2007; NPS 2010).
However, these same changes can also
reduce forest productivity, particularly in
water-limited systems. Thus, net forest
response is uncertain, but likely negative
under extreme temperature increases.

Forest productivity will increase up to some
optimal temperature and then begin to
decline if temperatures continue to rise. This
decrease results because plant respiration also
increases with temperature, and some of the
photosynthetic gains (that lead to increased
productivity) are lost through a) growth and
maintenance respiration (Ryan et al. 1995), or b)
seasonal differences between photosynthetic
gains in the spring and increased respiration
in the fall. These tradeoffs can result in no
net increase in productivity (Piao et al. 2008).
Additionally, extremely high temperatures can
lead directly to increased water stress because
of drier soils. The temperature threshold at
which declines would occur is complicated by
the fact that elevated CO2 levels may increase
YCVGTWUGGHƂEKGPE[KPRNCPVU 9CTKPICPF
Running 2007) and thereby lower plant water
stress (Franks et al. 2013).

•

Forest productivity may increase
in montane, subalpine, and
alpine areas.—These areas may not

exceed optimal temperatures, even under
end-of-century projections, and these
JKIJGNGXCVKQPCTGCUUJQWNFJCXGUWHƂEKGPV
moisture with increased winter and spring
precipitation and longer snowpack duration,
allowing growing seasons to lengthen and
HQTGUVUVQDGPGƂVHTQOJKIJGTCVOQURJGTKE
CO2 (Keane et al. forthcoming). Gains in forest
productivity have already been observed
in relatively cooler/wetter sites at higher
elevations and northern range limits in other
regions (Littell et al. 2008; Bhuta et al. 2009;
Salzer et al. 2009; D’Orangeville et al. 2016).
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Although CO2 fertilization has likely increased
forest growth at a global scale (McMahon et
al. 2010), this increase may be evident in only
about 20% of forests, with the remaining 80%
WPCDNGVQECRKVCNK\GQPDGPGƂVUQHJKIJGT
atmospheric CO2 because of water or nutrient
limitations (Gedalof and Berg 2010). A recent
study suggests that Montana forests will
likely show substantially lower productivity
overall given only small projected increases in
precipitation (Charney et al. 2016). Reduced
snowpack and earlier snowmelt (see Water
chapter) may further limit any potential
gains in productivity. In general, changes
in temperature, precipitation, and snow
could alter forest productivity in Montana as
described below.

•

Forest productivity may decrease
in lower elevation, warmer, and
drier sites.—Conversely, lower elevation

areas are likely to see more extreme high
temperatures combined with low soil water
availability later in the year, resulting in
reduced productivity.

Ultimately, shifts in productivity will be siteCPFURGEKGUURGEKƂECPFXCT[CETQUU[GCTU
Above- and below-normal temperature and
precipitation years associated with natural
climate oscillations may determine whether
growing seasons lengthen, contract, or shift
in time. But even under ideal temperature
and moisture conditions, productivity gains
will be dependent on local site conditions,
UWEJCUYJGTGVJGTGCTGUWHƂEKGPVUQKNPWVTKGPVU
or where stand density is low and little
competition exists for available resources (Ford
et al. 2016). Further, if extreme heat events
increase substantially, impacts will be negative
regardless of water availability.
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Mortality and die-off
The expected increase in drought severity
will increase tree mortality in forests.
Already, widespread, catastrophic forest
die-off events throughout the western US
have been directly or indirectly related to
drought (Breshears et al. 2005; Allen et al.
2010; Ganey and Vojta 2011; Worrall et al.
2013). Multiple researchers have shown that
extended drought correlates with declining
tree growth and increased risk of mortality
(Allen et al. 2010; O’Connor 2013; Williams
et al. 2013). Similarly, the combination of
increased warming and drought conditions
is the likely cause of recent rapid increases
in background (non-catastrophic) forest
mortality rates in Montana and the interior
West (van Mantgem et al. 2009). For trees
beyond the seedling stage, increased
temperatures may be responsible for tree
mortality more so than water stress (Luo
and Chen 2013), although water stress
may have been more important historically
(Rapacciuolo et al. 2014).

Species range shifts and
forest distribution
Climate conditions and disturbance regimes
largely control plant distributions (ranges).
Over the millennia, the main responses
of species to climate change has been to
adapt to changing conditions, move to a
new site (range shift), or go extinct (Davis
and Shaw 2001). Although many tree
species in Montana are relatively plastic—
meaning they can adapt in the short term
to a wide range of climate conditions—this
plasticity could be challenged by severe
or prolonged drought or substantially
OQFKƂGFFKUVWTDCPEGTGIKOGU #NNGPGVCN
2010). Long-term adaptability is determined
by the genetic diversity of forests and
individual species (Davis et al. 2005), both
of which may have been reduced by lack
of understanding in the past of how forest
management activities affect forest genetics
(see Genetics sidebar).
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Initial forest conditions affect levels of tree
mortality from direct climate effects. For
example, soil type and depth, elevation,
CPFCURGEVCNNKPƃWGPEGYCVGTCXCKNCDKNKV[
for forests. Stand condition may also
increase tree mortality by increasing the
likelihood of indirect effects (discussed
below). Stand condition is particularly
important on state and federal forests
YJGTGCRQNKE[QHƂTGUWRRTGUUKQPHQTVJG
last 100 yr has increased tree density and
the risk of mortality from defoliating and
DQTKPIKPUGEVUCPFHTQOYKNFƂTG
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Some evidence exists that tree ranges are
already shifting to colder locations in the
2CEKƂE0QTVJYGUV /QPNGQPCPF.KPV\ 
However, climatically suitable places are
often geographically limited, and alpine
vegetation may be running out of mountain
as it seeks colder climes (Gottfried et al.
2012). To complicate matters, the optimum
elevations for some plant species are
shifting downhill tracking changes in water
availability, as opposed to simply moving
uphill, tracking changes in temperature
(Crimmins et al. 2011). Divergence in the
direction between optimal temperature
and moisture conditions may make it
FKHƂEWNVHQTVTGGUVQUVC[KPGSWKNKDTKWO

The Importance of Genetic Diversity
Forest genetics—the genetic variation and inheritance of various
genes of forest trees—will primarily determine a forest’s ability to
adapt to climate change over the long term. Genetic diversity largely
determines a species’ ability to survive extreme events and adapt to
changing conditions (Ledig and Kitzmiller 1992). Historically, the high
genetic diversity of many tree species allowed forests to tolerate a
wide range of environmental conditions and adapt to shifts in climate
(Westfall and Millar 2004; Nicotra et al. 2015).
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However, it is unclear whether species with even high levels of
genetic and physical diversity can adapt fast enough to the rapid and
extreme shifts in climate that are projected over the next century
(Vose et al. 2012).

Human actions have undoubtedly altered forest genetics, at least in part
through silvicultural practices. Because physical characteristics (e.g., tree
height or basal diameter) are used to select trees for harvest, silvicultural
practices can alter forest genetics, which are the bases for these physical
differences. Selective harvesting may have substantially altered the
presence of rare genetic characteristics (Cheliak et al. 1988; Schaberg et
al. 2008), which are often those needed by a species to adapt to climate
change.
Even though data regarding trends in forest genetic diversity are scarce,
a general consensus exists that natural genetic diversity may be at risk
globally as a result of human activities (Schueler et al. 2012; Alfaro et al.
2014; FAO 2014). Managing forests to retain or increase this diversity is
one of the best options for conservation.
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with favorable climate
conditions (Dobrowski
et al. 2013). Regardless
of direction of range
shift, there is concern
whether tree species can
disperse and regenerate
quickly enough to keep
pace with the magnitude
and rate of projected
ENKOCVGEJCPIGU <JW
et al. 2012). Although
dynamic vegetation
models tend to predict
an overall expansion
of cool forests and
woodlands (Shafer et al.
2015), some tree species
may actually experience
reduced ranges due to
geographical obstacles
to range expansion in
response to climate
(Coops and Waring
2001). Current best
global estimates suggest
that forest mortality
KUQWVRCEKPIDGPGƂVU
from increased tree
productivity due to
increased atmospheric
CO2 (Allen et al. 2010),
signifying an overarching
contraction of forest
range (Dobrowski et
al. 2015).

Feedbacks
Forest responses to climate change may be
complex due to feedbacks, which are the
interplay between different climate changerelated effects. One effect may amplify or
diminish another effect, and that interaction
has the potential to result in changes that are
non-linear, unpredictable, and even dramatic.
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For forests, a notable challenge will be
understanding and preparing for interactions
in disturbances (Buma 2015). For example,
KHCƂTGDWTPUCHQTGUVKVYKNNTGNGCUGUVQTGF
ECTDQP+HOCP[ƂTGUDWTPINQDCNN[VJGTG
will be an increase in atmospheric CO2 ,
the main driver of climate change. Further,
OQTGƂTGUYQWNFOGCPHGYGTVTGGUCPFVJCV
could mean that less water vapor transpired
into the air, resulting in drier conditions.
Drier and warmer conditions would lead
VQOQTGƂTGUtCRQUKVKXGHGGFDCEMNQQR
YJGTGEJCPIGUCTGCORNKƂGF+PCPGICVKXG
feedback loop, changes are diminished or
reach a steady state. For example, increased
atmospheric CO2 may increase forest
productivity. More trees would sequester
more atmospheric CO2 , thereby reducing
atmospheric CO2 and dampening the initial
CO2 fertilization effect.
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Feedbacks may occur between resources as well, for example, between
forests and water quantity. The feedbacks are not always as assumed. For
example, forest die-off caused by drought has, in some areas, been shown
VQTGFWEGUVTGCOƃQYCUQRRQUGFVQKPETGCUKPIKVCUOKIJVUGGOOQTG
intuitive (Guardiola-Claramonte et al. 2011).

Even where ecologists recognize a feedback, they often do not understand
all the connections or even if the interplay between components leads to
positive or negative outcomes. It is also likely that many feedbacks exist
that are currently unknown. Regardless, scientists believe that feedbacks
are likely to increase the ecosystem impact of individual disturbances,
which may have substantial implications for changes in distribution and
heterogeneity of forests in the future (Bonan 2008; Vose et al. 2012;
Richardson et al. 2013).

2017 MONTANA CLIMATE ASSESSMENT | 169

INDIRECT EFFECTS OF CLIMATE
CHANGE ON FORESTS
Key Messages
r#PKPETGCUGKPƂTGTKUM KGRTQDCDKNKV[QHQEEWTTGPEG tKPENWFKPICPKPETGCUG
KPUK\GCPFRQUUKDNGHTGSWGPE[CPFQTUGXGTKV[ KGVTGGOQTVCNKV[ tKU
GZRGEVGFKPVJGEQOKPIEGPVWT[CUCTGUWNVQHC RTQNQPIGFƂTGUGCUQPU
FWGVQKPETGCUGFVGORGTCVWTGUCPFD KPETGCUGFHWGNNQCFUHTQORCUVƂTG
UWRRTGUUKQP5RCVKCNRCVVGTPUQHƂTGCEVKXKV[YKNNDGEQORNGZCPFFGRGPFGPV
on disturbance history and current stand condition. Fire risk may increase in
CNNHQTGUVUƂTGUGXGTKV[OC[KPETGCUGVJGOQUVKPNQYGTGNGXCVKQPHQTGUVU[high
agreement, robust evidence]
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• Rising temperatures are likely to increase bark beetle survival [high
agreement, strong evidence], but climate-induced changes to other insects
and forest pathogens are more varied and less certain [medium agreement,
moderate evidence]%NKOCVGEJCPIGGHHGEVUCTGFKHƂEWNVVQHQTGECUVDGECWUG
of the interplay between climate-driven changes in insect or pathogen
behavior and changes in host tree susceptibility.

• There may be a reduction in the amount of carbon stored in forests. Rising
temperatures and increased atmospheric CO2 can increase forest productivity
and thus the carbon stored in organic matter. However, warmer temperatures
can also reduce soil carbon through increased decomposition rates. Overall,
increased tree mortality from increased forest disturbance may cause a
reduction in forest carbon storage. [low agreement, limited evidence]
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The direct effects of increasing temperature and precipitation may result in the expansion and/or
contraction of certain forest types in certain regions of Montana. However, the indirect effects of
ENKOCVGEJCPIGQPHQTGUVUUWEJCUEJCPIKPIYKNFƂTGCPFDGGVNGQWVDTGCMUGXGTKV[CTGCNTGCF[JCXKPI
a large impact on the health of Montana’s forests and in some instances these impacts are easier to
predict. These direct and indirect impacts of climate on forests may be exacerbated or ameliorated
by human land-use activities in the past and moving forward.
1WTUEKGPVKƂEWPFGTUVCPFKPIQHFKUVWTDCPEGCUUQEKCVGFYKVJGZVTGOGYGCVJGTGXGPVUNKOKVUQWTCDKNKV[
to project landslides, blow downs, ice storms, and other such events in the future. In this section, we
YKNNEQPUKFGTVJGKORCEVQHEJCPIGUKPƂTGKPUGEVCPFRCVJQIGPQWVDTGCMUQPHQTGUVUCUYGNNCUQP
soil and carbon storage, for which we have better capacity for forecasting (Table 4-4).
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Table 4-4. Summary of potential climate-related indirect effects to forests.
Indirect effect

ÃÌÕÀL>Vi\wÀi

*ÃÃLi«>VÌÃ

Projected net effect

Positive: Increased forest heterogeneity (longterm, post-burn)

+PETGCUGFƂTGUGXGTKV[
resulting primarily from
warmer weather and past
Negative: Decreased forest diversity and
ƂTGUWRRTGUUKQPKPETGCUGF
heterogeneity (immediately post-burn); increased release of forest carbon
UQEKCNCPFGEQPQOKEKORCEVUHTQOƂTGKPETGCUGF HTQOƂTG
release of forest carbon

ÃÌÕÀL>Vi\
pathogens

Positive: Some pathogen species may decline
and result in decreased forest mortality

ÃÌÕÀL>Vi\
insects

Negative: Increased forest mortality; reduced
forest diversity with shift towards non-host tree
species

Increased temperatures likely
to result in increased insect
disturbance, but dependent
on elevation, insect species
and host availability

Soil responses
>`V>ÀL
storage

Positive: Increased organic matter if increased
productivity; increased nitrogen availability

Uncertain climate effects on
soil responses, but projected
reductions in soil and forest
carbon storage

Uncertain climate effects on
pathogens, dependent on
moisture regimes, pathogen
Negative: Some pathogens species may increase species, and host species
and result in increased forest mortality and
increased susceptibility to beetle attack

Negative: Decreased organic matter (with
increased decomposition rates); decreased
mycorrhizal support; increased soil acidity;
increased release, or decreased removal, of
atmospheric CO2
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&KUVWTDCPEGTGUWNVKPIHTQOƂTG
Fire is a critical component of forest dynamics; it has historically been the dominant disturbance in
forest ecosystems in the West (Baker 2009; Marlon et al. 2012). Fire regimes are characterized by
interactive relationships, across temporal and spatial scales, between climate and weather, vegetation
and fuels, and ignition sources and topography (Parisien and Moritz 2009). Fires have burned frequently
CPFYKFGN[CETQUU/QPVCPC (KIWTG DWVVJGCTGCDWTPGFCPFVJGUGXGTKV[QHƂTGQHVGPOGCUWTGF
by reduction in biomass or tree mortality, has varied across the state. For example, from 2003-2012,
ƂTGUGXGTKV[YCUITGCVGUVCNQPIVJGGCUVGTPDQTFGTCPFUQWVJGTPRQTVKQPQHVJGPQTVJYGUVGTPENKOCVG
division (Figure 4-5) (Berner et al. forthcoming).
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Historical and Recent Fires in Montana
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Fire Severity
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Broadly, seasonal average temperature and precipitation patterns limit both the length of the
ƂTGUGCUQPCPFGPXKTQPOGPVCNEQPFKVKQPUFWTKPIVJGƂTGUGCUQP1XGTVJGNQPIVGTOENKOCVGCNUQ
determines the distribution of vegetation and possible fuels (Power et al. 2007; Marlon et al. 2008).
Fire occurrence increases during hotter, drier conditions (called ƂTGYGCVJGT) (Flannigan and Harrington
 6JWUVJGƂTGUGCUQPKP/QPVCPCV[RKECNN[GZVGPFUHTQONCVG,WPGVJTQWIJ1EVQDGTCVNQYGT
elevations, with shorter seasons at higher elevations where snowpack can persist into July (Keane et
CNHQTVJEQOKPI 8CTKCVKQPKPƂTGTGIKOGUKPVJG9GUVJCXGJKUVQTKECNN[DGGPCUUQEKCVGFYKVJENKOCVG
QUEKNNCVKQPU *G[GTFCJNGVCN +P/QPVCPCKPETGCUGFƂTGHTGSWGPE[KUCUUQEKCVGFYKVJYCTOGT
spring temperatures and drier summer conditions (Heyerdahl et al. 2008; Morgan et al. 2008), often
CUUQEKCVGFYKVJ'N0KÍQ6JGRJCUGQHVJG2CEKƂE&GECFCN1UEKNNCVKQPVJCVNGCFUVQYCTOGTEQPFKVKQPU
OC[CNUQRTQNQPICPFKPVGPUKH[VJGƂTGUGCUQP *G[GTFCJNGVCN,QNN[GVCN#DCV\QINQWCPF
9KNNKCOU CPFKVKUENGCTVJCV[GCTUYKVJRTQVTCEVGFQTYKFGURTGCFYKNFNCPFƂTGQTKPETGCUGFƂTG
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severity are correlated with drought (Littell et al. 2009; van Mantgem et al. 2013). Warmer, drier climate
RJCUGUECPRCTVKEWNCTN[KPETGCUGƂTGTKUMYJGPVJG[HQNNQYEQQNGTYGVVGTEQPFKVKQPUVJCVKPETGCUGƂTGHWGN
CXCKNCDKNKV[XKCKPETGCUGFXGIGVCVKQPITQYVJCPFTGFWEGFƂTGCEVKXKV[ *G[GTFCJNGVCN 6QRQITCRJ[
ECPCNUQKPƃWGPEGƂTGDGJCXKQTD[FGVGTOKPKPINQECNOKETQENKOCVGUtHQTGZCORNGXCTKCVKQPUKPNQECN
snowpack, temperature, and humidity (Holden and Jolly 2011)—or alignment with prevailing winds
5JCTRNGU YJKEJKPETGCUGƂTGURTGCF

Fires in Montana, 1970-2015
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#ETQUU/QPVCPCEQPFKVKQPUVJCVNGCFVQJKIJƂTGTKUM KGNKMGNKJQQFQHQEEWTTGPEG CTGDGEQOKPIOQTG
common: seasonal maximum temperatures are increasing, snowmelt is occurring earlier, minimum
relative humidities are decreasing, and fuels are becoming drier (Jolly et al. 2015; Seager et al. 2015).
%QODKPGFVJGUGHCEVQTUJCXGNGFVQVJGƂTGUGCUQPNGPIVJGPKPIINQDCNN[DGVYGGPCPF ,QNN[
et al. 2015). In addition, across the western US, fuel loads and tree densities have increased as a result
QHƂTGUWRRTGUUKQPRTCEVKEGUDGIKPPKPIKPVJGU 2CTMUGVCN CUYGNNCUQVJGTNCPFWUGUUWEJ
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as timber harvest and grazing (Allen et al. 2002; Swetnam and Betancourt 2010). As a result, it is clear
VJCVENKOCVGEJCPIGEQODKPGFYKVJITGCVGTHWGNNQCFUJCUKPETGCUGFYGUVGTPƂTGCEVKXKV[QXGTVJGRCUV
30 yr (Westerling et al. 2006; Miller et al. 2008; Dennison et al. 2014; Abatzoglou and Williams 2016).
Combined with fuel loads, higher evapotranspiration rates and resulting shifts in water balance may be
VJGDGUVRTGFKEVQTQHKPETGCUGFƂTGTKUMCPFƂTGUGXGTKV[KPVJGHWVWTGWPFGTCEJCPIKPIENKOCVG .KVVGNN
and Gwozdz 2011; Abatzoglou and Kolden 2013). Yet, climate change effects on overall water balance
are uncertain. Rising temperatures should increase evapotranspiration, but plants may adapt by
reducing water lost to transpiration. Additionally, vegetation patterns and forest connectivity, and the
HGGFDCEMDGVYGGPVJGUGCPFƂTGRNC[CPKORQTVCPVTQNGKPJQYENKOCVGFTKXGPEJCPIGUKPƂTGTGIKOGU
are likely to play out over the long term (McKenzie and Littell 2017).
#NVJQWIJƂTGOQFGNKPIKUEQORNGZCPFOQFGNUURGEKƂEVQ/QPVCPCENKOCVGFKXKUKQPUCTGWPCXCKNCDNG
recent studies suggest likely trends for the state. McKenzie and Littell (2017) project that water
DCNCPEGFGƂEKVUYKNNKPETGCUGNKMGN[NGCFKPIVQKPETGCUGFCTGCDWTPGF,QNN[GVCN  RTQLGEVVJCV
YCTOGTUWOOGTUCPFTGFWEGFOQKUVWTGYKNNCNUQEQPVKPWGVQNGPIVJGPƂTGUGCUQPU/QFGNKPIYQTM
by Schoennagel et al (2004) and Rocca et al (2014) for the Rocky Mountains projects changes in
ƂTGHTGSWGPE[ CUUWOGFD[VJGCWVJQTUVQDGTGNCVGFVQVJGNQPIVGTOKPETGCUGKPRTQDCDKNKV[QHƂTG
occurrence) and severity in western Montana. Those changes, for broad forest-type categories over the
short and long terms, are shown in Table 4-5. These projections likely are generally applicable to other
parts of Montana, as well.
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6CDNG2QVGPVKCNEJCPIGUKPƂTGTGIKOGUWPFGTCEJCPIKPI/QPVCPCENKOCVGYKVJITGCVGT
certainty in short-term, versus long-term, changes.
Forest type

Short-term impact

Long-term impact

In lower montane forests, primarily
consisting of ponderosa pine,
EQFQOKPCVGFD[&QWINCUƂTQT
western larch

+PETGCUGFƂTGYGCVJGTEQWNF
lead to short term increased
ƂTGHTGSWGPE[CPFƂTG
severity, particularly where
ƂTGUWRRTGUUKQPGHHQTVUJCXG
increased fuel loads

4GFWEGFƂTGHTGSWGPE[CPF
KPETGCUGFƂTGUGXGTKV[KPVJG
long-term.

In cooler and wetter upper
montane forests

+PETGCUGFƂTGHTGSWGPE[CPF
severity

+PETGCUGFƂTGHTGSWGPE[DWV
uncertain implications for
EJCPIGUKPƂTGUGXGTKV[

Subalpine forests, dominated by
Engelmann spruce and subalpine
ƂTURGEKGUQTD[NQFIGRQNG
pine mixed with limber pine or
whitebark pine in drier sites

+PETGCUGFƂTGHTGSWGPE[YKVJ
PQEJCPIGKPƂTGUGXGTKV[

+PETGCUGFƂTGHTGSWGPE[YKVJPQ
EJCPIGKPƂTGUGXGTKV[
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Disturbance resulting from
pathogens and insects
Dale et al. (2001) estimated that impacts from
forest pathogens and insects result in greater
economic costs to US forests than any other
type of disturbance. Pathogens include fungal,
bacterial, and viral infections, as well as parasitic
plants (and here we include general forest
FKUGCUGKPQWTFGƂPKVKQPQHHQTGUVRCVJQNQI[ 
Pathogens can affect different parts of a
tree, such as trunk and branch cankers, root
pathogens, and foliar (leaf or needle) diseases.

QHDKQVKEFKUVWTDCPEGCUKFGPVKƂGFHTQOCGTKCN
surveys (Figure 4-8). Based on other, non-visual,
approaches to estimate risk from pathogens and
insects, root disease appears to be another major
threat to Montana’s forests (Krist et al. 2014).
%NKOCVGEJCPIGECPKPƃWGPEGHQTGUVRCVJQIGPU
and insects through three primary mechanisms:
1) altering pathogen or insect abundance and
distribution via physiological effects; 2) altering
tree defenses; and 3) altering interactions
between pathogens, insects, and their
competitors (Weed et al. 2013). In addition,
climate change can alter the distribution and
presence of host species.
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Many of these insects and pathogen species
are native to Montana’s forests. For example,
mountain pine beetle (Dendroctonus
ponderosae &QWINCUƂTDGGVNG Dendroctonus
pseudotsugae), and the western spruce budworm
(Choristoneura occidentalis; a defoliator) are
important in determining forest distribution,
structure, and regeneration. Although these
native insects are unlikely to annihilate their host
species, recent extreme outbreaks have severely
impacted some western forests. Non-native
species, conversely, have the ability to eradicate
their host species locally. For example, white pine
blister rust, caused by the fungus (Cronartium
ribicola), has put western white pine, limber pine,
and whitebark pine in some areas of Montana in
jeopardy (Smith et al. 2008).
Using aircraft, the US Forest Service has
conducted insect and disease detection surveys
for over 50 yr (USFS 2016). Nearly 14 million
forested acres (5.7 million ha) in Montana showed
visual signs of disease or insect disturbance
between 2000-2015 (Figure 4-7), and that number
is assumed to be conservative. Bark beetles
and defoliators have been the primary cause
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The interplay between these mechanisms
complicates efforts to forecast the potential
effects of climate change on pathogens and
KPUGEVU5QKNYCVGTFGƂEKVUHTQOKPETGCUGF
temperatures and reduced precipitation, can
result in larger pathogen populations and lower
tree and forest defenses against pathogens
(Lorio 1993; Chakraborty et al. 2008). Many
pathogens tolerate greater water stress than the
trees they infect, and some fungi that commonly
occur in or on trees become pathogenic when
a tree is water stressed (Desprez-Loustau et
al. 2006). Beetle activity is also strongly tied to
climate, and warmer temperatures speed up
reproduction times, extend growth periods, and
increase probability of beetle survival (Mitton and
Ferrenberg 2012; Bentz and Jönsson 2015; Bentz
et al. 2016). Further, trees stressed by drought are
more susceptible to beetle invasions (Creeden
et al. 2014). Field studies suggest that recent
mountain pine beetle outbreaks correlate with
mean August temperatures >59°F (15°C) and that
outbreak size is correlated with minimum winter
temperatures and drought conditions in previous
years (Preisler et al. 2012).

Forest Disturbance
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Projections of continued forest mortality from pathogens and insects suggest that substantial portions
of western Montana are at high risk regardless of climate change (Figure 4-9) (Krist et al. 2014). Krist et
al. (2014) suggest that expected climate changes would increase pathogen and insect risks to forests
beyond those mapped in Figure 4-9 or, at a minimum, alter the spatial patterns of risk.

Forested Areas at High Mortality Risk

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
}ÕÀi{°ÀiÃÌi`>Ài>Ã}Àii®>Ì } ÀÃvÀÌ>ÌÞÀi`®vÀVLi`ÃiVÌ>`«>Ì }i>ÌÌ>VÃvÀÌ i
>Ì>ÃiVÌ>` Ãi>Ãi,Ã>«ÀÃÌiÌ>°Óä£{®°/ Ã>«`iÃÌVÃ`iÀVÀi>Ãi`ÀÃÃvÀ«ÀiVÌi`V>Ìi
V >}iÃ°čÀi>ÃÀi`>ÀiV>ÌÃÜ iÀiÌÃiÃÌ>Ìi`Ì >ÌÓx¯ÀÀivÛiÌÀiiÃÜÌ >`>iÌiÀv}Ài>ÌiÀÌ >£
V Ó°xV®>Ài>ÌÀÃvÀÌ>ÌÞLÞÓäÓÇvÀÃiVÌÃ>``Ãi>Ãi°

Changes in pathogen activity may be most strongly linked to shifts in precipitation patterns and
moisture availability. For example, Sturrock et al. (2011) estimate that a) Dothistroma needle blight
(Dothistroma septosporum or D. pini), whose primary host in Montana is ponderosa pine, will have
reduced or increased impacts, depending on warmer and drier or wetter conditions, respectively; and
b) Armillaria root disease (ArmillariaURR YJKEJIGPGTCNN[CHHGEVU&QWINCUƂTCPFITCPFƂTYKNNJCXG
increased impacts under warmer, drier conditions, but no change under warmer, wetter conditions.
Sturrock et al. (2011) also state that the implications of climate change for white pine blister rust are
uncertain, but suggest decreased impacts under a warmer, drier climate, and no change under warmer,
wetter conditions because infections require both moist and cool environments.
£ÇnN", -/-č
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It appears more certain that a warming climate will increase insect-related forest mortality, depending
on the presence of susceptible host trees. Already, warming temperatures have expanded the range
of beetles (Carroll et al. 2006), and the largest recorded bark beetle epidemic in western forests has
occurred in the past 15 yr. Higher temperatures, if large enough, lead to more severe droughts as water
is more rapidly and completely evaporated from soils and streams, which may in turn make forests more
UWUEGRVKDNGVQYGUVGTPURTWEGDWFYQTOQWVDTGCMU 4ÅIPKÄTGGVCN(NQYGTGVCN 

Future of the Mountain Pine Beetle in Montana
The mountain pine beetle (Dendroctonus ponderosae) epidemic is
currently on the wane in Montana because of the reduction of susceptible
host trees. We project, however, that rising winter temperatures will result
in increased mountain pine beetle populations. Those increases will result
from fewer cold snaps, and hence substantially decreased likelihood of
seasonal mountain pine beetle die-off.
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 9GECOGVQVJCVEQPENWUKQPWUKPIƂGNFFCVCHTQO+FCJQ 4ÅIPKÄTG
and Bentz 2007)—to assess threshold cold temperatures by month
(beetles adapt to colder temperature as the winter progresses)
that cause approximately 50% mortality in mountain pine beetle
populations—combined with projected future air temperatures. For
air temperatures, we used four climate scenarios, as described in the
Climate chapter, and projected the number of days that are likely to
exceed those threshold winter temperatures in the future. Higher
winter temperatures, then, equate to reduced winter die-off (i.e.,
larger populations) of mountain pine beetles.

 6JGƂIWTGDGNQYUJQYUVJCVHQTCNNHQWTVGORGTCVWTGUEGPCTKQUUVWFKGF
in this assessment, warm winter days, above the temperature threshold
necessary to kill about half of the mountain pine beetles, will occur more
HTGSWGPVN[+PQVJGTYQTFUYCTOKPIYKPVGTVGORGTCVWTGUCTGRTQLGEVGFVQ
increase mountain pine beetle survival.
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Our assessment did not show substantial differences across elevations (we
considered low, moderate, and high elevations for known pine locations),
but other studies have (Hicke et al. 2006; Raffa et al. 2013; Bentz et al.
2016). All insects have different survival strategies and climate tolerances,
and even the mountain pine beetle, about which much is known, has a
very complex life history (Bentz and Mullins 1999). Thus, impacts could
be greater than would be indicated by only considering warmer winter
temperatures (Buotte et al. 2016). However, the mountain pine beetle
provides a good example of how potential changes in temperature may
impact insect species that disturb Montana forests.
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populations as projected under two greenhouse gas emission
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Soil responses, nutrient cycling, and carbon storage
Soils that are high in organic matter support forest resources by providing moisture, necessary
PWVTKGPVUCPFRJ[UKECNUWRRQTVƂNVGTKPIQHVQZKEUCPFQVJGTWPYCPVGFEQORQWPFUCPFJGNRHWNDKQVC
such as mycorrhizae, which are a symbiotic relationship between fungi and roots that help a tree absorb
nutrients and water. Soils high in organic matter also store more carbon. Climate change can affect all
of these soil functions.22
Changes in soil temperature and moisture can have substantial impacts to forests, although the
direction of change and resulting impacts are uncertain. For example:
•

Soil decomposition rates may increase with high temperatures, reducing the quality and quantity of
soil organic matter (Keane et al. forthcoming). Similarly, wet soils can increase decomposition rates,
but it is unknown whether soil moisture will increase or decrease under projected climate changes
for Montana. Alternatively, increases in forest productivity resulting from increased atmospheric CO2
can increase litter and soil organic matter.
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•

Nutrient cycling may be affected by rising temperatures that, in turn, can increase microbial activity.
This feedback has the potential to increase nitrogen deposition, providing more of a nutrient
critical to tree growth (Melillo et al. 2011). Warming temperatures can also increase nitrogen export
(reduction). Recent work by Brookshire et al. (2011) suggests that climate change-driven loss of soil
nitrogen could outpace deposition by 3 to 1.

•

More important may be how multiple, climate-related effects interact to impact soil resources.
(QTGZCORNGKPETGCUGFFKUVWTDCPEGHTQOƂTGQTKPUGEVUEQWNFTGFWEGHQTGUVECPQR[UJCFKPI
thereby further compounding the effects of rising air temperature on soil temperatures. Increased
temperatures and reduced water, happening concurrently, can decrease mycorrhizal colonization of
tree roots (Compant et al. 2010), exacerbating a tree’s susceptibility to pathogens.

Carbon storage may also be impacted by climate change. At a global scale, almost 45% of the total
forest storage of carbon is in soils, with most of the rest (approximately 42%) stored in live woody
biomass (Bonan 2008; Pan et al. 2011). Global forest carbon storage has been increasing over the past
50 yr in response to increased nitrogen deposition and atmospheric CO2 concentrations, despite a
worldwide reduction in forested area (Bellassen and Luyssaert 2014). The same trend is seen in the
USFS’s Northern Region (northeastern Washington, northern Idaho, and Montana) between 1990-2013,
although the trend is small and there are substantial differences among forest types (USFS 2015).

22
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Researchers debate whether increasing temperatures will increase or decrease carbon storage
(Davidson and Janssens 2006). With rising temperatures, carbon storage will increase due to increasing
forest productivity (assuming adequate water and nutrient availability) (Finzi et al. 2006; Norby et al.
2010; Garten et al. 2011), but decrease due to increasing microbial respiration, which in turn releases
CO2HTQOVJGUQKN%JCPIGUKPFKUVWTDCPEGTGIKOGU GIKPETGCUGFƂTGHTGSWGPE[QTVTGGOQTVCNKV[HTQO
insects) could also result in release of carbon currently stored in forests (Baldocchi 2008; Kurz et al. 2008;
.QGJOCPGVCN 1XGTCNNECTDQPOQFGNUUWIIGUVVJCVKPETGCUGFƂTGCPFDCTMDGGVNGQWVDTGCMUCTG
likely to reduce carbon storage in western forests (Metsaranta et al. 2010; Westerling et al. 2011), and
some research suggests recent steep declines in forest carbon storage in the Rocky Mountains as a
result of higher rates of disturbance relative to historical values (Wear and Coulston 2015).

ADAPTATION STRATEGIES FOR
A CHANGING CLIMATE
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Managers should consider multiple scenarios of potential climate shifts and contemplate a suite of
adaptation strategies. Vose et al. (2012) suggest four general types of adaptation options in managing
forests for the potential impacts of climate change:
1

Promote resistance.—Enhance ability of species of system to resist forces of

climate change;

2

Increase resilience.—Enhance capacity of system to absorb impact without

substantial changes to processes and functionality;

3

Enable ecosystems to respond.—Assist a system’s transition to an altered

state that is adaptive to a changed climate while minimizing disruptive outcomes; and

4

Re-align highly altered ecosystems.—Use restoration techniques to allow

a system’s function to continue through changing climate conditions.

We recommend a bet-hedging approach, understanding the range of potential options and their
RQUUKDNGEQPUGSWGPEGUCPFUGNGEVKPICOQPIVJQUGVJCVRTQXKFGVJGOQUVNKMGN[DGPGƂVIKXGPHWVWTG
WPEGTVCKPV[9GNKUVOCP[RQVGPVKCNURGEKƂECFCRVCVKQPUVTCVGIKGUKP6CDNG5GXGTCNIWKFGDQQMUGZKUV
for developing adaptation options on forested lands; these include Responding to Climate Change on
National Forests (Peterson et al. 2011), Climate Change in Forests of the Future (Millar et al. 2007), and
Forest Adaptation Resources (Swanston et al. 2016).
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Table 4-6. General adaptation strategies to increase resilience of forests to climate change
and variability.
Adaptation
option

Time period

Increase
genetic and
phenotypic
diversity

Mid to long
term

Ý>«iÃvÕÀÌ iÀÀi>`}®
•

Breed for climate resilience and disease resistance

•

Plant from multiple species, seed sources, and climate zones,
particularly from locally-adapted sources

•

Manage to maintain genetic diversity and phenotypic plasticity

•

Create opportunities for rapid natural selection for species
with high predicted potential for adverse impacts from climate
change
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(Sturrock et al. 2011; Erickson et al. 2012; Alfaro et al. 2014; FAO
2014)

Improve forest
structure,
diversity, and
resilience

Long term

•

Plant various species in microsites (small areas with locally
variable climate, topographical, and soil conditions) with existing
species mix as guide

•

Plant drought tolerant and native species

•

Retain diversity of species and promote legacy trees

•

Manage or restore mosaic (variable pattern of species and ages)
and maintain or improve landscape connectivity

•

Plant in asynchronous rotations and manage for diverse age
classes

•

6JKPRNCPVCPFWUGRTGUETKDGFƂTGVQHCXQTURGEKGUCFCRVGFVQ
disturbance

(Millar et al. 2007; Vose et al. 2016; Keane et al. forthcoming)

Improve
establishment

Improve water
availability

Short to long
term

Long term

•

Plant drought-tolerant species in years with strong El Niño
HQTGECUVURCTVKEWNCTN[FWTKPI2CEKƂE&GECFCN1UEKNNCVKQP
YCTORJCUGRNCPVVTGGUVJCVTGSWKTGUWHƂEKGPVYCVGTFWTKPI
GUVCDNKUJOGPVKP.C0KÍC[GCTUCPFFWTKPI2CEKƂE&GECFCN
Oscillation cool phases

•

Focus planting more in spring as fall planting becomes more
FKHƂEWNVYKVJTGFWEGFUQKNOQKUVWTGCPFVGUVFKHHGTGPVRNCPVKPI
timings as springs shift earlier

•

In snow-dominant locations, reduce canopy cover on north
slopes (reduce interception of moisture by canopy), retain
canopy cover on south slopes (increase shading), in all locations
OCKPVCKPUWHƂEKGPVUJCFKPIQPUQWVJUNQRGUVQTGVCKPUQKN
moisture
Óä£Ç" /č č č/ č-- --
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Table 4-6. Continued.
Adaptation
option

Time period

Ý>«iÃvÕÀÌ iÀÀi>`}®

Improve soil
quality

Mid to long
term

•

Alter timing of logging to reduce soil compaction

•

Retain woody debris to retain soil moisture and promote nutrient
cycling

4GFWEGƂTG
TKUMCPFƂTG
severity

Mid to long
term

•

#RRN[CFFKVKQPCNGHHQTVUHQTƂTGRTGXGPVKQPKPFTKGTYCTOGT[GCTU
allow spot burning in cooler, wetter years

•

7UGRTGUETKDGFƂTGCPFVJKPPKPIVQOKPKOK\GHWGNNQCFKPICPFHCXQT
ƂTGTGUKUVCPVURGEKGU

(Vose et al. 2016; Keane et al. forthcoming)
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Manage
forest
diseases

Mid to long
term

•

Monitor, forecast, and plan regarding forest diseases and use an
adaptive management framework

•

Ensure management activities do not spread disease

•

Breed for increased disease resistance

(Sturrock et al. 2011)

Consider
Mid to long
assisted
term
migration and
adaptation

•

#UUKUVGFCFCRVCVKQPtQHVGPFGƂPGFCUOCPCIGOGPVVQCUUKUVIGPG
ƃQYQTUGNGEVKQPHQTURGEKƂEIGPGVKEVTCKVUtOC[DGCOQTGWUGHWN
tool than assisted migration whereby a species is deliberately
moved to a different habitat; carefully consider implications of either
action

•

Identify potential climate refugia to focus restoration efforts

•

Plant a mix of seeds genetically selected and adapted to likely future
and current conditions

(McLachlan et al. 2007; McKenney et al. 2009; Aitken and Whitlock 2013;
Alfaro et al. 2014)

Manage
forest carbon
(mitigation)

Mid to long
term

•

Planting new trees to increase forested area

•

Increase carbon storage in existing forests (e.g., replace dying
UVCPFUOCPCIGHQTOCZKOWORTQFWEVKXKV[CPFTGFWEGFƂTGTKUMXKC
pre-commercial thinning23)

•

Use of wood as biomass energy

(McKinley et al. 2011; Bellassen and Luyssaert 2014)

23
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KEY KNOWLEDGE GAPS
/CP[MPQYNGFIGICRUUVKNNPGGFVQDGƂNNGFVQDGVVGTWPFGTUVCPFCPFRTGRCTG/QPVCPCoUHQTGUVU
to survive and thrive under a changing climate. We detail 12 key needs below to achieve better
understanding of direct effects, indirect effects, and general effects.
•

Better understanding of direct climate effects.—1) Improved understanding of

adaptive genetic and phenotypic forest characteristics that would provide better guidance for
breeding programs and management actions to maximize resilience to both direct and indirect
climate impacts to forests; 2) Long-term studies to better understand effects of CO2 fertilization in
Montana’s forests; 3) Improved models of climate and vegetation effects on evapotranspiration and
water balances throughout forested systems.
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•

Better understanding of indirect climate effects.— +ORTQXGFƂTGOQFGNUCPF

projections directly related to Montana’s forests; 5) Long-term monitoring of forest insect and
pathogen response to recent climate changes and improved projections of likely future impacts; 6)
Better understanding of disturbance effects on microclimates and refugia and implications for forest
productivity, mortality, and adaptation.

•

Better understanding of general effects and adaptation options.—7) Forest

models for Montana that account for changes in both climate and resulting vegetation distribution
and patterns; 8) Models that account for interactions and feedbacks in climate-related impacts to
HQTGUVU GIEJCPIGUKPOQTVCNKV[HTQODQVJFKTGEVKPETGCUGUKPYCTOKPICPFKPETGCUGFƂTGTKUMCU
a result of warming); 9) Systems thinking and modeling regarding climate effects on understory
vegetation and interactions with forest trees; 10) Discussion of climate effects on urban forests
and impacts to cityscapes and livability; 11) Monitoring and time-series data to inform adaptive
management efforts (i.e., to determine outcome of a management action and, based on that
outcome, chart future course of action); 12) Detailed decision support systems to provide guidance
for managing for adaptation.

CONCLUSIONS
Much is known regarding how forest ecosystems will respond to climate change, even amid the
WPEGTVCKPVKGU6YQEQPENWUKQPUECPDGOCFGYKVJJKIJEQPƂFGPEG
•

Rising temperatures and shifts in precipitation and moisture balance of forests are likely to
increase negative direct effects on forests, particularly in water-limited systems and in years with
low precipitation.

•

In some regions, indirect effects of climate, due primarily to increased frequency and severity of
YKNFƂTGCPFDGGVNGQWVDTGCMUYKNNJCXGCITGCVGTKORCEVVJCPFKTGEVENKOCVGGHHGEVU
Óä£Ç" /č č č/ č-- --
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By instituting adaptation and mitigation programs, forest managers can act now to lessen the likelihood
and magnitude of climate change impacts on Montana’s forests. Such programs, best undertaken in an
CFCRVKXGOCPCIGOGPVHTCOGYQTMKPENWFGDWVCTGPQVNKOKVGFVQTGFWEKPIƂTGTKUMOCPCIKPIHQTGUV
diseases; improving forest establishment; increasing forest carbon storage; improving water availability
and soil quality; improving forest diversity, structure, and resilience; and increasing genetic and
phenotypic diversity of forests.

Socio-cultural Concerns
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 5CETGFUKVGUCPFVTCFKVKQPCNƂTUVHQQFUt(QQFURNC[CXKVCNTQNGKP
RJ[UKECNOGPVCNCPFURKTKVWCNJGCNVJQHKPFKIGPQWUEQOOWPKVKGU
/CP[VTKDCNEQOOWPKVKGUTGN[QPƂTUVHQQFUHQTUWUVGPCPEGCPF
VJGUGHQQFUCTGGSWCNN[KORQTVCPVVQVJGUWUVGPCPEGQHVTKDCNEWNVWTG
+P/QPVCPCGZCORNGUQHƂTUVHQQFUCPFRNCPVUVJCVCTGHQWPFKP
HQTGUVUCPFQRGPYQQFNCPFUKPENWFGECOCU Camassia quamash 
RWTRNGEQPGƃQYGT Echinacea angustifolia EJQMGEJGTT[(Prunus
virginiana TGFTCURDGTT[ Rubus idaeus L. JWEMNGDGTTKGU Vaccinium
URR MKPPKEMMKPPKEM Arcostaphylos uva-ursi YQQFoUTQUG Rosa
woodsii YKNFUVTCYDGTT[ Fragaria virginiana CTTQYNGCHDCNUCOTQQV
(Balsamorhiza sagittata CPFƂTGYGGF Epilobium angustifolium KP
CFFKVKQPVQFGGTGNMCPFQVJGTICOG

 %NKOCVGEJCPIGOC[TGFWEGCXCKNCDKNKV[QHVJGUGHQQFUCPFRNCPVU
CUYGNNCUUJKHVICVJGTKPIUKVGUVQNQECVKQPUPQVWPFGTVTKDCNEQPVTQN
8QIIGUUGTGVCN (QTGZCORNG*QNFGPGVCN  UJQYGF
JWEMNGDGTT[CPFUGTXKEGDGTT[ Amelanchier alnifolia RTQFWEVKXKV[KU
UGPUKVKXGVQENKOCVGXCTKCVKQP(QTGUVEJCPIGUOC[CNUQKORCEVUCETGF
UKVGU(QTGZCORNGUQOGUCETGFUKVGUCTGPCOGFCHVGTVJGNQPI
UVCPFKPIXGIGVCVKQPEQOOWPKVKGUITQYPKPVJCVCTGC[GVOCP[QHVJG
URGEKGUOC[PQNQPIGTDGRTGUGPVWPFGTHWVWTGENKOCVGU
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Native people have harvested camas (Camassia quamash) for millennia as a food source in Montana. Here,
native youth dig for camas roots as part of the 2011 Northwest Montana Native Youth Conservation Corps.
Courtesy of US Fish and Wildlife Service.

Timber production and wood industry.—Potential climate change-induced
impacts to commercial forestry have been reviewed in several places (e.g.,
Kirilenko and Sedjo 2007; Vose et al. 2016; Keane et al. forthcoming), as has
the status of Montana’s forest products industry (e.g., McIver et al. 2013). In
summary, potential increases in forest productivity from climate shifts (Lin et
al. 2010; NPS 2010) could result in increased timber production in Montana
(Garcia-Gonzalo et al. 2007). However, decreased vigor and increased
mortality might offset gains in productivity from climate alone (Kirilenko and
5GFLQ8QUGGVCN +PETGCUGFFKUGCUGUKPUGEVUCPFƂTGUEQWNF
also reduce quality of timber, thereby reducing the value (Spittlehouse and
Stewart 2004; Kirilenko and Sedjo 2007; Gillette et al. 2014).
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Sunrise along Montana’s Hi-Line.
Photograph courtesy of Scott Bischke.
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Montana agriculture has always faced variability and
occasional extreme events. Wry commentary about the
EJCNNGPIGUQHUWEJXCTKCDKNKV[OKIJVGXGPDGECNNGFCFGƂPKPI
trait of rural culture in Montana. Characterizing the impacts of
global climate change on Montana’s diverse and historically
variable agriculture is not clear cut. In the Third National
Climate Assessment Melillo et al. (2014) described the
challenge, though for the country as a whole, as follows:
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KEY MESSAGES
•

There are multiple drivers of decisionmaking in agriculture. Climate change
is only one of the drivers motivating
agricultural innovation, but it will
become more important as warming
continues into the future. [high
agreement, robust evidence]

•

Every component of agriculture—from
prices to plant pollinators and crop
pests—exhibits complex relationships
to climate, depending on the location,
weather variability, and agricultural and
economic practices and policies. Social
and economic resilience to withstand and
adapt to variable conditions has always
been a hallmark of Montana farmers’ and
livestock producers’ strategies for coping
with climate variability. [high agreement,
robust evidence]

•

Decreasing mountain snowpack
will continue to lead to decreased
UVTGCOƃQYCPFNGUUTGNKCDNGKTTKICVKQP
capacity during the late growing season.
Reduced irrigation capacity will have
the greatest impact on hay, sugar beet,
malt barley, market garden, and potato
production across the state. [high
agreement, robust evidence]
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•

Projected temperature and precipitation
increases may be favorable in the short
term for some Montana crops and forage
production, but the effects of warming
will become increasingly disruptive as they
accelerate beyond adaptation thresholds.
More frost-free days and longer growing
seasons will potentially enable greater
crop diversity. However, more 90°F+
(32°C+) days will also 1) increase
evapotranspiration and water demand for
most crops; 2) limit grain development
HTQORQNNKPCVKQPVQUGGF KGITCKPƂNN 
and 3) elevate heat stress on livestock.
[medium agreement, medium evidence]

•

Climate change affects global-pricedetermined commodity agriculture
differently than it affects non-commodity
agriculture. Commodity crops, such as
small grains, are more directly driven
by global markets and agricultural
subsidies, whereas non-commodity
crops tend to be more directly tied
to local or specialized non-local
markets and local micro-climates. [high
agreement, medium evidence]

•

&KXGTUKƂGFETQRRKPIU[UVGOU
including rotation with pulse crops
and innovations in tillage and covercropping, along with other measures
to improve soil health, will continue to
allow adaptation to climate change.
[medium agreement, low evidence]

•

Models predict native plains
vegetation will increase but livestock
forage quality will decrease. [medium
agreement, low evidence]

AGRICULTURE
£n

•

Increases in
temperature will allow
winter annual weeds,
such as cheatgrass, to
increase in distribution
and frequency in
winter wheat cropland
and rangeland. Their
spread will result
in decreased crop
yields and forage
productivity, as well as
increased rangeland
YKNFƂTGHTGSWGPE[
[high agreement,
medium evidence]

The cumulative effects of climate change
will ultimately depend on changing global
market conditions as well as responses to
local climate stressors, including farmers
adjusting planting patterns in response to
altered crop yields and crop species, seed
producers investing in drought-tolerant
varieties, and nations restricting trade to
protect food security. Adaptive actions
in the areas of consumption, production,
education, and research involve seizing
opportunities to avoid economic damages
and decline in food quality, minimize
threats posed by climate stress, and in
UQOGECUGUKPETGCUGRTQƂVCDKNKV[
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•

Projected increases
in winter temperature
and spring
precipitation are likely
to increase current
crop diseases and
pests. For example,
increased planting
of winter wheat will
be accompanied by
increased crop pests,
such as wheat stem
UCYƃ[CPFVJGPCVWTCN
regulation of this pest
by native parasitoids
will likely decline.
[medium agreement,
medium evidence]

In other words, any effort at assessing climate impacts on
agriculture faces multiple layers of uncertainty, including
uncertainty that 1) accompanies all climate projections, 2)
KUURGEKƂEVQCITKEWNVWTCNRTQLGEVKQPUCPF KUETGCVGFD[
adaptive actions (human interventions) that can mask a
direct climate impact signal.
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%QPUGSWGPVN[KPVJGEJCRVGTVJCVHQNNQYUYGGORJCUK\GCPFRNCEGJKIJGTEQPƂFGPEGKPRTQLGEVKQPU
that are consistent with current climate trends and supported by agricultural data. We must also
acknowledge longer-term climate projections that may not yet be manifest as agricultural impacts. We
ƂTUVRTQXKFGCUWOOCT[QHMG[ENKOCVGRTQLGEVKQPUTGNGXCPVHQT/QPVCPCCITKEWNVWTGHQNNQYGFD[CDTKGH
overview of the uncertainties associated with identifying and predicting climate change effects. We
PGZVTGXKGYVJGKPƃWGPEGQHENKOCVGEJCPIGQP/QPVCPCETQRUCPFNKXGUVQEMCPFQPVJGCUUQEKCVGF
roles of pollinators, disease, pests, and weeds. We also report a number of human adaptations already
underway that may increase resilience in the face of climate change. This combination of uncertain
RTQLGEVKQPUNQECNCPFINQDCNGHHGEVUCPFRQVGPVKCNHQTJWOCPCFCRVCVKQPOCMGUKVFKHƂEWNVVQCVVTKDWVG
current, much less future, changes and trends in Montana agriculture solely to climate change.
Accepting the reality of that uncertainty, we conclude the chapter by discussing future challenges for
the agricultural sector related to climate change and the next steps for research and assessment.
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BACKGROUND

Agriculture is a key industry in Montana, generating over $5.2 billion in 2014 through the sale of
agricultural commodities (USDA-NASS 2015). Montana’s large agricultural industry consists of
both crops and livestock, as summarized by revenue in Table 5-1.
Agriculture plays a dominant role in the state’s land use and its people’s sense of place.
Thus, even though more Montanans live in cities than on farms and ranches (USDA Census
of Agriculture 2012), many of them think of Montana as an agricultural state, where the nonforested landscape is dominated by livestock and crop production.

Montana’s farm and ranchland is a mosaic of dryland and irrigated agriculture, commodity
and specialty cropland, and native and planted rangeland, all set on a backdrop of public and
private lands that represent a spectrum from cities to wildlands. The analysis in this chapter
separates Montana into seven agricultural regions (USDA-NASS 2015), which correspond to
VJGUGXGP01##FGƂPGF/QPVCPCENKOCVGFKXKUKQPUKP(KIWTG %NKOCVGEJCRVGT 6JGUGXGP
agricultural regions are characterized as follows:
•

Northwestern and southwestern.—The mountain valleys of the northwestern

and southwestern regions are dominated by hay and livestock production with a few
isolated areas of small grains, seed potatoes, malt barley, and other rotational crops. In
addition, this region has irrigated, small-scale market garden and orchard crops surrounding
urban centers and Flathead Lake.
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Table 5-1. Summary of major crop and livestock revenues in Montana in 2015 (USDA-NASS
2015).24
Commodity

Value (US
`>ÀÃ®

National
Rank

¯1-
Total

Cropland
Acres
in MT
Planted

Proportion
of Total
Cropland
Acres in MT

Proportion
of All Land
in Farms and
Ranches

Durum Wheat

$125,969,000

2

25.1

435,000

2.55%

0.73%

Other Spring
Wheat

$634,144,000

2

17.5

3,050,000

17.91%

5.10%

Winter Wheat

$538,182,000

2

6.7

2,500,000

14.68%

4.18%

Barley

$238,038,000

2

25.3

920,000

5.40%

1.54%

ÀÕÌÃ]Ûi}iÌ>LiÃ] $192,814,000
melons, and tree
nuts

n/a

n/a

n/a

n/a

n/a

Lentils

$40,151,000

1

52.3

130,000

0.76%

0.22%

$99,792,000

1

52.9

525,000

3.08%

0.88%

Austrian Winter
Peas

not available

2

31.1

12,000

0.07%

0.02%

-Õ}>ÀLiiÌÃ

$49,250,000

5

4.6

45,100

0.26%

0.08%

Potatoes

$46,285,000

13

0.9

11,500

0.07%

0.02%

Corn (grain +
Ã>}i®

$28,125,000

36

0.1

130,000

0.76%

0.22%

Oats

$3,643,000

17

1.6

45,000

0.26%

0.08%

All Hay

$668,427,000

8

3.9

2,730,000

16.03%

4.57%
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Livestock

Gross Income
`>ÀÃ®

National
Rank

¯1-
Total

Pasture and
Range Acres
in MT

Proportion
of Total
Pasture
and Range
Acres in MT

Proportion
of All Land
in Farms and
Ranches

All cattle and
calves

$2,014,017,000

11

2.8

n/a

n/a

n/a

Hogs and pigs

$78,612,000

23

0.3

n/a

n/a

n/a

Dairy products

$65,560,000

n/a

n/a

n/a

n/a

n/a

All sheep

$50,525,000

8

4.1

n/a

n/a

n/a

Honey

$29,225,000

4

8

n/a

n/a

n/a

Eggs

$12,966,000

35

0.1

n/a

n/a

n/a

Chickens

$3,100,000

35

0.1

n/a

n/a

n/a

 č««i`Ýx£Ì i čÜiLÃÌiiÝ«>`ÃÌ iÃi`>Ì>ÌÃ Ü>VÀiÃ >ÀÛiÃÌi`]Þi`«iÀ>VÀi]ÌÃv«À`ÕVÌ]>`>>
ÕLiÀÃvÀi>V vÌ iÃiÛi>}ÀVÕÌÕÀ>Ài}ÃÃiiLiÜ®Ì>>°

24
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•

Central.—The southern portions of the central region are dominated by livestock and hay

production. A large part of the area is irrigated, with some isolated small-grain production.
•

North central.—The Golden Triangle, known primarily for its wheat production, represents

a large part of the north central region. The region is dominated by dryland, small-grain
production (with alternate fallow years to store soil moisture), with some legume and oil seed
rotational crops. Livestock agriculture is less important than in other regions of the state.
•

South central.—The west half of the south central region is dominated by livestock and

associated irrigated hay production. The east half (Yellowstone, Big Horn, and Treasure counties)
is characterized by river valleys with irrigated crops and by dryland winter wheat production.

•

Northeastern.—The northeastern region is dominated by dryland small-grain production,
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including spring wheat with more continuous cropping by rotation with legume and oil seed
crops. Livestock agriculture is less important than in other regions of the state.

•

Southeastern.—The southeastern region includes extensive rangeland with cattle

production, dryland winter wheat, and some rotation with oil seed crops. Row crops, including
sugar beets, dominate the river valleys, with corn and soybean production increasing.

Agricultural irrigation is generally most extensive in the southwestern quadrant of the state, but
there are pockets of irrigation dependence throughout Montana that do not correlate strictly
with the regional divisions. The Water chapter of this document addresses climate impacts to
water supply issues and more extensive documentation of agricultural irrigation in Montana is
available in the 2015 Montana State Water Plan (MT DNRC 2015). The DNRC Plan includes maps
and assessments of hydrologic basins and irrigation infrastructure, including context of climate
projections. We do not reproduce those data on a region-by-region basis, but we do discuss the
relationship between irrigated crops and climate change.

-ÌÕLLiwi`i>À,>«ii°
Photograph
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CLIMATE CHANGE

SUMMARY OF KEY CLIMATE
PROJECTIONS FOR MONTANA
AGRICULTURE
As described in the Climate chapter of this assessment, average annual temperatures in
Montana increased from 2.7°F (1.5°C) between 1950 and 2015, with even higher warming
occurring in winter and spring (3.6°F [2.0°C] and 2.6°F [1.4°C], respectively). As a result, the
annual growing season lengthened during roughly the same period by 12 days. Average annual
precipitation for Montana, in contrast, did not change markedly between 1950 and 2015.
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Climate model projections show a warmer Montana in the future, with mixed changes in
precipitation, more extreme events, and mixed certainty on upcoming drought. As the basis
for the chapter to follow, we provide summaries of the scaled-down global climate model
projections for each of these climate variables below. More in-depth information can be found
in the Climate chapter of this assessment.
•

Temperature projections.—The state of Montana will continue to warm in

all geographic locations, seasons, and under all modeled global emission scenarios,
throughout the 21st century. By mid century and end-of-century, respectively, Montana
temperatures are projected to increase by roughly 4.5-6.0°F (2.5-3.3°C) and 5.6-9.8°F (3.15.4°C), depending on emission scenarios. These projected temperature increases are larger
than the average changes projected globally and nationally.

•

Precipitation projections.—Across the state, precipitation (rain and snow) will

increase in winter, spring, and fall. Precipitation is expected to decrease in summer. The
largest increases are expected to occur during spring in the southern part of the state, with
increases of 0.2-0.4 inches/month (0.5-1.0 cm/month) and 0.4 inches/month (1.0 cm/month)
expected by mid and end-of-century, respectively, depending on emission scenarios. The
largest decreases are expected to occur during summer in the central and southern parts of
the state (0.2 inches/month [0.5 cm/month] by end-of-century under two emission scenarios).
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Extreme events.—Agricultural productivity is highly vulnerable to extreme weather

GXGPVUUWEJCUƃQQFKPIDNK\\CTFUJCKNUVQTOUCPFFTQWIJV /GNKNNQGVCN #NVJQWIJKV
is not possible to predict the precise location, magnitude and timing of such events in the
future, more extreme events, as part of increased climate variability, may impact agricultural
systems over and above those impacts associated with gradual climate change (Harrison
et al. 2016). For example, crop-damaging hail events have consistently occurred in south
central Montana in July from 1901-1980, with a slight increase in frequency from 19601980 (Changnon 1984). Recent predictions of hail threat over North America indicate that
UQWVJYGUVCPFGCUVGTP/QPVCPCYKNNUGGCUKIPKƂECPVKPETGCUGKPUGXGTGJCKNFC[UKPURTKPI
and early summer in 2041-2070 compared to 1971-2000 (Brimelow et al. 2017). Potentially
damaging hail events for agriculture in Montana are generally predicted to increase if one
assumes that hail larger than 0.4 inches (1 cm) in diameter is likely to damage crops or
livestock (Figure 5-1). Brimelow et al. (2017) used dynamically downscaled data (on a 31-mile
[50-km] grid) from the North American Regional Climate Change Assessment Program as
KPRWVHQT*#+.%#56tCEQORWVCVKQPCNN[GHƂEKGPVQPGFKOGPUKQPCNENQWFOQFGNNKPMGFVQC
time-dependent hail growth model with microphysics to simulate the growth and melting of
JCKNHTQOƂTUVRTKPEKRNGU*CKNJCUKVUITGCVGUVKORCEVQPDCTNG[CPFYJGCVQPEGJGCFUYKVJ
grain are formed (currently, early June for winter wheat and late June or early July for spring
YJGCVCPFDCTNG[ *CKNOGCUWTKPIKPEJGU EO KUGPQWIJVQUKIPKƂECPVN[FCOCIGUOCNN
ITCKPETQRU 5CPEJG\GVCN 6JGRTGFKEVGFKPETGCUG Ŝ)'KP(KIWTG QHFC[UQHUOCNN
grain damaging hail could result in increased hail damage insurance premiums, which further
challenges the economics of Montana crop production.
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Drought.—&TQWIJVKUOQTGFKHƂEWNVVQRTGFKEVWPFGTCHWVWTGYKVJKPETGCUKPI

greenhouse gas emissions. Drought seasonality, duration, frequency, and intensity all
strongly impact agriculture—for example, reducing levels of soil moisture to support
crop growth—and the lack of predictability under climate change is problematic. For
Montana, increasing temperatures will likely intensify drought when it occurs, but
precipitation projections do not reveal increasing duration or frequency of drought.
When drought is discussed in the remainder of this chapter, it is referring to agricultural
FTQWIJVCUFGƂPGFKPVJG&TQWIJVUKFGDCTQHVJG%NKOCVGEJCRVGT
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Projected Changes in Hail Events
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Uncertainty accompanies efforts to assess the impacts of climate change on agriculture, including
uncertainty in climate modeling (e.g., Melillo et al. 2014), in crop growth modeling (e.g., Ruane
et al. 2016), in predicting livestock production, and in economic projections. Similarly, agricultural
responses, largely driven by economics, may vary widely in the face of both local and global climate
change. Such responses—also called adaptive actions—include altered planting and harvest dates,
altered tillage and cover-cropping to manage water and weeds, adaptive grazing management,
price support programs and other government subsidies, creation of specialized marketing
channels, changes in crop selection, and crop insurance programs.

Climate change can affect all sectors of the agricultural industry, although in different ways at
different scales, both directly and indirectly (Figure 5-2). For example, in considering agricultural
markets: a) commodity grain revenues are affected by worldwide commodity yields and prices,
which in turn might be impacted by global climate change; b) agricultural products marketed to
consumers through local outlets (e.g., at farmers markets) can be affected by Montana’s climate,
CPFCTGNGUUKORCEVGFD[INQDCNRTKEGƃWEVWCVKQPUE NKXGUVQEMTGXGPWGUECPDGCHHGEVGFD[ENKOCVG
through prices of input commodities or shifts in range availability or in markets; and d) sea level
change may require relocation of port facilities that are critical to Montana grain exports and
therefore could decrease price received or increase the cost of transportation, making grain farming
NGUURTQƂVCDNGCPFUWUVCKPCDNG
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Interactions of Natural Systems and Human Interventions
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Figure 5-2. Interactions of natural systems and human interventions guarantee that climate change effects on agriculture,
>`ÛViÛiÀÃ>]ÜLiiÌ iÀÃ«iÀÌÀÛ>°

Crop growth models are simulations that help
estimate crop yield based on multiple projected
growing conditions. While such models have
not been run explicitly for Montana, they have
been applied to other locations and can provide
KPUKIJVUtVJQWIJUQOGVKOGUYKVJEQPƃKEVKPI
results—for considering impact on Montana
wheat. Highlights from those models include:
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•

In a European study on wheat, the ensemble
crop model indicated that average yields
would decline 3 to 7% per 1.8°F (1°C)
increase in temperature (Pirttioja et al. 2015).

•

Under projected climate conditions
somewhat similar to Montana in Australia,
dryland wheat yield loss was predicted to
range from 24-94% by the 2060s depending
on the site and the regional climate
projection (Kouadio et al. 2015).

•

•

Thirty different models for predicting
global wheat grain yield indicated
high levels of uncertainty when
simulating crop responses to
increasing temperatures. The research
indicated that the median wheat grain
production would fall 6% per 1.8°F
(1°C) increase in temperature, plus
become more variable over space and
time (Asseng et al. 2015).
Ruane et al. (2016) compared 27
wheat model global yield responses
to interannual climate variability and
concluded that there is only a weak
relationship (R2Ű DGVYGGPVJG
model sensitivities to interannual
temperature variability and the crops’
actual response to long-term warming.
6JKUƂPFKPIUWIIGUVUVJCVVJGOQFGNU
FQPQVECRVWTGCNNVJGUKIPKƂECPV
processes that affect wheat yield.
Thus, the use of the physiologicallybased crop-growth models to project
climate responses may be highly
WPEGTVCKPYKVJQWVHWTVJGTTGƂPGOGPVU
(Macadam et al. 2016).

that if no cultivar changes occurred,
spring and winter wheat yields would
increase by 37% and 70%, respectively.
The indication is that northern regions
are likely to see strong shifts toward
increased agricultural productivity
under climate change.
Results of these modeling studies,
particularly from those from regions
similar to Montana, are useful only with
important caveats. For example, differences
in temperature between Canada and
Montana, and uncertainties in precipitation
RTQLGEVKQPUKPƃWGPEGETQROQFGN
projections and call into question the ability
VQGZVTCRQNCVGVJGƂPFKPIUCETQUUOCLQT
subregions within the Great Plains.
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•

Results from a study of the Canadian
prairie, the northernmost portion of
the Great Plains of North America
and adjacent to Montana grasslands,
provide stark contrast to those
described in the previous example
(Smith et al. 2013). Researchers
ran growth models using historical
weather (1961–1990) and future
climate scenarios (2040–2069; using
IPCC Special Report on Emissions
Scenarios). This study predicted

Even while the spectrum of modeling
approaches used in these studies yield
KPUKIJVUCDQWVXCTKCDNGUVJCVKPƃWGPEG
crop growth, it is apparent that absolute
projections are not possible. Uncertainty
exists for crop models, just as for climate
models, and this must be acknowledged.
Stakeholders of Montana agriculture may
ƂPFVJGEWOWNCVKXGWPEGTVCKPV[QHKPGZCEV
crop models built on inexact climate
models frustrating, but it is as important
to understand the sources of uncertainty
as it is to realize that temperatures are
rising. Still, with temperatures rising
and a strong need to understand the
consequences for Montana agriculture,
models provide our best tool for looking
ahead. Models provide producers with a
range of plausible scenarios to consider in
designing adaptation strategies.
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CLIMATE CHANGE EFFECTS ON
COMMODITY CROPS IN MONTANA
Some of the crop production trends expected to accompany increasing temperatures are
already apparent in statewide agricultural statistics compilations. The documented shifts may be
attributable to climate change, but other factors may also contribute, in whole or in part. Due to
the complex interplay of direct and indirect factors illustrated in Figure 5-2, the literature contains
little documentation of climate change alone as being responsible for observed changes in
Montana crop production.
As noted in the Key Climate Projections for Montana section (above), precipitation is projected to
increase in some regions, and in some seasons, but not in others. This means that precipitation
projections cannot be applied uniformly across the state, whereas temperature trends are more
consistent statewide. Therefore, in this chapter we discuss observed and expected patterns of
change for each of the major types of agricultural production rather than applying the climate
trends equivalently across agricultural topics.
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Shifting ratios of spring and winter wheat

Wheat is the number one commodity crop grown in Montana (Table 5-1). It has a production
value of $939 million (USDA-NASS 2015), so changes in its acreage and distribution have
UKIPKƂECPVKORNKECVKQPUHQT/QPVCPCoUGEQPQO[CPFCITKEWNVWTCNRTCEVKEGU

A shift from spring wheat towards winter wheat production is expected, due largely to
warmer winter temperatures that facilitate greater winter wheat survival, and warmer summer
temperatures that impair spring wheat production by inhibiting seed formation, germination, and
early growth (Lanning et al. 2010). The increasing proportion of Montana winter wheat since 2000
(Figure 5-3) may be attributable to climate change in particular because of a) more consistent
autumn precipitation, b) warmer winters, and c) heat damage to later maturing spring wheat. This
shift to winter wheat is expected to increase in the future as winter temperatures and summer
days above 90°F (32°C) increase.

ÓänNč, 1/1, č

 č/  č 

Proportion of Wheat Acres Planted to Winter Wheat in Montana
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However, while such a shift has already been documented in some places (e.g., Prato and Qui
2013), many factors—including local or global price—can complicate crop preference shifts.
Figure 5-3 shows two historical trends for winter wheat production that are most likely not
attributable to climate change:
•

The increase in winter wheat from 1925-1970 resulted from improved cultivars bred for Montana
conditions, not climate change.

•

The relative decline in winter wheat acreage from 1987-2000 was probably driven more by the
Conservation Reserve Program (CRP) than by direct climate effects. The Conservation Reserve
Program gave favorable rates to Montana producers, leading many to remove acres from wheat
production and move them into CRP.

Importantly, the factors driving a farmer’s choice to switch, for example, from wheat to a high-value
rotational crop (e.g., lentils, corn) may change from year to year. Along with projected market price,
farmers must balance these choices against myriad other considerations, including other crops and
livestock on their land, government programs (e.g., CRP), labor scheduling, crop insurance, crop
rotations, and family traditions.
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Still, if current upward temperature trends continue or even accelerate, it is likely that the shift from
spring wheat to winter wheat will continue. However, further analysis of crop selections and commodity
pricing inside and outside Montana show, as discussed below, that projections regarding wheat cannot
function in isolation.

Increased corn production
Corn acreage, and to a lesser degree soybean acreage, has increased across much of Montana since
1990, particularly in eastern Montana (Figure 5-4) (USDA-NASS 2015). Farmers can now grow corn in
many areas where length of growing season, as well as spring and early fall temperatures, were formerly
prohibitive. But in addition to the longer growing seasons, which may be driven by climate change (see
Climate chapter), this improved feasibility of corn production in Montana is due in part to new, shorterseason corn varieties.
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Acres of Corn Planted Annually in Montana
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Along with increasing temperatures and length of growing season, however, a combination of
economic factors has favored the choice to plant corn in recent years:
•

2TQƂVCDKNKV[t%QTPJCUJKUVQTKECNN[DGGPOQTGEQPUKUVGPVN[RTQƂVCDNGVJCPOCP[QVJGT

crops, as indicated by comparisons of net return on labor and management in North Dakota
#CMTG0GYVQPCPF-WGVJG 6JKURTQƂVUVCDKNKV[KUFWGKPNCTIGRCTVVQVJGOCLQT
global market share that the US holds in corn production (40-45%). Therefore, US corn prices
are not as sensitive to global conditions as wheat prices are. The US produces only about
7-9% of global wheat, causing wheat prices to be more dependent on what happens globally.
Wheat price stability is also affected by discounts based on protein content, test weight, and
weed seed dockage, whereas corn price is not so substantially affected by quality.

•

Flexibility.—Farmers can harvest corn as silage for livestock feed, if necessary, even
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if the crop does not reach maturity. Thus, some Montana farmers are experimenting with
corn acreage, even where there is still risk of early frosts terminating growth before maturity.
5QOG/QPVCPCHCTOGTUOC[CNUQDGCVVTCEVGFVQVJGQRVKQPQHWUKPIIGPGVKECNN[OQFKƂGF
glyphosate-resistant corn to ease weed management, following a trend that has dominated
agriculture in the midwestern US.

Whether this increasing corn acreage is being encouraged by warmer growing conditions caused
by climate change, economic factors, or both, this expansion raises broader concerns about how
crop selections will be made in a changing climate. Corn is an extremely water- and fossil-fuelintensive crop typically grown as animal feed or biofuel, not as food for people. This allocation
of resources is already the subject of debate with respect to midwestern corn, and there may be
more pressure to adopt corn production in Montana with warming and increased precipitation as
much of the continent becomes more arid. However, disease considerations may also play into
crop selection trends, as wheat and barley growers are already raising concerns about corn as a
disease carrier (see section on crop diseases).

Price volatility and the cost of uncertainty in commodity
markets

The likelihood of increasingly volatile weather, both locally and globally, due to climate change will
increase uncertainty in both local and global markets. In commodity markets, that uncertainty has
a cost that relates not only to weather, but also to myriad choices involving forward contracting,
futures marketing, crop selection, and crop quality.
Any agricultural decision has multiple drivers (Figure 5-5), but the discussion in this section applies
URGEKƂECNN[VQVJGOCLQTEQOOQFKV[OCTMGVUQH/QPVCPCYJGTGUOCNNITCKPUGURGEKCNN[YJGCVCTG
dominant and pulses and corn are subsidiary. The most direct determinants of cropping decisions
(i.e., crop selection) include input costs, pest conditions, government policies, and year-to-year
price expectations.
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Factors that Drive Agricultural Decisions in Montana
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Near Ulm, Montana.
Photograph
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CLIMATE CHANGE

Climate interacts with all of these other variables shown in Figure 5-5, both directly and indirectly.
Increasing uncertainty due to complex interactions, whether through volatility or new and hardto-predict temperature and moisture trends, can disrupt agricultural decision-making and will
probably become an even more important direct agriculture decision-driver in the years ahead.
Climate change can impact the economics of Montana’s commodity crop industry in three
principal ways:
•

Agricultural producers and grain handlers are likely to be exposed to greater market
uncertainty because of climate change. That uncertainty, in turn, may be incorporated into
an operation’s cost structure, potentially leading to higher costs for both producers and
marketers of the commodity.

•

%NKOCVGEJCPIGCPFURGEKƂECNN[TKUKPIVGORGTCVWTGUECPCNVGT/QPVCPCoUCDKNKV[VQEQPUKUVGPVN[
produce high-quality, higher-protein spring wheat, a key market differentiator for the state.
Such a change could reduce Montana’s competitive advantage in global wheat markets and,
as a result, reduce the economic returns from our state’s agricultural sector.

•

Changes to Montana’s climate will likely alter the traditional selection of crops produced in the
state. This change would alter Montana’s role on the US and global crop marketing landscape,
although whether these impacts will be positive or negative is uncertain.
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The preceding sections of this document address climate impacts on wheat quality and crop
selection (shifts to winter wheat or corn), but the economics of price uncertainty is also a
consequence of climate uncertainty. The accompanying Basis and Climate Change sidebar
introduces the concept of basisCPGEQPQOKUVoUVQQNHQTGXCNWCVKPINQECNCPFINQDCNKPƃWGPEGU
on commodity prices; a more detailed analysis is provided in the appendices to this document.25
For the overall purposes of this climate assessment there is a bottom line: if errors exist in basis
forecast, the costs of forward contracting will increase beyond the “usual” risk premiums. Such
errors could potentially result from economic models that fail to incorporate climate complexities,
or do so poorly. In laymen’s terms, price volatility builds upon the climate uncertainties of farming,
and vice versa.

2017 MONTANA CLIMATE ASSESSMENT | 213
 č««i`ÝxÓÌ i čÜiLÃÌi«ÀÛ`iÃ>Ài`i«Ì `ÃVÕÃÃvL>ÃÃ>`ÌÃ«ÀÌ>ViÌÌ>>>}ÀVÕÌÕÀi°

25

Basis and Climate Change
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Basis is an agricultural economists’ fundamental tool for understanding how
markets incorporate new information into prices, including issues associated
with climate change effects.
Basis (in $/bushel) = futures market price - local price where
{ futures market price TGƃGEVUINQDCNEQPFKVKQPU

{ local price TGƃGEVU/QPVCPCRTQFWEVKQPEQPFKVKQPU

Basis can be used to assess differential impacts of climate change on local
and global agricultural markets because it helps characterize how MontanaURGEKƂEETQRRTKEGU TGƃGEVKXGQHNQECNRTQFWEVKQPEQPFKVKQPU CTGTGNCVGFVQ
RTKEGUKPHWVWTGUOCTMGVU TGƃGEVKXGQHINQDCNEQPFKVKQPU 

 +HENKOCVGEJCPIGNGCFUVQDCUKUDGEQOKPIOQTGPGICVKXG QTNGUURQUKVKXG 
TGNCVKXGVQJKUVQTKECNCXGTCIGUtVJCVKUVJGNQECNRTKEGFGETGCUGUTGNCVKXGVQ
VJGHWVWTGURTKEGtVJKUYQWNFKORN[VJCVVJGKORCEVUQHENKOCVGEJCPIGNKMGN[
CHHGEVGFNQECNRTKEGUOQTGCFXGTUGN[VJCPINQDCNRTKEGU%QPXGTUGN[TKUKPI
basis would mean that local production and marketing conditions were
NGUUCFXGTUGN[KORCEVGFD[ENKOCVGEJCPIGTGNCVKXGVQINQDCNEQPFKVKQPU
6JGTGHQTGDCUKUGPCDNGUVJGCPCN[UKUQHYJGCVGEQPQOKEUCVCNQECNNGXGNYJKNG
accounting for global market conditions.
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Pulse crops
Agricultural land planted with pulse crops
(e.g., lentils, chickpeas, dry peas) has increased
over the last 10-15 yr in Montana, with the
northeastern region of the state leading the trend
/KNNGTGVCN<GPVPGTGVCN%WVHQTVJGV
al. 2007; Burgess et al. 2012). Pulse crops provide
OWNVKRNGDGPGƂVUVQ/QPVCPCHCTOGTUDGPGƂVU
where management for climate change and
management for other dimensions of farm health
have the potential to converge. For example:

TWPOCKPVCKPUKOKNCTRTQƂVUCUCYJGCVHCNNQY
system and reduce uncertainty around those
RTQƂVU
Depending on the farmer’s perspective, the
KPETGCUGKPRWNUGETQRCETGCIGOKIJVTGƃGEV
a response to observed climate change, an
adaptation in anticipation of expected climate
change, or simply a management change in the
interest of soil health. To determine if climate
change is playing a role in these crop selections,
we compared the relationship between acres of
lentils planted, prior-year price, and prior-year
precipitation in north central and northeastern
Montana (where prior-year precipitation
represents a direct climate driver). When the
regions were assessed independently, prior-year
price appeared to be a strong predictor of crop
selection whereas previous-year precipitation
was not. This relationship suggests that variables
other than Montana climate, such as market
demand and/or climate forces outside Montana,
may be more important in determining a farmer’s
FGEKUKQPVQRNCPVCURGEKƂEETQR#ITKEWNVWTCN
VTCFKVKQPUYKVJKPGCEJTGIKQPOC[CNUQKPƃWGPEG
crop-selection shifts.
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Pulse crops enable farmers to
diversify their production, thereby
providing resilience in the face
of climate change.—&KXGTUKƂECVKQP

a) helps farmers cope with increasing
climate-related variability in temperature and
precipitation, and b) provides some insulation
from price downturns on standard cash crops
(e.g., wheat) (Miller et al. 2015).

•

Pulse crop rotations can aid
production of subsequent wheat
crops.—Research shows that wheat crops

DGPGƂVHTQOCRTGEGFKPINGIWOGRWNUGETQR
through the addition of soil organic matter
leading to conservation of soil moisture
and the addition of nitrogen (Miller et al
2002; Miller et al 2003; Cutforth et al 2007).
$GPGƂVUYJKEJKORTQXGTGUKNKGPEGKPENWFG
improvements in soil fertility and water-use
GHƂEKGPE[RNWUFKUTWRVKQPQHYGGFRGUV
CPFFKUGCUGNKHGE[ENGU6JKUƂPFKPIJCU
encouraged incorporation of pulse crops
into rotations with wheat (Long et al. 2014),
replacing summer fallow years. Miller et al.
(2015) also show that in a wheat-pea cropping
system, producers can reduce the amount
of nitrogen that they apply, but in the long

Regardless of each farmer’s reasons for adding
RWNUGETQRUVJKUFKXGTUKƂECVKQPRTQXKFGUDGPGƂVU
to soil health and helps build market resilience in
VJGHCEGQHENKOCVGEJCPIG <GPVPGTGVCN
Miller et al. 2015). Still, it should be recognized
that pulse crops, like commodity grains, will
experience a combination of climate change
effects, some of which may counteract each
other. For example, heat stress and pathogens
may increase with a rise in temperatures,
resulting in a decrease in production. However,
more atmospheric CO2 is predicted to increase
crop biomass and subsequent yields, and reduce
water use by allowing plant stomates to open
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over shorter periods, thus assimilating the same
amount of atmospheric CO2 while conserving
moisture (Cutforth et al. 2007). To further
complicate matters, grain protein can decrease
under high CO2 , demanding increased nitrogen
fertilizer to maintain quality (Kimball et al. 2001).
Optimum crop selections and rotation planning
are not trivial to optimize under such changing
climate conditions.
Agronomists in the northern Great Plains have
OCFGUKIPKƂECPVRTQITGUUQXGTVJGNCUV[T
encouraging the use of pulse crops, green
manure, and cover crops to replace fallow land
and reduce soil erosion (Miller et al. 2002; Tanaka
et al. 2010; Nielsen et al. 2016). Studies show
that soil moisture retention in most years did not
UKIPKƂECPVN[FGETGCUGYKVJVJGRTGUGPEGQHVJGUG
crops (Miller et al. 2006; Miller and Holmes 2012),
suggesting that this revenue-generating crop can
replace a fallow year without incurring a moisture
FGƂEKV6JKUDGPGƂEKCNQRRQTVWPKV[JQYGXGT
may not persist as evaporative and transpiration
demands increase with projected warming
temperatures under climate change.

Irrigation demand and
supply
Irrigated agriculture in Montana involves a variety
of crops (e.g., hay, grains, pasture, vegetables) in
diverse settings, so generalizations about how a
EJCPIKPIENKOCVGYKNNCHHGEVFGOCPFCTGFKHƂEWNV
Furthermore, hay, pasture, and to a lesser degree
grains are vital components of the livestock
industry in Montana, so the implications of
irrigation demand and supply extend well beyond
crop yields alone. See the section of livestock
for further discussion of these relationships. The
Water chapter describes the basic hydrology of
irrigation water supply, but superimposed on that
are combined effects of increasing temperatures
and dynamic cropping conditions. For example,
longer growing seasons prolong water demand,
and with earlier snowmelt and less water
available late in the growing season, irrigated hay
production is already, and will likely continue to
be, constrained.
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The variable nature of climate change effects
on pulse crops is leading to a variety of research
approaches to enhance their versatility. For
GZCORNGDTGGFKPIXCTKGVKGUHQTGCTN[ƃQYGTKPI
and maturity takes advantage of earlier springs
and avoids late-summer drought; and breeding
to produce cold-tolerant pea and lentil varieties
allows fall seeding. Fall seeding, in particular,
enables improved seedling establishment
YJGPƂGNFEQPFKVKQPUCTGYCTOGTCPFFTKGT
ETGCVGUOQTGDCNCPEGFƂGNFNCDQTTGSWKTGOGPVU
between fall and spring, and improves yield
by avoiding high temperatures that quicken
maturity (Chen et al. 2006; Cutforth et al. 2007).
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The difference between irrigated and nonirrigated hay production in tons/acre has
increased over time since the 1960s (Figure 5-6).
Since hay is made up of grasses and broadleaf
species, comparing the production in water
limited (non-irrigated) versus unlimited (irrigated)
conditions is a way to estimate impacts of a
warming climate on hay and forage production.
The increasing rate of difference between
irrigated and non-irrigated hay from northwest
Montana to southeast Montana is correlated with
a wet-to-dry gradient further suggesting a climate
impact on productivity of animal forage. If one
CUUWOGUYCVGTWUGGHƂEKGPE[VQDGEQPUVCPVQXGT
the mixed species hay crop, there is a climatic
mechanism that explains the proportionally
greater growth when the crop is irrigated:

increased transpiration demand on the non-irrigated plants resulting in decreased productivity.
+PETGCUGFYCVGTWUGGHƂEKGPE[YKVJKORTQXGFKTTKICVKQPVGEJPQNQI[EQWNFEQPHQWPFVJGUGTGUWNVUCU
could increased atmospheric CO2HGTVKNK\CVKQP*QYGXGTVJGTGKUNKVVNGGXKFGPEGVJCVYCVGTWUGGHƂEKGPE[
KPJC[RTQFWEVKQPJCUKPETGCUGFUKIPKƂECPVN[QXGTVKOGKPVJGYGUVGTP75YKVJKORTQXGFKTTKICVKQP
technology (Schaible and Aillery 2012). The proportion of alfalfa in the total-hay-production statistic
FGETGCUGUHTQOPQTVJYGUVVQUQWVJGCUV/QPVCPCYJKEJUJQWNFKPETGCUGVJGYCVGTWUGGHƂEKGPE[QHVJG
crop (Hendrickson et al. 2013). However, the opposite result appears to be the case, further implicating
the role of climate or a climate/CO2 interaction. The major concern with this trend is not just its impact
on hay but also on rangeland native plant communities that are relied upon for livestock production
for a large proportion of each year. Thus, to produce the same amount of hay in the future as today,
Montana may increasingly seek to rely on irrigation. Yet at the same time less water may be available
for irrigating hay given projections of reduced mountain snow pack (see Water chapter).
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Hay Production
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Climate change is likely to exacerbate the relationship between increasing irrigation demand due
to increasing temperatures and diminishing irrigation water supply from depleted groundwater and
surface water storage (see Water chapter). Diminishing water supply will impact other crops beyond
hay. For example, irrigated grain crops—including sugar beets, dry beans, potatoes, barley, wheat, and
corn—will face analogous constraints of greater need for irrigation with less available water.
2017 MONTANA CLIMATE ASSESSMENT | 217

The capacity for farmers to modify crop
selection and timing on an annual basis and
TGURQPFVQUJQTVVGTOYGCVJGTƃWEVWCVKQPU
[GCTVQ[GCT OCMGUKVFKHƂEWNVVQFKUEGTP
climate-change impacts in recent trends.
But one thing is relatively certain: as climate
changes and humans respond, the importance
of irrigation to agriculture in Montana will not
diminish (and, indeed, may grow).
Given the economic importance of highly
developed crop irrigation districts in Montana
and their susceptibility to climate change
impacts, updates of infrastructure and careful
management will be essential as impacts from
changing climate become more pronounced
with time. Such areas include the Bitterroot
Valley, southern Flathead Valley, Beaverhead
8CNNG[(CKTƂGNF$GPEJ 5WP4KXGT8CNNG[ 
Gallatin Valley, Musselshell Valley, Clarks Fork
of the Yellowstone, the lower Yellowstone,
and Milk River Valley. Most of these irrigation
districts were constructed in the early
1900s and currently support high-value
crop production, including market garden
vegetables, alfalfa seed, malt barley, sugar
beets, dry beans, potatoes, soybeans, corn,
and hay.

than the conventionally produced, major
commodity small grains that dominate
Montana farmland (e.g., wheat and barley;
Table 5-1). Each of these three crops is
GEQPQOKECNN[UKIPKƂECPVKPQPGQTOQTG
agricultural regions within the state.
#UYKVJITCKPUPQ/QPVCPCURGEKƂERGGT
reviewed literature exists regarding climate
change effects for any of these crops. For
the crops under discussion in this section
(and beyond), some climate changes may be
favorable in the short term but may become
increasingly disruptive as they persist and
cross threshold levels. The exact timing and
nature of these effects will vary, depending
on such things as crop variety selection, farm
microclimates, and market perturbations.
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Other large-scale
production crops: sugar
beets, potatoes, and
organic grains

Sugar beets, seed potatoes, and organic
grains are the three major crops grown by
Montana farmers at substantial economic
returns, but constitute much less acreage

Ó£nNč, 1/1, č

 č/  č 

Sugar beets and potatoes.—

Researchers have studied the underlying
climate controls for sugar beet and potato
production over large regions (Tubiello et
al. 2002; Jones et al. 2003; Haverkort and
Verhagen 2008; Qi and Jaggard 2008).
Although these studies do not apply
URGEKƂECNN[VQ/QPVCPCVJG[FQKNNWUVTCVG
several guiding principles that are useful
in interpreting change and formulating
expectations anywhere, including Montana.
While crop growth models indicate that
increased atmospheric CO2 levels will increase
crop growth potential, the accompanying suite
of growth variables will play out differently
in different locations given the changing
temperatures and precipitation patterns
expected (see Climate chapter). Based on the
information in these studies, we might expect
to see the following in Montana:

•

In more northerly locations, such as
Montana, longer frost-free seasons may
assist growth, but increased volatility and
extreme events may reduce yields.

•

Increased precipitation can increase or
decrease yields in certain seasons, but in
some situations, increased fall rain may
also hinder harvest and diminish the quality
of sugar beets and potatoes.

•

Timing and quantity of irrigation are
particularly important for both sugar beets
and potatoes, but requirements are not the
same for both crops.

Organic grains are expected to be subject to
many of the same climate-change challenges
as small grains (discussed previously). However,
the demand for organic products is less price
sensitive than for conventional grains, and their
production is not distributed globally as for
conventional small grains (Bonti-Ankomah and
Yiridoe 2006). They are marketed through a
combination of direct and wholesale channels
operating outside the mainstream grain
transport and sales infrastructure. Many of the
complications associated with price and input
cost uncertainty in conventional agriculture are
diminished or different for organic production.
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•

As temperatures rise, Montana’s seed
potato industry, famed for low prevalence
of disease, will likely face more disease
pressure, particularly in areas where
precipitation also increases.

The preceding list suggests that in the short
term, sugar beet and potato production may
face different responses to climate change,
but in the long run water limitations due to
rising temperatures and other climate-induced
stresses could pose substantial challenges.

Organic grains.—Organic grains represent
a small fraction (<1%) of the total acreage
dedicated to conventional small grains, such
as wheat and barley. Nevertheless, Montana
RTQFWEGUOQTG75&#EGTVKƂGFQTICPKE
wheat—$27 million in 2015 (USDA-NASS 2015)—
than any other state, and the acres planted with
organic wheat continue to increase.

Management for climate change and
management for other dimensions of farm
health are increasingly converging. Indeed,
organic farming includes several practices that
build resilience in ways that may be instructive
for other sectors of Montana agriculture
adapting to climate change. Such organic
farming practices include a) prioritizing covercropping for soil health, moisture retention,
and pest management; b) direct ties to food
processing and retailing to reduce exposure
to intermediaries; and c) increased emphasis
on seed diversity. The issues embedded in
seed diversity—that is the local adaptation
and availability of diverse crop varieties—are
important to the organic community and gain
broader attention as plants become more
stressed due to a changing climate. These
practices are not new and were not initially
driven by climate change, although the principles
behind organic farming have always included
promoting diversity and soil health. Many farms
are increasingly incorporating organic farming
practices that build resilience, regardless of their
organic status. This trend will likely continue and
help Montana adapt to climate change.
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Specialty Crops.—Specialty crops are

FGƂPGFKPNCYCUpHTWKVUCPFXGIGVCDNGUVTGG
nuts, dried fruits and horticulture and nursery
ETQRUKPENWFKPIƃQTKEWNVWTGq 75&#0+(#
undated). With the exception of tree nuts,
Montana agriculture includes crops from each
of these categories, although the acreage and
revenues of specialty crops pale in comparison
to those of commodity grains, livestock, sugar
beets, and seed potatoes (Table 5-1). We
focus here on fruit and vegetables, as food
crops, although the principles likely apply to all
specialty crops.

(e.g., elevated CO2 concentrations and
longer frost-free seasons), while others will
be detrimental (e.g., plant damage due to
extreme events, increased weed growth,
new or expanded pests and diseases).
While fruit and vegetable agriculture is
not a dominant sector in Montana, these
crops are a key part of the Montana
food market. They are typically more
susceptible to erratic weather associated
with climate change than are commodity
crops. Small farm size, high per-acre crop
values, and diverse marketing options can
QHHGTƃGZKDKNKV[HQTURGEKCNV[ETQRUKPOCP[
respects, but the challenges of perishability
and intensive labor requirements counteract
VJQUGDGPGƂVU
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Longer periods of frost-free days and
warmer temperatures overall improve
growing conditions for most fruit
and vegetable crops. Plant hardiness
expectations, based on USDA data, suggest
such changes may be underway in Montana,
although it is not possible to identify farmscale microclimate changes because the
analysis is national and based on 30-yr
temperature averages (NCA 2014b).
A 2015 USDA report (Brown et al. 2015) on
how climate affects agriculture delineates
the sensitivities of specialty crops to many
climate components (e.g., temperatures,
atmospheric CO2 levels, water supply, cloud
and light conditions, high winds and other
extreme conditions). The report includes
generalizations for annual versus perennial
URGEKCNV[ETQRUCPFPQVGUVJCVURGEKƂEUQH
management and microclimates will govern
[KGNFUCPFRTQƂVU5QOGENKOCVGEJCPIG
GHHGEVUYKNNDGDGPGƂEKCNHQTRNCPVITQYVJ
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Fruits and vegetable crops are almost
always dependent on irrigation in Montana.
Paradoxically, this dependence is both a
vulnerability and a strength. Dependence
on irrigation represents risk. However,
the use of drip-irrigation and intensive
farming methods can enable small-scale
food production where it is infeasible for
more extensive commodity crops to adopt
drip irrigation. Therefore, specialty crops
represent a potential adaptation for farmers
as climate changes. Climate changes
outside Montana—particularly in California,
YJGTGFTQWIJVƂTGCPFEQORGVKVKQPYKVJ
burgeoning human populations—threaten
to limit national supplies of many fruits
and vegetables. Such changes may amplify
demand for Montana-grown crops.

CLIMATE
CHANGE
EFFECTS ON
LIVESTOCK
Livestock production directly and indirectly
TGNKGUQPCPFKPƃWGPEGUXKTVWCNN[CNN
other sectors of agriculture in Montana.
The nature of the relationship varies
geographically within the state, and
sometimes varies within single counties
and neighborhoods, depending on
OKETQENKOCVGUCPFEWNVWTCNKPƃWGPEGU
Thus, the differential effects of climate
on irrigated hay production, dryland hay
production, native or non-native rangeland
and pasture resources, and ultimately
QPHGGFUWUGFHQTNKXGUVQEMƂPKUJKPICPF
backgrounding (grains, pastures and/or
harvested forages) all play into livestock
agriculture in different ways and at different
times in the production cycle. Direct effects
of climate on the animals themselves are
also expected and discussed last in this
section.

commodity crops, associated price/supply
dynamics may predominate. On the other
hand, for many producers grazing on
non-cropped pasture and rangeland may
largely govern the economics of feeder
calf production. Many producers employ
a composite of two or more of these
feed sources (irrigated or dryland hay,
crop residues, cover crops, rangelands),
even adapting the relative importance
of different feeds from year to year.
Demand for Montana hay exports may
also be driven by climate changes outside
Montana (e.g., drought in southwestern
states) and this can also reduce supplies
in Montana. Other options for resilient
management of ruminants under variable
ranch conditions include grazing stockpiled
forage, and/or swathed windows and
bale-grazing, as well as the use of protein
and energy supplements for winter
feeding where forage quantity or quality is
inadequate. All of these tools are already
in use to varying degrees in the region and
may become more widely practiced as
conditions demand.
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Forage and feed

To understand how climate plays out in the
livestock industry and why climate signals
CTGFKHƂEWNVVQGZVTCEVKVKUPGEGUUCT[
to recognize the industry structure in
Montana. For cow-calf producers who rely
substantially on irrigated hay production,
irrigation supply issues may dominate
climate change considerations, whereas
for producers who rotate dryland hay with

On top of this production mosaic, the
methods, feed supplies, and marketing
decisions used to bring meat animals
VQƂPKUJYGKIJVCHVGTKPKVKCNECNHQTNCOD
production impose an additional suite of
climate-dependent variables on livestock
economics and ecology. The majority of
commercial livestock producers in Montana
market calves and lambs to buyers who
YKNNƂPKUJVJGCPKOCNU KPCPFQWVQHUVCVG 
in grain- and/or forage-based feedlots.
Other producers retain ownership during
HGGFNQVƂPKUJKPICPFUVKNNQVJGTRTQFWEGTU
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CTGKPETGCUKPIN[HQEWUGFQPITCUUƂPKUJKPI
of ruminants (i.e., cows, sheep, bison, goats)
CPFFKTGEVUCNGU#NVJQWIJVJGITCUUƂPKUJKPI
sector is presently a small portion of the
total livestock economy in Montana (and
elsewhere), it is emerging as a focal topic
in some circles as expectations of future
climate change attract more attention.
Commercial hog and poultry production, in
contrast, are more exclusively dependent on
feed grains. Dairies combine hay and grains
for feed so their vulnerabilities to climate
change are mixed. Hogs and poultry may be
less vulnerable to climate change compared
to ruminants as long as grain supplies are
stable. However, they lack some options for
ƃGZKDNGHGGFKPIVJCVTWOKPCPVUECPGZRNQKVKH
grain supplies destabilize (e.g., adaptation to
various forage types and locations).

modeling studies demonstrate that the net
effects will vary depending on the particulars
of local species composition, climate
variables (including animal heat stress), and
range or pasture management (Izaurralde
2011; Reeves et al. 2014; Mueller et al. 2016;
Reeves and Bagne 2016).
The timing of precipitation is an especially
important factor affecting forage plant
growth and rangeland plant communities
(Fay et al. 2002; Heitschmidt et al. 2005;
$CVGUGVCN2TGXÅ[CPF5GCUVGFV
Hamilton et al. 2016). Late winter snows
are the driver in one eastern Idaho location
(e.g., Dagliesh et al. 2011), whereas April-toJune rains are key in a Montana rangeland
site. Experimental work corroborates the
importance of timing (Heitschmidt et
al. 2005). Given projections of small but
UKIPKƂECPVRTGEKRKVCVKQPEJCPIGUKPUQOG
parts of the state (see Climate chapter),
we can expect that forage patterns will
DGTGIKQPCPFUGCUQPURGEKƂE+PVJG
long-term, as rising temperatures increase
evapotranspiration, heat stress may
QXGTVCMGVGORQTCT[DGPGƂVUQHYGNNVKOGF
precipitation and CO2 fertilization. The local
details will matter in determining both the
rate and severity of such forage losses, and
we cannot generalize statewide.
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Forage quantity and
species distribution

Given the multi-layered structure of livestock
production outlined above, efforts to analyze
VJGKPƃWGPEGQHENKOCVGEJCPIGQPVJG
forage end of the livestock cycle consider
both species distribution and forage growth
with respect to temperature, precipitation,
and CO2 concentration. The countervailing
forces of rising temperatures (which may
eventually lead to plant stresses) versus
increases in CO2 and/or precipitation (which
enhance plant growth) will almost certainly
alter forage productivity and community
composition over time. Models predict that
native vegetation production will increase
(Morgan et al. 2011; Mueller et al. 2016) but
forage quality will decrease (Milchunas et al.
2005). However, a range of experimental and
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In addition to the direct temperature/
moisture considerations for rangelands
and hay discussed above and in the crop
subsection on irrigation demand and supply,
three additional forage-related topics
CTGEQPPGEVGFVQENKOCVGoUKPƃWGPEGQP
agriculture. These factors may increase in
importance as climate change proceeds, as
follows.

•

•

Reductions in Conservation Reserve
Program acreage increase livestock
producers’ vulnerability to climate-induced
UWRRN[ƃWEVWCVKQPU
The increasing use of cover crops for
various purposes (soil management,
pollinator enhancement, other crop
rotation goals) can also augment grazing
opportunities for livestock producers.
Although this currently represents only a
small fraction of total grazing in Montana
(USDA-FSA 2016), cover crop grazing
may become an increasingly important
tool for building resilience as climate
change continues.

Empirical data on forage
quality
Climate change effects will simultaneously alter
forage quality, along with quantity and species
distribution, and these components affect
animal nutrition. Craine (2010) acknowledges
VJGFKHƂEWNVKGUQHRTGFKEVKPIHQTCIGSWCNKV[UJKHVU
with climate change and takes a composite,
empirical approach to evaluating cattle nutritional
stress. The paper reports on decreases in crude
protein and digestible organic matter over 14 yr,
based on 21,000 cattle fecal samples across the
US. By correlating these data with temperature
and precipitation data associated with sampling
locations, Craine (2010) infers that temperature
increases will cause forage decline overall and
that increased precipitation in some areas will
be unlikely to compensate for declines in forage
quality. On this basis, nutritional stress is likely to
be seasonally focused in the form of mid-summer
growth slumps, and/or late-season quality
reduction in forages. Outcomes will depend
on both local weather variability and forage
management techniques (St-Pierre et al. 2003).
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+PETGCUGFTKUMQHITCUUNCPFƂTGOC[
intermittently threaten forage supplies in
Montana, particularly where late season
heat and aridity follow early spring rains
that build up unusually ample grassland
HWGNU6JGXCUVƂTGUVJCVJCXGTGEGPVN[
CHƃKEVGFRQTVKQPUQHVJGUQWVJGTP)TGCV
Plains (spring 2017), demonstrate the
potential for catastrophic events that may
alter the economic conditions for affected
ranchers for the foreseeable future. If such
events persist and/or expand in the Great
Plains, south or north, reverberations in the
livestock industry may be profound.
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Implications for resilience

Heat stress

Forage studies and other research on tillage
practices, moisture retention, carbon storage,
and other climate parameters remind us that a
climate assessment must acknowledge that not
only does climate affect rangelands, but broad
expanses of rangeland also may affect climate
(Retallack 2013). Grasslands and their organicrich soils can mitigate rising temperatures by
serving as carbon reservoirs (e.g., Retallack
2013). Enhancing grassland production
through active management, burning, and
grazing rotations may become important parts
of resilience strategies in the future.

Examples of mechanisms and patterns,
summarized below, help explain why there is
such variability, and also reveal the avenues for
building resilience in livestock operations to
help mitigate animal stress. Heat stress affects
ruminants through numerous physiological
mechanisms (Nardone et al. 2010; Sevi and
Caroprese 2012), and the timing, genetic
make-up, and other variables determine the
severity of the impacts (Bohmanoa et al. 2008;
Bradshaw and Holzapfel 2008; Baumgard and
Rhoads 2012). Relative humidity particularly
KPƃWGPEGUVJGCRRCTGPVQTfelt temperature,
commonly expressed as the heat index,
affecting livestock stress. Increased water
vapor is expected to accompany increases in
temperature (IPCC 2013), and as a result heat
stress increases are compounded. In addition,
heat impacts grazing animals differently than
CPKOCNUKPEQPƂPGOGPVUGVVKPIU 2CTUQPUGVCN
2001; Turnpenny et al. 2001). Mu and McCarl
(2011) predict that pasture use will increase
relative to cropland based on modeling a
combination of forage and animal response
factors. Allred et al. (2013) suggest that native
grazers may be better suited in the northern
Great Plains than domestic cattle, citing
different grazing behaviors in arid conditions.
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The preceding discussion of the climateforage connection is not comprehensive,
DWVTGƃGEVUCFKXGTUKV[QHTGUGCTEJ
approaches to detect climate change
effects on livestock feed quality and
quantity, as well as the shortage of
/QPVCPCURGEKƂERWDNKECVKQPU6JGITCKP
component of livestock feeding programs is
covered in the crops section of this chapter.
The connections to irrigation practices
and global grain supplies, to Conservation
Reserve Program land, to cover-cropping
RTCEVKEGUCPFVQƂTGTKUMUCNNWFGFVQKPVJKU
section and elsewhere in this assessment
are all reminders that the interdependence
of livestock and crop agriculture will likely
loom large as Montana experiences the
cumulative effects of climate change.
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Financial costs of heat stress are expected
to increase in northern states, such as
Montana, as summer temperatures rise.
Based on comparisons with the southern US,
YJGTGJGCVUVTGUUKUCNTGCF[CUKIPKƂECPVEQUV

estimated at a total of $2.4 billion annually
for all livestock sectors (St-Pierre et al. 2003),
we can infer that the costs of heat stress
KP/QPVCPCYKNNDGEQOGUKIPKƂECPVCUVJG
number of days above 90°F (32°C) increases.
Despite consensus on these general points,
CPCDUGPEGQHURGEKƂERTQLGEVKQPUQPEG
again characterizes the discussion, due to the
complex mixture of microclimates, human
agency, seasonality factors, genetics, and
more. In addition, considerable evidence
suggests that heritability indices are high and
that genes for heat- and cold-tolerance are
different. Thus, simultaneous selection for hot
and cold conditions within breeds is potentially
feasible in states like Montana (Howard et al.
2014), and discussion of these issues is already
underway (e.g., Lemme et al. 2010).

CLIMATE CHANGE
EFFECTS ON
POLLINATORS,
DISEASE, PESTS,
AND WEEDS
In this section, we look at potential climate
EJCPIGKORCEVUQPCITKEWNVWTCNN[UKIPKƂECPV
pollinators, crop and animal diseases, and weeds
and assess the implication of those effects for
Montana agriculture.
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Discussion of livestock feeding modes
(grains versus forage) and animal
management (intensive versus extensive) will
arise as agriculture develops strategies for
responding to a shifting climate. Ultimately,
ƂPFKPIVJGQRVKOCNEQODKPCVKQPUQHƂPKUJKPI
methods for ruminant livestock (feedlot
grains and/or forage strategies) will govern
much of the economics and resilience of the
livestock industry.

Pollinators

The crucial role of pollinators (both commercial
honeybees and wild pollinators) to agriculture,
including in Montana, is undisputed. Researchers
GZRGEVENKOCVGEJCPIGVQKPƃWGPEGRQNNKPCVQTU
primarily through elevated temperatures (Aizen et
al. 2009).

No literature exists to describe climate change
KORCEVUQPRQNNKPCVQTUURGEKƂECNN[KP/QPVCPC
The majority of research on pollinators in
agroecosystems has focused on such topics as
habitat fragmentation, agrichemical use, and crop
distribution, but less explicitly on climate change
(Aizen et al. 2009). Efforts to examine long-term
trends related to pollinators and associated with
climate change are becoming more prevalent.
Although that work has largely focused on nonagricultural systems, it is nonetheless instructive.
Examples follow:
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•

In a warming climate, the timing of
activity (i.e., phenology) of plants and
pollinators is expected to shift, but these
shifts may not be synchronized with one
another (Burkle and Alarcon 2011; Burkle
et al. 2013; Rafferty et al. 2013).

•

Burkle and Runyon (2016) examine
possible mechanisms underlying
changes in pollinator behavior resulting
from climate change and report that
volatile organic compounds emitted by
ƃQYGTKPIRNCPVUCTGCRTKOCT[RQNNKPCVQT
CVVTCEVCPV6JQUGƃQTCNXQNCVKNGUOC[
increase with drought, which is likely
to be exacerbated, when and where it
occurs, by climate change in Montana.
However, prolonged water stress may in
HCEVTGFWEGRTQFWEVKQPQHƃQTCNXQNCVKNGU
so climate effects on pollinators through
that signal may be non-uniform.

•

%NKOCVGEJCPIGKUGZRGEVGFVQKPƃWGPEG
the foraging activity, body size at
maturity, and life span of wild pollinators
(reviewed in Scaven and Rafferty 2013).
Large-bodied pollinators are expected to
be better able to thermoregulate (Bishop
and Armbruster 1999) but are more
likely to overheat than small-bodied
pollinators (Heinrich 1993), which could
KPƃWGPEGHQTCIKPIDGJCXKQTU 9KNNOGT
1983; Cooper et al. 1985). Warmer
temperatures are expected to result
in smaller adults with shorter lifespans
(Bosch et al 2000; Bosch and Kemp
 YJKEJECPKPƃWGPEGRQNNKPCVQT
effectiveness (Sahli and Connor 2007).
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•

(QEWUKPIURGEKƂECNN[QP0QTVJ#OGTKECP
bumblebees, Burkle and Alarcón (2011)
identify the main potential threats from
climate change, including shifts in the
timing of cues that initiate life history
events, community interactions, and
habitat growth. These threats could be
applicable to other species.

•

Otto et al. (2016) describe land-use
changes (e.g., a major increase in
acreage dedicated to corn and soybeans)
in the northern Great Plains that are
reducing suitable locations for honeybee
colonies. Analogous crop shifts in
Montana, potentially linked to climate
EJCPIGEQWNFDGUKOKNCTN[UKIPKƂECPV

226 | AGRICULTURE AND CLIMATE CHANGE

Montana is the second-largest honeyproducing state in the US (USDA-NASS
2015). Each year beekeepers move Montana
hives across the country to provide
pollination services to other agricultural
regions. Many Montana honeybee hives
spend winter months in intensive agriculture
regions (e.g., California almond orchards)
before returning to a variety of forage-,
prairie-, and grain-dominated landscapes
KP/QPVCPC6JWUGXGPKHURGEKƂEENKOCVG
change effects on pollinators in Montana
do materialize (or have already), they may
DGFKHƂEWNVVQFKUVKPIWKUJHTQOPQPNQECN
stressors.

The role of native pollinators in Montana
agriculture is often underestimated. That role
can be diverse and robust even as reports
of commercial honeybee declines dominate
headlines (Ollerton et al. 2012; Garibaldi et
al. 2013; Rader et al. 2016). Like commercial
honeybees, native pollinators are vulnerable

to a variety of drivers, not just climate
change. Thus, discerning a discrete climatechange signal is similarly challenging.
Research may more readily detect climateKPƃWGPEGFRCVVGTPUHQTPCVKXGRQNNKPCVQTU
however, since they are not transported
around the country.
Wild pollinators by themselves can
UWHƂEKGPVN[RQNNKPCVGEGTVCKPETQRU -TGOGP
et al. 2002; Winfree et al. 2007), and wild
pollinator diversity is the most important
factor in stable pollination services to crops,
regardless of whether honeybees are also
present (Kremen et al. 2002; Klein 2009;
Garibaldi et al. 2011; Rader et al. 2016).
Thus, enhancement of native pollinator
JCDKVCV ƃQTCNCPFPGUVKPITGUQWTEGUPCVWTCN
or managed lands) represents an important
avenue to support current and future
pollination services in Montana agriculture
(L. Burkle, Montana State University, personal
communication, unreferenced). As the
quality of some agricultural lands decline
with climate change and more land comes
under cultivation and development (Oleson
and Bindi 2002), natural and semi-natural
habitat will become more threatened.
This potential situation only reinforces the
importance of such enhancements for the
maintenance of healthy wild pollinator
communities (Garibaldi et al. 2011).

Crop diseases
#VVTKDWVKPIƃWEVWCVKQPUKPETQRFKUGCUG
directly to climate shifts is again uncertain
and complex (Anderson et al. 2004; Garrett
et al. 2011). A number of researchers have
described plant disease expectations
considering climate change variables, but
YKVJQWVC/QPVCPCURGEKƂEHQEWU %CPVQ
et al. 2009; Chakraborty and Newton 2011;
Garrett et al. 2011; Luck et al. 2011).
5VKNNYGFQJCXGUKIPKƂECPVMPQYNGFIGQHVJG
ecology of economically important crop diseases
in Montana and we expect climate shifts will
change crop disease impacts (e.g., yield losses,
crop quality). Several examples follow:
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•

Stripe rust (Puccinia striiformis Westend),
a wheat rust disease found in cooler
environments, can lead to substantial yield
loss. Farmers often apply preventative
fungicide to susceptible wheat varieties, a
cost that reduces net returns. Some strains
of stripe rust are more aggressive at higher
temperatures, some can survive winter
conditions, and some can overcome the
genes bred into the wheat to make it resistant
to strip rust (i.e., termed a resistance gene).
Thus, ongoing monitoring will be necessary.

•

Wheat streak mosaic virus is a disease
caused by a virus carried by the wheat
curl mite (Aceria tosichella) and is
widespread in north central Montana.
Vector survival and reproduction of
the virus increase when fall frosts are
late and winters mild (thus causing
greater impact). In addition, the genetic
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resistance that is currently present in
some wheat varieties breaks down at
high temperatures, thus eliminating that
resistance strategy. Tillage practices,
which can change soil moisture and
temperature, may be necessary to reduce
virus persistence and spread in no-till or
low-till systems.
•

Most foliar or leaf spot diseases (e.g., tan
spot, septoria) are caused by fungi and will
increase if farming practices tend toward
more stubble on the ground, and moisture
retention is enhanced as a strategy for
coping with a warming climate.

arising as some crop selections are shifting:
do changes such as pulse crop expansion
and/or increased corn acreage in some
portions of the state expose the state’s
dominant wheat crop to new disease
associations and dynamics (for example,
fusarium in corn and/or viruses in pulses)?

Insect pests
Currently available data do not allow a
comprehensive analysis of the likely impact
of climate change on all commercially
UKIPKƂECPVKPUGEVRGUVU9GHQEWUKPUVGCFQP
QPGOCLQTKPUGEVRGUVtYJGCVUVGOUCYƃ[
(Cephus cinctus Norton)—on Montana’s
dominant crop, wheat, to illustrate the
mechanisms and principles involved
in assessing climate change effects on
agricultural pests and their impacts on crop
yield or quality. This approach demonstrates
that various factors can enhance or degrade
a pest’s impact on crops. Climate change
impact analyses typically project increasing
pest survival and crop damage with
increasing temperatures (e.g., NCA 2014a),
CPFYJGCVUVGOUCYƃ[ 955 OC[YGNNDG
generally consistent with that pattern, but
the following caveats help to show why
generalizations across all landscapes in
Montana, for all insect pests, are risky.
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•

Insect and mite-vectored diseases, such as
potato virus Y, barley yellow dwarf, wheat
streak mosaic virus complex, and aphidvectored pea viruses, may be enhanced
if temperature changes lead to earlier
migration or improved overwintering of
vector populations of aphids.

Due to production goals, new crop varieties
cannot always be substituted as a response to
increased pathogens. The dominant approach
for managing crop pathogens is instead, as in
several examples above, breeding resistance
into crops. One key question for Montana
agriculture is this: Can crop breeding keep
pace with changes in pathogen prevalence
and migration resulting from climate change?
Crop breeding alone may not meet the
challenge; other tools, such as crop rotations
and other measures typically associated with
organic methods, may regain prominence as
trends in the mean and extremes become
OQTGUKIPKƂECPV#PQVJGTMG[SWGUVKQPKU

ÓÓnNč, 1/1, č

 č/  č 

Several climate-related parameters—
KPENWFKPIKPFKTGEVKPƃWGPEGUD[ETQRKPUGEV
and/or environmental traits—can collectively
KPƃWGPEGKPUGEVRGUVQWVEQOGU(QT
example, in the case of WSS:

•

Crop host.—Montana cropland has

historically been dominated by a near
monoculture of wheat associated with a large
expanse of fallow land. In the last 10 yr, wheat
acreage has averaged over approximately
5.6 million acres (2.25 million hectares).
WSS (and some other pests such as orange
wheat blossom midge) survive only on cereal
crops such as wheat. Thus, WSS has become
established in a wheat-dominated landscape,
yet now that landscape has already begun to
shift toward more diverse cropping, including
pulses and oilseeds. That diversity may affect
955ETQRF[PCOKEUCUETQRFKXGTUKƂECVKQPKU
expected to increase with climate change, but
we cannot yet predict how much.

generation parasitoid attacks younger larvae
of WSS and the second attacks the large
larvae that are preparing to overwinter.
However, the second-generation parasitoid
cannot locate larvae if the crop ripens quickly
and the larvae are no longer active and have
already prepared to overwinter. This condition
decreases the success of the second
generation and reduces overall effectiveness
of biological control on WSS. Surveys show a
decline in proportion of second-generation
parasitoids of WSS over the last decade (D.
Weaver, Montana State University, personal
communication, unreferenced).
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•

•

progressively earlier harvests and more
rapid development of winter wheat
crops, we expect that the success of the
second generation of parasitoids will differ
considerably for winter and spring wheat.
+PKVKCNFCVCCTGEQPƂTOKPIVJKUGZRGEVCVKQP
(D. Weaver, Montana State University,
personal communication, unreferenced).

Pest/parasitoid life cycle.—WSS is

CPCVKXGURGEKGUVJCVƂTUVCFCRVGFVQURTKPI
cereals from grass hosts when crops were
initially grown by western settlers (Anonymous
1946). Records show large increases in host
range from grasses to spring to winter wheat
(Anonymous 1946; Morrill and Kushnak 1996;
Ivie 2001). This shift was accomplished by
CFXCPEKPIVJGFCVGQHƃKIJVQH955CFWNVU
successfully completing development in early
maturing winter wheat crops. Currently, yield
losses caused by WSS are greater in winter
wheat than in spring wheat. Overall losses
in wheat crops due to WSS will increase if
climate change leads to more winter wheat
acres. Compounding this effect, native killing
agents of WSS (e.g., parasitoids Bracon cephi
Gahan and B. lissogaster Muesebeck) have
shorter life cycles than WSS, allowing for
two generations per summer as opposed
VQVJGUKPINGIGPGTCVKQPQH9556JGƂTUV

Timing of harvest.—Due to

•

Resilience declines/feedback
loops.—The decrease in overwintering

parasitoids (D. Weaver, Montana State
University, personal communication,
WPTGHGTGPEGF KUCUKIPKƂECPVEQPEGTP
because the resilience of the parasitoid
population might become exclusively
dependent on later maturing grasses on
VJGRGTKRJGT[QHYJGCVƂGNFU6JGUGITCUUGU
might allow the parasitoids to persist, but
CVKPUWHƂEKGPVRQRWNCVKQPNGXGNUVQEQPVKPWG
UKIPKƂECPVOKVKICVKQPQH95526

 ÀÀi`iÌ>Ì i«>VÌv7--]Ãiič««i`ÝxÎÌ i čÜiLÃÌi°
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Although the particulars of host, insect, and ecological setting demonstrate the hazards of detailed
projections, they also reveal plausible avenues for building resilience to help withstand climate
change. Strategies, such as increasing crop diversity and rotations, retaining grass habitat strips to
GPCDNGUWTXKXCNQHDGPGƂEKCNRCTCUKVQKFUCPFHWTVJGTGZRNQTKPIVJGUWTXKXCNF[PCOKEUQH955CPF
other pests, offer a range of opportunities for reducing vulnerability to pests. The WSS example
(also see sidebar) shows that searching solely for simple relationships between temperature and
pest survival may be fraught with uncertainty, not only for projection purposes but for adaptation
and mitigation design as well. The details of pest/host dynamics clearly matter for WSS, and it is
prudent to expect that they matter for other pests, as well.

 6JG9JGCV5VGO5CYƃ[CPF%NKOCVG%JCPIG
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 %TQRKPLWT[FWGVQVJGYJGCVUVGOUCYƃ[ Cephus cinctus 0QTVQP YCU
TGRQTVGFCPGEFQVCNN[KPHTQOYJGCVƂGNFUPGCT$CKPXKNNG/QPVCPC
#PQP[OQWU 6JGGCTNKGUVRGUVTGEQTFUHQTVJKUURGEKGUKP/QPVCPCCTG
HTQOURTKPIYJGCVQPN[ +XKG 5KPEGVJGNCVGUJQYGXGTVJGPCVKXG
YJGCVUVGOUCYƃ[JCUWUGFDQVJURTKPICPFYKPVGTYJGCVCUJQUVU /QTTKNN
CPF-WUJPCM.GUKGWTGVCNHQTVJEQOKPI 

 9KVJVJGCFFKVKQPQHYKPVGTYJGCVCUCUWKVCDNGJQUVVJGRQRWNCVKQP
F[PCOKEUQHVJGYJGCVUVGOUCYƃ[JCXGEJCPIGF/QTTKNNCPF-WUJPCM
 GUVKOCVGFVJCVCFWNVUGOGTIGHTQOQXGTYKPVGTKPIYJGCVTGUKFWG
CRRTQZKOCVGN[FC[UGCTNKGTVJCPJKUVQTKECNRQRWNCVKQPU6JKUKPETGCUKPI
UWKVCDKNKV[QHYKPVGTYJGCVHQTVJGHWNNYJGCVUVGOUCYƃ[NKHGE[ENGDGECWUG
QHVJGEJCPIKPIITQYKPIUGCUQP
VQIGVJGTYKVJKPETGCUKPIYKPVGT
YJGCVCETGCIGGHHGEVKXGN[FQWDNGU
VJGCETGCIGQHYJGCVVJCVECPDG
FCOCIGFD[VJGYJGCVUVGOUCYƃ[
Historical (dark shading) and recent (light shading)
distribution of WSS in wheat crops in the northern
Great Plains of the US. Historicali>ÃvÀwÀÃÌ
record through 2005, while recent is after 2005
(Bekkerman and Weaver forthcoming).
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Infectious disease in animals
Most analyses of expected effects of climate
change in agriculture include changes in disease
dynamics (Plowright et al. 2012), but MontanaURGEKƂEFCVCCTGTCTG#UFKUEWUUGFVJTQWIJQWV
this assessment, the interplay of many variables
complicates differentiation of the effects of
climate change from other driving factors. Still,
some recent outbreaks of livestock/wildlife
disease in Montana have invited speculation
CDQWVENKOCVGoUTQNGCNVJQWIJYKVJQWVFGƂPKVKXG
conclusions regarding causation.

•

Parasite susceptibility in
sheep.—For sheep on St. Kilda, an

island in the North Atlantic, increasing
temperatures has increased primary
productivity. That increased productivity, in
turn has led to improved body condition
possibly enhancing the sheep’s ability to
withstand parasites. Parasitism in Montana
UJGGRƃQEMUOC[KPETGCUGKPTGURQPUGVQ
elevated temperatures in some seasons and
some locations, but the opposite could also
occur, as shown in the St. Kilda example.
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Plowright et al. (2012) explain numerous
mechanisms of disease transmission and
how they will interact with different species
and in different locations. The mechanisms
QHVTCPUOKUUKQPCTGKPƃWGPEGFD[CUWKVGQH
climate variables, metapopulation structures,
and population densities and connectivity. The
authors further dissect disease dynamics in terms
of host behaviors, parasite life cycles, other
seasonal attributes of disease transmission, and
stress-mediated susceptibility.

Plowright et al. (2012) describe two examples
that help explain climate linkages to numerous
ecological attributes directly relevant to Montana
agriculture:
•

Brucellosis transmission.—

Brucellosis transmission among elk near
Yellowstone National Park is a function of
snowpack (affecting elk herding), as well
as duration and seasonality of aggregation
(affecting overlap with abortion events).
Potential transmission from elk to cattle
similarly depends on seasonal circumstances,
although human management (e.g.,
movement or segregation of cattle) may mask
climate-associated effects.

Weeds and invasive plants

Climate change is likely to impact plant
distribution in the northern Great Plains and
Rocky Mountain regions (Battisti and Naylor
2008), including that of weeds and invasives.
We use the term weeds to refer to plant species
that impact crops and separate the designation
from invasive plants, which may have or have the
potential to impact a broader array of agricultural
activities on rangeland and pastureland.
Increased expenditures for weed and invasive
plant management in response to climate change
EQWNFJCXGUKIPKƂECPVGEQPQOKEKORCEVQP
agriculture (Pejchar and Mooney 2009).

Studies show that increased atmospheric CO2
concentration can drive increased weed growth
and reproduction, although precipitation is an
important mechanism mediating rangeland plant
EQOOWPKV[TGURQPUG 9GNV\KPGVCN<KUMC
et al. 2005; Mueller et al. 2016). Independent
of precipitation, the combined effects of
atmospheric CO2 concentration and warming
increased C3 rangeland grass productivity over
time in a controlled experiment in Colorado
(Mueller et al. 2016). Conversely, others note that
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increased temperatures can result in negative
impacts to weeds due to increased evaporative
demand (Larson 2016). Additionally, Hellman
et al. (2008) note that climate change will
likely impact weeds and invasive species
by altering their transport and introduction
mechanisms, establishment, ecological impact,
and distribution, as well as the effectiveness of
control strategies.
Under rapid climate change, weeds and invasive
plants may have an advantage over desired and
native plants because many have evolved to
excel at dispersal, establishment, and adapting
to new and changing environments (Corlett
and Westcott 2013). Still, even an obvious
TGIKQPCNUJKHVKPCYGGFURGEKGUECPDGFKHƂEWNV
to attribute to climate change. For example,
jointed goatgrass (Aegilops cylindrical), a major
weed in winter wheat, has steadily moved north
in the Great Plains (Anderson et al. 2004). That
movement might be explained by greater
warming in the north. Alternatively, it might be a
result of patterns of winter wheat harvest, which
moves from south to north and has been a major
vector of seed dispersal through passive transport
on harvest equipment (Petit et al. 2013).

on survival rate will result in ranges expanding
to the north and to higher elevation (Bradley
et al. 2016). The indirect effects of increased
ƂTGHTGSWGPE[OC[CNUQDGKORQTVCPVHQTYGGFU
with winter life cycles, because of their ability to
rapidly establish on burned landscapes (Bradley
et al. 2010; Taylor et al. 2014).
Summer temperatures in Montana are also
projected to increase with notable increases in
the number of summer days above 90°F (32°C)
throughout the 21st century (see Climate chapter).
The increase in summer temperatures can
EQPVTKDWVGVQKPETGCUGFYKNFƂTGHTGSWGPE[CPF
intensity by drying fuels (Westerling et al. 2011),
resulting in increased habitat for invasive species
on rangeland (Alba et al. 2015). In addition,
GZVTGOGJGCVFWTKPIITCKPƂNNKPI KGVJGRGTKQF
of wheat development from pollination to seed
production) can reduce crop yield (Lanning et al.
2010), thereby adding to the stress exerted by
weeds. Those weeds, in turn, are more likely to
be adapted to extreme heat.
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Impacts of increasing
temperatures.—Winter hardiness zones are
predicted to move north (Parker and Abatzoglou
2016), and elevational boundaries are likely
to increase, based on increasing temperature
projections (see Climate chapter).

With increased winter temperatures, weeds with a
winter annual life cycle (i.e., plants that germinate
in autumn and mature in spring or summer of
the following calendar year) are likely to exhibit
higher winter survival rates. This positive impact
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Impacts of increased atmospheric
CO2.—Elevated atmospheric CO2 generally

KPETGCUGURNCPVYCVGTWUGGHƂEKGPE[OQTGHQT%
VJCP%RNCPVU6JQUGCFFGFGHƂEKGPEKGUECP
translate to increases in biomass accumulation
and reproduction, which can favor weeds over
crops and invasive species over native forage
species (Weltzin et al. 2003). For example, CO2
enrichment has been shown to enhance the
growth of downy brome (Bromus tectorum) in
NQYGNGXCVKQPFGUGTVCPFUJTWDNCPFUKVGU <KUMC
et al. 2005). If Montana climate shifts to be
more like that of the Great Basin (warmer and
drier than current conditions), we might expect
environments to increasingly be more compatible
for Bromus tectorum (see sidebar).

Projections of Weed Expansion
with Climate Change
A prime example of a weedy plant predicted to increase in the
northern Great Plains and Rocky Mountains is non-native downy
brome (Bromus tectorum). It establishes rapidly on disturbed soils
and is a dominant weed species in crop and rangeland (Bradley 2009;
West et al. 2015; Bradley et al. 2016). Chambers et al. (2007) predict
VJCVVJGJKIJƃCOOCDKNKV[QHVJKUYKPVGTCPPWCNYGGFYKNNKPETGCUG
YKNFƂTGHTGSWGPE[CPFVJGTGD[VTCPUHQTONCTIGCTGCUQHUCIGDTWUJ
steppe from perennial shrub to annual grass dominance decreasing
the land’s forage utility. Other studies suggest that its expansion into
the northern Great Plains or Rocky Mountains will depend on rates of
warming and drying (Taylor K et al. 2014; Larson 2016).
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Similarly, Bradley et al. (2009) predict that yellow starthistle
(Centauria solstitialis) and salt cedar (Tamarix ramosissima) will
expand their range, downy brome (cheatgrass) and spotted
knapweed will shift in range (neither increase nor decrease), and the
range distribution of
leafy spurge is likely
to contract under
predicted climate
scenarios. Clearly, weed
responses will be highly
variable, even when
similar driver variables
are at play.

Non-native downy brome (Bromus
tectorum).
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The impacts of climate change, whether
FKTGEVQTKPFKTGEVYKNNRTGUGPVCUKIPKƂECPV
challenge for weed and invasive plant
managers in the future. Management will
need to change—most likely to become
more adaptive—under climate change
(Prato 2008). Two examples follow.
•

Impacts to herbicides.—

Increased atmospheric CO2 concentration
will likely decrease the effectiveness
of some herbicides important for
maintenance of chemical-fallow between
ETQRRGF[GCTU <KUMCGVCN
Wolfe et al. 2008).

THE FUTURE
OF MONTANA
AGRICULTURE
This assessment of climate change effects on
Montana agriculture must start with the basic
observations that temperatures are rising and
precipitation trends are variable across seasons
and regions in Montana. However, the joint
importance of the natural environment and
human and cultural market processes creates
multiple layers of uncertainty and interactions
that complicate identifying the effects of
climate change. Observers both on and off the
farm and ranch are recognizing the effects of
climate change, even when market intricacies
and changeable cropping practices seem
intertwined. Longer growing seasons, less
irrigation water, earlier grain harvests, lilacs in
the farmyard blooming ahead of “normal,”
CPFJC[ƂGNFUVJCVpFQPoVRTQFWEGNKMGVJG[
used to,” are conveying a consistent long-term
message, even when prices, net revenues,
and other measures of the farm economy
are variable. When we combine the on-farm
observations with others beyond the farm gate,
like northward-moving ranges of songbird
species and shifts in important pollinators, a
pattern begins to emerge that is steadier than
commodity prices (Chen et al. 2011).
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•

Impacts to biocontrols.—Climate

change may alter the effectiveness of
biocontrol agents, which is the use of
natural enemies to reduce invasive species
populations and a popular means of
invasive species management on Montana
rangeland. Negative impacts from climate
change could include mismatches in the
life cycles between the biocontrol agent
and the targeted species (van Asch and
Visser 2007), unexpected disruptions in
host food webs, or shifts in host selection,
CNNQHYJKEJYQWNFFKOKPKUJVJGGHƂECE[QH
biocontrol agents (Pearson and Callaway
2003). Alternatively, the impacts of climate
change may be positive, for example,
by improving over-winter survival of
the biocontrol agent, increasing its
geographic range, or improving life-cycle
match between agent and weed (Hellman
et al. 2008).
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Beyond providing some of the direct climatedriven responses to crops and livestock, a climate
assessment for agriculture must also point out
the likelihood of some seemingly contradictory
expectations. In the short term, some regions

of Montana may experience combinations of
increased precipitation and milder temperatures
and/or longer growing seasons that can lead to
both positive and negative on-farm outcomes.
For example, atypical early fall rains improve fall
ITC\KPICPFKPƂNVTCVKQPQHUQKNOQKUVWTGDGHQTG
HTQUVNKOKVUKPƂNVTCVKQPDWVVJGUGUCOGTCKPUECP
impair some grain harvests and/or fall plantings.
Pest problems may increase in some regions due
to increasing humidity and warmer conditions,
but elsewhere some disease issues will likely
initially diminish as aridity increases. Thus, the
impacts of climate change for agriculture will
almost certainly be highly variable, including at
the local scale that is of most interest to farmers
and ranchers.

In the long term, the dominant implication
of climate projections for agriculture is
that change will not remain gradual. The
masked and messy shifts that are underway
may reach tipping points that enable and/
or force rapid, transformational change
in our food systems. Many of the crop,
livestock, market, and ecological changes
referenced in this chapter have been
buffered by many things: surplus harvests,
crop insurance, disaster assistance, offfarm income, on-farm ingenuity, market
ƃGZKDKNKV[CPFVJGKPVTKPUKETGUKNKGPEGQHQWT
landscapes. Furthermore, consumer and
taxpayer capacity to bolster that buffering
capacity, through food prices and taxes
VQEQXGTCITKEWNVWTCNUWDUKFKGUKUƂPKVG
Because of the sources of uncertainty, many
described in this assessment, we are not
currently very good at projecting the exact
timing of such disruptions. The familiar
mantra “more research is needed” is almost
always valid, but also, in the face of climate
EJCPIGKPUWHƂEKGPVCPFNKMGN[VCTF[4GIKQP
URGEKƂEENKOCVGRTQLGEVKQPUJKUVQTKECNFCVC
on crop production, and more extensive
analysis of crop responses will improve
our understanding of future patterns, but
uncertainty will persist.
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In the short and long term, Montana agriculture
may experience as much or more impact from
climate change outside Montana as it does
from direct, in-state effects. This potential
exists primarily because commodity markets for
grains and livestock have profound effects on
markets for Montana’s farms and ranches. This
phenomenon is already underway and is likely to
KPETGCUGKPUKIPKƂECPEG(QTGZCORNGFTQWIJVKP
India has helped build markets for pulse crops
like lentils and dry peas in Montana. In more
complex scenarios, climate change effects across
the globe can lead to geopolitical disruptions
that also alter wheat and beef markets in positive
or negative ways for Montana agriculture
revenues. This susceptibility to global affairs is not
new to Montana agriculture, but climate change
will likely amplify uncertainty for producers.
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KEY
KNOWLEDGE
GAPS
Emerging questions about building an adaptive
and resilient agriculture involves several lines
of inquiry. It is clear that climate change will
KPƃWGPEGCITKEWNVWTCNFGEKUKQPOCMKPIKPFKHHGTGPV
ways, and the more we focus on local adaptive
practices the higher the likelihood of success.
Whether one seeks to tweak existing systems
or more radically overhaul them over time, the
following questions are relevant for the future:

•

Soil carbon.—a) In which systems and

regions can improving soil organic matter
help build resilience under volatile climate
conditions, including severe drought? b) How
can grassland protection and restoration help
increase resilience to climate changes, as
well as be integrated into food production?
c) Which agricultural practices will build
soil carbon reserves and serve as viable
greenhouse gas mitigation strategies?

•

Input practices.—a) Can inputs
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•

Precipitation.—With the high certainty

of warming and the lower certainty of future
trends in precipitation, how do we develop
resilient agricultural practices that prepare for
divergent futures?

•

continue to be used as insurance to protect
against variation? b) Does dependence on
inputs contribute to creating less resilient
agricultural systems? c) Can some inputs
increase resilience?

•

increased value-added production practices
reduce dependence on volatile commodity
pricing and thereby build resilience? b)
When and where do traditional methods for
farmer and consumer protection (e.g., crop
insurance, government reserves) need revision
to more effectively respond to climatechange uncertainty? c) How can revision of
commodity market practices and expectations
help develop resilience in anticipation of
climate-change induced volatility? d) What
KORTQXGOGPVUKPGPVGTRTKUGNGXGNƂPCPEKCNCPF
risk management strategies are needed to
better manage market and production risks?

Crop and livestock models.—a)

How can crop and forage production models
linked with climate models provide useful
projections to inform agricultural decisions?
b) Which models best inform management
of livestock under predicted new climates?
c) What mechanisms for data acquisition and
accessibility allow appropriate climate and
production model parameterization?

•

Water.—a) When and where will irrigation

be most disrupted as temperatures rise
and water storage declines? b) How can we
modify our methods for water retention,
CNNQECVKQPCPFGHƂEKGPE[VQKPETGCUGETQRCPF
livestock resilience to climate variability?
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Commodity markets.—a) How can

•

Crop and livestock
diversity.—a) How can introduction

of diversity to cropping and livestock
selections and systems help build
resilience to climate change?

b) In which current homogeneous
production systems can diversity be
reintroduced without economic loss? c)
How may increased agricultural diversity
impact quantity and quality of goods
produced in agriculture?
•

Policy.—a) Which state and national

RQNKEKGUKPƃWGPEGRTQFWEGToUCDKNKV[VQ
adopt practices more resilient to climate
change? b) What role can Montana
seed providers, food processors and
distributors play to increase agricultural
resilience in the face of the uncertainty
presented by climate change?

the impact of different climate scenarios in the
face of all the other uncertainties are needed
for decision-making. Successful development
of these tools should not be limited to research
by scientists. An all-hands approach will be
necessary to address the interdisciplinary and
UKVGURGEKƂEKORNKECVKQPUQHVJGKPVGTCEVKPI
climate change effects that have been touched
on in this chapter.
Building resilience to climate change in
Montana’s agricultural sector is paramount.
Three premises underlie our ability to
increase agricultural resilience:
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•

Rural Sustainability.—a) How will

1

Montana agriculture has always included,
and will probably continue to include, a
spectrum of approaches within any given
system (e.g., cattle production, grain
production, market garden vegetable
production), but the relative economic
importance of the approaches may change
(e.g., global versus local marketing,
cropping versus livestock, organic versus
conventional). We need to be able to
understand the economic and environmental
impacts of those changes.



&GƂPKPIUWEEGUUHQTCITKEWNVWTGKPVJGHWVWTG
will entail matters of marketing, food supply,
and food quality and access, as well as
environmental health and farm net income.
Therefore, understanding how these factors
interact at different scales in space and time
will be essential to maintaining sustainable
agriculture.

3

Change is inevitable.

agricultural communities be maintained
and need to change in response to
climate change? b) How will decisions at
all spatial and temporal scales need to
change to increase resilience to climate
change?

This assessment of the potential impacts of
climate change on Montana agriculture is a
starting point to identify and prioritize the aspects
of agriculture that might be most impacted. In
OCP[ECUGUVJGTGCTGCNTGCF[UKIPUQHUKIPKƂECPV
response. To develop effective adaptation
strategies for agriculture, we must understand the
local trends in our agroecosystems. Monitoring
the local climate and agricultural responses to
ENKOCVGEJCPIGKUCETKVKECNƂTUVUVGRKPETGCVKPI
meaningful knowledge on which to base
management decisions. Localized management
decision tools that increase our ability to estimate
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CONCLUSIONS
An assessment of climate effects on
Montana agriculture is complex because
of uncertainties inherent in the timing
and manifestation of climate change, and
because of complexity in how natural
systems, agricultural producers, and market
processes will react.
Still, the science is clear: climate change
is occurring. No Montana producer is
guaranteed the status quo—change is
happening, even if we cannot yet unravel
all its components. Precise projections
need not be a prerequisite for mitigation
and adaptation. Instead, maintaining
or increasing resilience in Montana’s
agriculture system is paramount.
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That resilience will most likely come from
increased diversity in our agricultural
products and practices. Montana agriculture
already includes a spectrum of strategies,
for example, global and local marketing;
cropping and livestock; feed yard and
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fallow small grain crops. Under climate
change, new strategies—for example,
breeding forages that are tolerant to high
temperature or crops and livestock that are
resistant to pathogens—may be necessary.
Likewise, the prominence of each strategy
may well change, and with it the relative
economic importance to our state.
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South of Glasgow, northeast Montana.
Photograph courtesy of Rick and Susie Graetz, University of Montana.
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better understand and thrive under a changing climate. Below, we
list research that is needed to achieve better understanding of direct
effects, indirect effects, and general effects of climate change in
Montana. These suggestions are included in each sector chapter of
this assessment, and are compiled here for easy reference.
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In addition, we know that groundwater-surface water interactions are central for projecting climate
change impacts on water resources, particularly in snowmelt-dominated watersheds. These
interactions are not typically integrated in hydrologic models, but such efforts will be necessary for
improving our projections about climate change and water supply.
•

Maintain and expand our water monitoring network.—Our knowledge about

current and future water supplies depends critically on our ability to monitor the water cycle across
/QPVCPCCPFDG[QPF1WTEWTTGPVPGVYQTMQHYGCVJGTUVCVKQPUUVTGCOƃQYICIGUITQWPFYCVGT
wells, and snowpack monitoring sites must be maintained and expanded to better represent
ongoing changes in the state. Current collaborations between USGS, Montana Bureau of Mines and
Geology, and the Montana DNRC are helping to support this monitoring network, but additional
investment in this area will serve as insurance for managing a sustainable water future.
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FORESTS
•

Better understanding of direct climate change effects.—a) Improved

understanding of adaptive genetic and phenotypic forest characteristics that would provide
better guidance for breeding programs and management actions to maximize resilience to both
direct and indirect climate impacts to forests; b) Long-term studies to better understand effects
of CO2 fertilization in Montana’s forests; c) Improved models of climate and vegetative effects on
evapotranspiration and water balances throughout forested systems.

•

Better understanding of indirect climate change effects.—C +ORTQXGFƂTG

models and projections directly related to Montana’s forests; b) Long-term monitoring of forest
insect and pathogen response to recent climate changes and improved projections of future
likely impacts; c) Better understanding of disturbance effects on microclimates and refugia and
implications for forest productivity, mortality, and adaptation.

•

General effects and adaptation options.—a) Forest models that account for changes
in both climate and resulting vegetation distribution and patterns; b) Models that account for
interactions and feedbacks in climate-related impacts to forests (e.g., changes in mortality from
DQVJFKTGEVKPETGCUGUKPYCTOKPICPFKPETGCUGFƂTGTKUMCUCTGUWNVQHYCTOKPI E 5[UVGOUVJKPMKPI
and modeling regarding climate effects on understory vegetation and interactions with forest
trees; d) Discussion of climate effects on urban forests and impacts to cityscapes and livability;
e) Monitoring and time-series data to inform adaptive management efforts (i.e., to determine
outcome of a management action and, based on that outcome, chart future course of action); f)
Detailed decision support systems to provide guidance for managing for adaptation.
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AGRICULTURE
•

Precipitation.—With the high certainty of warming and the low certainty of trends in

precipitation, how do we develop resilient agricultural practices that prepare for divergent futures?
•

Crop and livestock models.—a) How can crop and forage production models linked

with climate models provide useful projections to inform agricultural decisions? b) Which models
best inform management of livestock under predicted new climates? c) What mechanisms for data
acquisition and accessibility allow appropriate climate and production model parameterization?

•

Water.—a) When and where will irrigation be most disrupted as temperatures rise and water

UVQTCIGFGENKPGU!D *QYECPYGOQFKH[QWTOGVJQFUHQTYCVGTTGVGPVKQPCNNQECVKQPCPFGHƂEKGPE[
to increase crop and livestock resilience to climate variability?
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•

Soil carbon.—a) In which systems and regions can improving soil organic matter help build

resilience under volatile climate conditions, including severe drought? b) How can grassland
protection and restoration help increase resilience to climate changes, as well as be integrated into
food production? c) Which agricultural practices will build soil carbon reserves and serve as viable
greenhouse gas mitigation strategies?

•

Input practices.—a) Can inputs continue to be used as insurance to protect against variation?
b) Does dependence on inputs contribute to creating less resilient agricultural systems? c) Can
some inputs increase resilience?

•

Commodity markets.—a) How can increased value-added production practices reduce

dependence on volatile commodity pricing and thereby build resilience? b) When and where do
traditional methods for farmer and consumer protection (e.g., crop insurance, government reserves)
need revision to more effectively respond to climate-change uncertainty? c) How can revision of
commodity market practices and expectations help develop resilience in anticipation of climateEJCPIGKPFWEGFXQNCVKNKV[!F 9JCVKORTQXGOGPVUKPGPVGTRTKUGNGXGNƂPCPEKCNCPFTKUMOCPCIGOGPV
strategies are needed to better manage market and production risks?

•

Crop and livestock diversity.—a) How can introduction of diversity to cropping and

livestock selections and systems help build resilience to climate change? b) In which current
homogeneous production systems can diversity be reintroduced without economic loss? c) How
may increased agricultural diversity impact quantity and quality of goods produced in agriculture?
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•

Policy—C 9JKEJUVCVGCPFPCVKQPCNRQNKEKGUKPƃWGPEGRTQFWEGToUCDKNKV[VQCFQRVOQTGTGUKNKGPV
practices to climate change? b) What role can Montana seed providers, food processors and
distributors play to increase agricultural resilience in the face of the uncertainty presented by
climate change?

•

Rural Sustainability—a) How will agricultural communities be maintained and need to

change in response to climate change? b) How will decisions at all spatial and temporal scales need
to change to increase resilience to climate change?

New research into these areas will improve our understanding and knowledge of how climate change
YKNNKORCEV/QPVCPCKPVJGHWVWTG#NQPIYKVJUEKGPVKƂEKPXGUVKICVKQPU/QPVCPCPUPGGFVQYQTM
together to effectively:
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•

consider multiple sources of information, including indigenous knowledge and historical
observations, which can complement and enrich empirically-based studies and modeling
approaches;

•

build a community of scientists and practitioners that can better create a research agenda on the
highest priority topics and needs of decision makers; this collaboration will produce actionable
science and tangible outcomes; and

•

improve education and communication activities related to climate science across the state so that
adaptation plans reach the most relevant and most impacted sectors of our communities.
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CLIMATE
•

Additional climate variables.—Our analysis provides a critical local look at changes for

two important climate variables, precipitation and temperature. However, Montana’s climate and its
impacts go beyond these. A more in depth downscaling effort that involves physics based models
will be required to evaluate two additional important variables, evapotranspiration and drought.

•

Land use and land cover change.—Most climate analyses do not account for changes
in land cover with climatic trends. However, interactions between climate, vegetation cover, and
land use quality are tightly coupled. For example, with changes in temperature and precipitation,
ecosystems within Montana may shift to drier conditions resulting in changes to vegetation types.
This would contribute to a difference in evapotranspiration rates and aridity.
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•

Precipitation timing and form.—9GVQQMCƂTUVNQQMCVEJCPIGUKP/QPVCPCoU

precipitation. However, it is well known that the timing (winter versus spring and summer) and
form (rain versus snow) of Montana’s precipitation is critical for areas such as water, forests, and
agriculture resources. More work that incorporates physically based, distributed hydrological
models is required to understand how our precipitation distribution will change in both space (low
elevations to mountaintops) and time.

•

Water demand and management in the context of a changing climate.—

#NVJQWIJVJGFKTGEVKPƃWGPEGUQHENKOCVGEJCPIGQPYCVGTUWRRN[JCXGTGEGKXGFUWDUVCPVKCN
attention (as evidenced by this assessment), much less is known about the intersection between
changes in climate and water demand and/or water management. New solutions are needed that
balance the multiple, and sometimes competing, demands for water in the context of changing or
shifting water supplies. Communication and collaboration among multiple stakeholders, including
universities, agencies, non-governmental organizations, and citizen groups will be paramount. The
TGIKQPCNDCUKPYCVGTRNCPUKP/QPVCPCTGRTGUGPVCDQNFCPFETKVKECNƂTUVUVGRDWVVJGTGKUOWEJYQTM
to be done.

•

Improving the accuracy of models in Montana.—Many of the downscaled climateJ[FTQNQI[RTQLGEVKQPUCTGPQV[GVECNKDTCVGFHQTURGEKƂEDCUKPUCETQUU/QPVCPC6JWUYJGPVJG
OQFGNUCITGGYGJCXGTGNCVKXGN[JKIJEQPƂFGPEGKPVJGFKTGEVKQPQHRTQLGEVGFEJCPIGUDWVOWEJ
NGUUEQPƂFGPEGKPVJGOCIPKVWFGQHHWVWTGEJCPIGUHQTURGEKƂETKXGTDCUKPU6JGEQNNCDQTCVKQP
between MT DNRC and the Bureau of Reclamation and other ongoing efforts associated with the
Northwest Climate Science Center are helping to close this gap, but additional modeling and local
hydrologic expertise will be needed.
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Beartooth Mountains.
Photograph courtesy of Scott Bischke.
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adaptation Actions taken to help communities and ecosystems better cope with potential
negative effects of climate change or take advantage of potential opportunities.

adaptive capacity The inherent ability of a system (e.g., ecosystem or social system) to

adapt to a changing environment; for example, a plant species that can survive a broader range of
temperatures may have greater adaptive capacity compared to a plant that can only tolerate a narrow
range of temperatures.

agribusiness An industry engaged in the production operations of a farm, the manufacture

and distribution of farm equipment and supplies, and the processing, storage, and distribution of farm
commodities.

agronomy The science of crop production and soil management.
CPPWCNUVTGCOƃQY The cumulative quantity of water for a period of record, in this case a

calendar year.

anthropogenic Originating in human activity.
aquifer A body of permeable rock that can contain or transmit groundwater.
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atmospheric carbon dioxide (CO2) The amount of CO

in Earth’s atmosphere.
Although the proportion of Earth’s atmosphere made up by CO2 is small, CO2 is a potent greenhouse
gases and directly related to the burning of fossil fuels. Atmospheric carbon dioxide levels in Earth’s
atmosphere are at the highest levels in an estimated 3 million years and these levels are projected to
increase global average temperatures through the greenhouse effect.
2

attribution +FGPVKƂGUCUQWTEGQTECWUGQHUQOGVJKPI
basis The difference between the futures market price and the local price for an agricultural
commodity, measured in dollars per bushel.

DCUGƃQY6JGRQTVKQPQHUVTGCOƃQYVJCVKUPQVTWPQHHCPFTGUWNVUHTQOUGGRCIGQHYCVGTHTQO

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017
the ground into a channel slowly over time. The primary source of running water in a stream during dry
weather.

basin A drainage basin or catchment basin is an extent or an area of land where all surface water

from rain, melting snow, or ice converges to a single point at a lower elevation, usually the exit of the
basin, where the waters join another body of water, such as a river, lake, reservoir, estuary, wetland, sea,
or ocean.

biocontrol Short for biological control; the reduction in numbers or elimination of pest

organisms by interference with their ecology (as by the introduction of parasites or disease).

biodiversity The variety of all native living organisms and their various forms and
interrelationships.

biomass The total amount of organic matter present in an organism, population, ecosystem, or

given area.

bushel A unit for measuring an amount of fruit and grain that is equal to about 35.2 liters in the

US.

C3 and C4 plants Plants use different photosynthetic pathways (termed C3 photosynthesis

or C4 photosynthesis). C4 plants evolved as an adaptation to high-temperature, high-light conditions.
C4 plant growth rates increase more under hot, high-CO2 conditions than that of C3 plants and exhibit
less water loss.

climate versus weather The difference between weather and climate is a measure of

time. Weather is what conditions of the atmosphere are over a short period of time, and climate is how
the atmosphere behaves over relatively long periods of time (i.e., multiple decades).
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climate change Changes in average weather conditions that persist over multiple decades

or longer. Climate change encompasses both increases and decreases in temperature, as well as shifts
in precipitation, changing risk of certain types of severe weather events, and changes to other features
of the climate system.

climate oscillation See teleconnections.
commercial crops #ITKEWNVWTCNETQRUVJCVCTGITQYPHQTUCNGVQTGVWTPCRTQƂVRWTEJCUGF

by parties separate from a farm (note: not all commercial crops are commodity crops).

commodity crops Crops that are traded, and typically include crops that are non-

perishable, easily storable, and undifferentiated.
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commodity futures Buying or selling of a set amount of a commodity at a predetermined
price and date.

EQPƂPGFCSWKHGT#EQPƂPGFCSWKHGTKUCPCSWKHGTDGNQYVJGNCPFUWTHCEGVJCVKUUCVWTCVGF

with water. Layers of impermeable material are both above and below the aquifer, causing it to be
under pressure so that when the aquifer is penetrated by a well, the water will rise above the top of the
aquifer.

cow-calf operations Livestock operations in which a base breeding herd of mother cows

and bulls are maintained. Each year’s calves are sold between the ages of 6 and 12 months, along with
culled cows and bulls, except for some breeding herd replacements.

crop rotation System of cultivation where different crops are planted in consecutive growing

seasons to maintain soil fertility.

cultivar A contraction of cultivated variety. It refers to a plant type within a particular cultivated
species that is distinguished by one or more characteristics.

direct effect A primary impact to a system from shifts in climate conditions (e.g., temperature
and precipitation), such as direct mortality to species from increased heat extremes.

direct runoff The runoff entering stream channels promptly after rainfall, exclusive of base

ƃQY&KTGEVTWPQHHGSWCNUVJGXQNWOGQHTCKPHCNNGZEGUU GIVQVCNRTGEKRKVCVKQPOKPWUNQUUGU 

disturbance regime The frequency, severity, and pattern of events that disrupt an

GEQU[UVGOQTEQOOWPKV[HQTGZCORNGCHQTGUVoUƂTGFKUVWTDCPEGTGIKOGOC[DGVJGJKUVQTKECNRCVVGTP
QHHTGSWGPVNQYKPVGPUKV[ƂTGUXGTUWUKPHTGSWGPVJKIJUGXGTKV[ƂTGU
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drought (QTVJKUTGRQTVFTQWIJVKUECVGIQTK\GFKPHQWTYC[U OGVGQTQNQIKECNFTQWIJVFGƂPGF

CUCFGƂEKVKPRTGEKRKVCVKQP J[FTQNQIKECNFTQWIJVEJCTCEVGTK\GFD[TGFWEGFYCVGTNGXGNUKPUVTGCOU
NCMGUCPFCSWKHGTU GEQNQIKECNFTQWIJVFGƂPGFCUCRTQNQPIGFRGTKQFQXGTYJKEJCPGEQU[UVGOoU
FGOCPFHQTYCVGTGZEGGFUVJGUWRRN[CPF CITKEWNVWTCNFTQWIJVEQOOQPN[WPFGTUVQQFCUCFGƂEKVKP
soil moisture.

dryland farming A system of producing crops in semiarid regions (usually with less than 20

inches [0.5 m] of annual rainfall) without the use of irrigation.

El Niño-Southern Oscillation (ENSO) A periodic variation in wind and sea-

surface temperature patterns that affects global weather; El Niño (warming phase where sea-surface
VGORGTCVWTGUKPVJGGCUVGTP2CEKƂE1EGCPYCTO IGPGTCNN[OGCPUYCTOGT CPFUQOGVKOGUUNKIJVN[
drier) winter conditions in Montana. In contrast, La Niña (cooling phase) generally means cooler (and
sometimes wetter) winters for Montanans.The two phases each last approximately 6-18 months, and
oscillate between the two phases approximately every 3-4 yr.
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ensemble of general circulation models (GCMs) Succinctly: When

many different forecast models are used to generate a projection, and outputs are synthesized into
CUKPINGUEQTGQTCXGTCIG6JKUV[RGQHHQTGECUVUKIPKƂECPVN[TGFWEGUGTTQTUKPOQFGNQWVRWVCPF
enables a level of certainty to be placed on the projections. More broadly: Rather than relying on
the outcome of a single climate model, scientists run ensembles of many models. Each model in the
ensemble plausibly represents the real world, but as the models differ somewhat they produce different
outcomes. Scientists analyze the outputs (e.g., projected average daily temperature at mid century)
over the entire ensemble. Those analyses provide both the projection of the future resulting from the
GPUGODNGQHOQFGNUCPFFGƂPGVJGNGXGNQHEGTVCKPV[VJCVUJQWNFDGRNCEGFQPVJCVRTQLGEVKQP

ephemeral stream #UVTGCOVJCVƃQYUQPN[DTKGƃ[FWTKPICPFHQNNQYKPICRGTKQFQHTCKPHCNN
in the immediate locality.

evaporation The change of a liquid into a vapor at a temperature below the boiling point.
Evaporation takes place at the surface of a liquid, where molecules with the highest kinetic energy
are able to escape. When this happens, the average kinetic energy of the liquid is lowered and its
temperature decreases.
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evapotranspiration The combined effect of evaporation and transpiration (by plants) of

water, which is one of the most important processes driving the hydrologic cycle. Evapotranspiration
is often analyzed in two ways, as potential evapotranspiration, which is a measure of demand for water
from the atmosphere regardless of how much water is available, and actual evapotranspiration, which
is how much water is actually used by plants and evaporated from water surfaces. Generally, actual
evapotranspiration is driven by water availability, solar radiation, and plant type, but also affected by
wind and vapor pressure. Transpiration is affected by vegetation-related factors such as leaf area and
stomatal conductance, the exchange of CO2 and water vapor between leaves and the air.

fallow Cultivated land that is allowed to lie idle during the growing season; or to plow, harrow, and

break up (land) without seeding to destroy weeds and conserve soil moisture.

feeder cattle )TQYKPIDGGHECVVNGDGVYGGPVJGECNHUVCIGCPFUCNGVQƂPKUJKPIQRGTCVKQPU
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ƂTGDGJCXKQT6JGOCPPGTKPYJKEJYKNFƂTGKIPKVGUCPFURTGCFUCPFEJCTCEVGTK\KPIVJGDWTPKPI
EQPFKVKQPUYKVJKPCUKPINGƂTG

ƂTGTGIKOG6JGHTGSWGPE[UGXGTKV[CPFRCVVGTPQHYKNFƂTG
ƂTGTKUM6JGNKMGNKJQQFQHCƂTGKIPKVKQP

ƂTGUGXGTKV[6JGOCIPKVWFGQHGHHGEVUHTQOCƂTGWUWCNN[OGCUWTGFD[VJGNGXGNQHXGIGVCVKQP

or biomass mortality or the area burned.

ƃQQF#PQXGTƃQYKPIQHCNCTIGCOQWPVQHYCVGTDG[QPFKVUPQTOCNEQPƂPGUGURGEKCNN[QXGTYJCVKU

normally dry land.

ƃQQFRNCKPAn area of low-lying ground adjacent to a river, formed mainly of river sediments
CPFUWDLGEVVQƃQQFKPI

frost days The annual count of days where daily minimum temperature drops below 32°F (0°C).
futures trading An agreement between two people, one who sells and agrees to deliver

and one who buys and agrees to a certain kind, quality, and quantity of product to be delivered during
CURGEKƂGFFGNKXGT[OQPVJCVCURGEKƂGFRTKEG/QTGUKORN[CEQPVTCEVVQDW[URGEKƂESWCPVKVKGUQHC
EQOOQFKV[CVCURGEKƂGFRTKEGYKVJFGNKXGT[UGVCVCURGEKƂGFVKOGKPVJGHWVWTG

general circulation models (GCMs) Numerical models representing physical

processes in the atmosphere, ocean, cryosphere, and land surface. They are the most advanced tools
currently available for simulating the response of the global climate system to increasing greenhouse
gas concentrations.

2017 MONTANA CLIMATE ASSESSMENT | 255

ITCKPƂNNKPIThe period of wheat development from pollination to seed production.
greenhouse gas A gas in Earth’s atmosphere that absorbs and then re-radiates heat from
the Earth and thereby raises global average temperatures. The primary greenhouse gases in Earth’s
atmosphere are water vapor, carbon dioxide, methane, nitrous oxide, and ozone. Earth relies on the
warming effect of greenhouse gases to sustain life, but increases in greenhouse gases, particularly
carbon dioxide from the burning of fossil fuels, can increase average global temperatures over
historical norms.

greenhouse gas emissions The discharge of greenhouse gases, such as carbon

dioxide, methane, nitrous oxide and various halogenated hydrocarbons, into the atmosphere.
Combustion of fossil fuels, agricultural activities, and industrial practices contribute to the emissions of
greenhouse gases.
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green manure Crops grown to be incorporated into the soil to increase soil quality, fertility

and structure.

global warming The increase in Earth’s surface air temperatures, on average, across

the globe and over decades. Because climate systems are complex, increases in global average
temperatures do not mean increased temperatures everywhere on Earth, nor that temperatures in a
given year will be warmer than the year before (which represents weather, not climate). More simply:
Gobal warming is used to describe a gradual increase in the average temperature of the Earth’s
atmosphere and its oceans, a change that is believed to be permanently changing the Earth’s climate.

groundwater Water held underground in the soil or in pores and crevices in rock.

growing degree-days A weather-based indicator for assessing crop development. It is

a calculation used by crop producers that is a measure of heat accumulation used to predict plant and
pest development rates such as the date that a crop reaches maturity.

hardiness zone #IGQITCRJKECNN[FGƂPGF\QPGKPYJKEJCURGEKƂEECVGIQT[QHRNCPVNKHG

KUECRCDNGQHITQYKPICUFGƂPGFD[VGORGTCVWTGJCTFKPGUUQTCDKNKV[VQYKVJUVCPFVJGOKPKOWO
temperatures of the zone. The zones are based on the average annual extreme minimum temperature
during a 30-yr period in the past, not the lowest temperature that has ever occurred in the past or
might occur in the future.

human agency The capacity possessed by people to act of their own volition.
hydrograph #J[FTQITCRJKUCITCRJUJQYKPIVJGTCVGQHƃQY FKUEJCTIG XGTUWUVKOGRCUVC

URGEKƂERQKPVKPCTKXGTQTQVJGTEJCPPGNQTEQPFWKVECTT[KPIƃQY6JGTCVGQHƃQYKUV[RKECNN[GZRTGUUGF
as cubic feet per second, CFS, or ft3/s (the metric unit is m3/s).
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hydrologic cycle The sequence of conditions through which water passes from vapor in the

atmosphere through precipitation upon land or water surfaces and ultimately back into the atmosphere
as a result of evaporation and transpiration.

hydrology

The study of water. Hydrology generally focuses on the distribution of water and
interaction with the land surface and underlying soils and rocks.

indirect effect A secondary impact to a system from a change that was caused by shifting

ENKOCVGEQPFKVKQPUUWEJCUKPETGCUGFƂTGHTGSWGPE[YJKEJKUCTGUWNVQHFTKGTEQPFKVKQPUECWUGFD[CP
increase in temperature.

KPƂNVTCVKQPThe movement of water from the land surface into the soil.
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interception The capture of precipitation above the ground surface, for example, by

vegetation or buildings.

IPCC SRES Intergovernmental Panel on Climate Change Special Report on Emissions

Scenarios.

irrigation Application of water to soil for the purpose of plant production.

legume Any of a large family (Leguminsoae syn. Fabaceae, the legume family) of dicotyledonous

herbs, shrubs, and trees having fruits that are legumes or loments, bearing nodules on the roots that
EQPVCKPPKVTQIGPƂZKPIDCEVGTKCCPFKPENWFKPIKORQTVCPVHQQFCPFHQTCIGRNCPVU CURGCUDGCPUQT
clovers).

metrics 3WCPVKƂCDNGOGCUWTGUQHQDUGTXGFQTRTQLGEVGFENKOCVGEQPFKVKQPUKPENWFKPIDQVJ

primary metrics (for example, temperature and precipitation) and derived metrics (e.g., projected days
over 90°F [32°C ] or number of consecutive dry days).

microclimate The local climate of a given site or habitat varying in size from a tiny crevice

to a large land area. Microclimate is usually, however, characterized by considerable uniformity of
climate over the site involved and relatively local when compared to its enveloping macroclimate. The
differences generally stem from local climate factors such as elevation and exposure.

mitigation Efforts to reduce greenhouse gas emissions to, or increase carbon storage from, the
atmosphere as a means to reduce the magnitude and speed of onset of climate change

model A physical or mathematical representation of a process that can be used to predict some

aspect of the process.
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organic A crop that is produced without: antibiotics; growth hormones, most conventional

pesticides, petroleum-based fertilizers or sewage sludge-based fertilizers, bioengineering, or ionizing
TCFKCVKQP75&#EGTVKƂECVKQPKUTGSWKTGFDGHQTGCRTQFWEVECPDGNCDGNGFQTICPKE

oscillation A recurring cyclical pattern in global or regional climate that often occurs on decadal
VQUWDFGECFCNVKOGUECNGU%NKOCVGQUEKNNCVKQPUVJCVJCXGCRCTVKEWNCTN[UVTQPIKPƃWGPEGQP/QPVCPCoU
ENKOCVGCTGVJG'N0KPQ5QWVJGTP1UEKNNCVKQP '051 CPFVJG2CEKƂE&GECFCN1UEKNNCVKQP 2&1 

PCEKƂE&GECFCN1UEKNNCVKQP 2&1) A periodic variation in sea-surface

temperatures that is similar to El Niño-Southern Oscillation, but has a much longer duration
(approximately 20-30 yr). When the PDO is in the same phase as El Niño-Southern Oscillation, weather
effects are more pronounced. For example, when both are in the warming phase, Montanans may
experience an extremely warm winter, whereas if PDO is in a cooling phase, a warm phase El NiñoSouthern Oscillation may have a reduced impact.
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Palmer Drought Severity Index (PDSI) A measurement of dryness based on

recent precipitation and temperature. The Palmer Drought Severity Index is based on a supply-anddemand model of soil moisture.

2CNOGT<&TQWIJV+PFGZOne of the Palmer Drought Indices; it measures short-term

FTQWIJVQPCOQPVJN[UECNG6JG<XCNWGKUCNUQTGHGTGPEGFVQVJGURGEKƂENQECVKQPENKOCVGCPFVKOGQH
year.

parameter #XCTKCDNGKPCIGPGTCNOQFGNYJQUGXCNWGKUCFLWUVGFVQOCMGVJGOQFGNURGEKƂE
to a given situation.

pathogen Microorganisms, viruses, and parasites that can cause disease.
RGCMƃQY6JGRQKPVQHVJGJ[FTQITCRJVJCVJCUVJGJKIJGUVƃQY

permeability A measure of the ability of a porous material (often, a rock or an unconsolidated

OCVGTKCN VQCNNQYƃWKFUVQRCUUVJTQWIJKV

phenology The study of periodic biological phenomena with relation to climate (particularly
seasonal changes). These phenomena can be used to interpret local seasons and the climate zones.

physiography 6JGUWDƂGNFQHIGQITCRJ[VJCVUVWFKGURJ[UKECNRCVVGTPUCPFRTQEGUUGUQHVJG
Earth. It aims to understand the forces that produce and change rocks, oceans, weather, and global
ƃQTCCPFHCWPCRCVVGTPU

ÓxnN"--č,9

primary productivity 6JGVQVCNSWCPVKV[QHƂZGFECTDQP QTICPKEOCVVGT RGTWPKVCTGC

over time produced by photosynthesis in an ecosystem.

pulse crop Annual leguminous crops yielding from 1-12 grains or seeds of variable size,

shape, and color within a pod. Limited to crops harvested solely for dry grain, thereby excluding crops
harvested green for food, oil extraction, and those that are used exclusively for sowing purposes.

radiative forcing The difference between the amount of sunlight absorbed by the Earth

versus the energy radiated back to space. Greenhouse gases in the atmosphere, particularly carbon
dioxide, increase the amount of radiative forcing, which is measured in units of watts/m2. The laws of
physics require that average global temperatures increase with increased radiative forcing.

rangeland Land on which the historical climax plant community is predominantly grasses,
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ITCUUNKMGRNCPVUHQTDUQTUJTWDU6JKUKPENWFGUNCPFUTGXGIGVCVGFPCVWTCNN[QTCTVKƂEKCNN[YJGPTQWVKPG
management of the vegetation is accomplished through manipulation of grazing. Rangelands include
natural grasslands, savannas, shrublands, most deserts, tundra, alpine communities, coastal marshes,
and wet meadows

RCP (representative concentration pathways) Imagined plausible

trends in greenhouse gas emissions and resulting concentrations in the atmosphere used in climate
projection models. This analysis uses the relatively moderate and more severe scenarios of RCP4.5
and 8.5. These scenarios represent a future with an increase in radiative forcing of 4.5 or 8.5 watts/
m2, respectively. The RCP4.5 scenario assumes greenhouse gas emissions peak mid century, and then
decline, while the RCP8.5 scenario assumes continued high greenhouse gas emissions through the end
of the century.

resilience In ecology, the capacity of an ecosystem to respond to a disturbance or perturbation
by resisting damage and recovering quickly.

resistance In ecology, the property of populations or communities to remain essentially

unchanged when subject to disturbance. Sensitivity is the inverse of resistance.

resistance gene A gene involved in the process of resistance to a disease or pathogen;

especially a gene involved in the process of antibiotic resistance in a bacterium or other pathogenic
microorganism.

ruminants Mammals that have four stomachs and even-toed hooves.
runoff5WTHCEGTWPQHH CNUQMPQYPCUQXGTNCPFƃQY KUVJGƃQYQHYCVGTVJCVQEEWTUYJGPGZEGUU
UVQTOYCVGTOGNVYCVGTQTQVJGTUQWTEGUƃQYUQXGTVJG'CTVJoUUWTHCEG
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scenario Climate change scenarios are based on projections of future greenhouse gas

(particularly carbon dioxide) emissions and resulting atmospheric concentrations given various
plausible but imagined combinations of how governments, societies, economies, and technologies will
change in the future. This analysis considers two plausible greenhouse gas concentration scenarios: a
moderate (stabilized) and more severe (business-as-usual) scenario, referred to as RCP4.5 and RCP8.5,
respectively

shallow aquifer Typically (but not always) the shallowest aquifer at a given location is

WPEQPƂPGFOGCPKPIKVFQGUPQVJCXGCEQPƂPKPINC[GT CPCSWKVCTFQTCSWKENWFG DGVYGGPKVCPFVJG
surface. The term perched refers to ground water accumulating above a low-permeability unit or strata,
such as a clay layer.

silage Any crop that is harvested green and preserved in a succulent condition by partial
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fermentation in a nearly airtight container such as a silo.

specialty crop Fruits and vegetables, tree nuts, dried fruits and horticulture and nursery crops,
KPENWFKPIƃQTKEWNVWTG

spring wheat A general term for wheat sown in the early spring and harvested in the late

summer or early autumn of the same year.

Snow Water Equivalent (SWE) A common snowpack measurement that is the

amount of water contained within the snowpack. It can be thought of as the depth of water that would
theoretically result if you melted the entire snowpack instantaneously.

soil moisture A measure of the quantity of water contained in soil. Soil moisture is a key

variable in controlling the exchange of water and energy between the land surface and the atmosphere
through evaporation and plant transpiration.

storage The volume of water contained in natural depressions in the land surface, such as a
snowpack, glaciers, drainage basins, aquifers, soil zones, lakes, reservoirs, or irrigation projects.

UVTGCOƃQY CNUQMPQYPCUEJCPPGNTWPQHH 6JGƃQYQHYCVGTKPUVTGCOU

rivers, and other channels. It is a major element of the water cycle.

teleconnection A connection between meteorological events that occur a long distance

CRCTVUWEJCUUGCUWTHCEGVGORGTCVWTGUKPVJG2CEKƂE1EGCPCHHGEVKPIYKPVGTVGORGTCVWTGUKP/QPVCPC
Also referred to as climate oscillations or patterns of climate variability.

test weight A measure of grain bulk density, often used as a general indicator of overall quality
and as a gage of endosperm hardness to alkaline cookers and dry millers.
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tillage The traditional method of farming in which soil is prepared for planting by completely

inverting it with a plow. Subsequent working of the soil with other implements is usually performed to
smooth the soil surface. Bare soil is exposed to the weather for some varying length of time depending
on soil and climate conditions.

transpiration The passage of water through a plant from the roots through the vascular system
to the atmosphere.

WPEQPƂPGFCSWKHGT#ITQWPFYCVGTCSWKHGTKUUCKFVQDGWPEQPƂPGFYJGPKVUWRRGTUWTHCEG

(water table) is open to the atmosphere through permeable material.

velocity The rate of climate changes occurring across space and time.
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warm days Percentage of time when daily maximum temperature >90

th

percentile.

warm nights Percentage of time when daily minimum temperature >90

th

percentile.

water quality The chemical, physical, biological, and radiological characteristics of water. It is a
measure of the condition of water relative to the requirements of one or more biotic species and/or to
any human need or purpose.

watershed An area characterized by all direct runoff being conveyed to the same outlet. Similar
terms include basin, subwatershed, drainage basin, catchment, and catch basin.

water year A time period of 12 months (generally October 1 of a given year through September

30 of the following year) for which precipitation totals are measured.

weather versus climate See climate versus weather.

winter wheat A general term for wheat sown in the fall, persisting through the winter winter as
seedlings, and harvested the following spring or summer after it reaches full maturity.
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Snow geese on Freeze Out Lake.
Photograph courtesy of Scott Bischke.

MCA DRAFT
Embargoed Copy
until 12pm MT,
September 20, 2017

262 | LIST OF CONTRIBUTORS

MCA DRAFT
LIST OF CONTRIBUTORS
Embargoed Copy
until 12pm MT,
September 20, 2017
Thomas R. Armstrong is President of the Madison River Group (MRG) and served

CUCUGPKQTCFXKUQTHQTVJG/QPVCPC%NKOCVG#UUGUUOGPV*GCNUQUGTXGUCUCP#HƂNKCVG(CEWNV[
Member at Montana State University. Prior to MRG, Dr. Armstrong served within the White House
1HƂEGQH5EKGPEGCPF6GEJPQNQI[2QNKE[CUVJG'ZGEWVKXG&KTGEVQTQHVJG7PKVGF5VCVGU)NQDCN
Change Research Program. He was the lead in the development of the USGCRP’s new Ten Year
Strategic Plan and a key player in the Third National Climate Assessment, the President’s Climate
Action Plan, and other activities related to the federal climate change enterprise. He also served as
the US Head of Delegation to the Intergovernmental Panel on Climate Change Fifth Assessment
Report. Before Joining the White House, Tom served as the Department of the Interior’s Senior
Advisor for Climate Change.

Ashley P. Ballantyne is an Assistant Professor of Bioclimatology at the University of
Montana. Dr. Ballantyne’s background is in the ecological and Earth sciences and he is curious
about the interactions between Earth’s climate and biology over a range of scales. His research
seeks to gain insight into factors regulating Earth’s climate in the past as well as factors limiting
CO2 uptake in the future. Dr. Ballantyne earned an MS from the University of Washington
and a PhD from Duke University. Dr. Ballantyne’s research explores how Earth’s climate and
biogeochemical cycles are inextricably linked.
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Anton Bekkerman is an Associate Professor in the Department of Agricultural Economics

and Economics at Montana State University. His research interests include price analysis in grain
markets, agricultural marketing, and the economics of production and management in the agricultural
industry. Anton’s recent research focus has been on improving wheat price predictions for the northern
United States, identifying the economic impacts of changes in the grain handling industry, and
understanding the market-level impacts of increased pulse production in Montana. On campus, Anton
teaches the Economics of Agricultural Marketing and Managerial Economics courses and is a faculty
advisor to a collegiate student club.

Scott Bischke of MountainWorks Inc. served the Montana Climate Assessment as Science

Writer. Scott is a BS (Montana State University), MS (University of Colorado) chemical engineer who has
worked as an engineering researcher at three national laboratories: the National Bureau of Standards
(now National Institute of Science and Technology), Sandia, and Los Alamos. He worked for roughly
11 yr as lead environmental engineer for a Hewlett-Packard business unit. Scott has authored, coauthored, or edited two environmental impact statements, book chapters, technical papers, four
popular press books, and successful proposals totaling multiple-millions of dollars.
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Madison Boone graduated from Hendrix College with degrees in Biology and

Environmental Studies. She has worked for Heifer International’s Heifer Farm in Rutland, MA where
she was a livestock steward and led educational programs. Madison moved to Bozeman, MT in
,CPWCT[VQUGTXGYKVJVJG$KI5M[9CVGTUJGF%QTRUVJTQWIJYJKEJUJGYQTMGFHQTVJGPQPRTQƂV
One Montana on their Resilient Montana program. She is now serving a second term of the Big Sky
Watershed Corps program in 2017, during which she will continue to work with One Montana as well as
MSU-Extension on their Climate Science Team.

Samantha Brooks is the Lead Director for Science, Policy and Programs at Madison

River Group (MRG) and an advisor to the Montana Climate Assessment. Prior to MRG, Ms. Brooks
served for 3 yr with the US Global Change Research Program (USGCRP) as Executive Secretary, and
a member of the USGCRP Leadership Team, providing strategic advice and direction to the White
House Subcommittee on Global Change Research (SGCR). Her academic background is in international
environmental policy with a particular focus on climate change. She holds a BA in International
Relations from James Madison University and MA in Global Environmental Policy from American
7PKXGTUKV[5JGJQNFUVJGVKVNGQH#HƂNKCVG2TQHGUUQTKP2QNKVKECN5EKGPEGCV/QPVCPC5VCVG7PKXGTUKV[

Colin Brust is an undergraduate student at the University of Montana majoring in resource

conservation and minoring in climate change studies and Spanish. Colin currently works as an intern for
VJG/QPVCPC%NKOCVG1HƂEG
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Laura Burkle is an Assistant Professor in Ecology at Montana State University. Her research is

HQEWUGFQPVJGDKQFKXGTUKV[CPFHWPEVKQPQHEQORNGZEQOOWPKVKGUQHƃQYGTKPIRNCPVUCPFRQNNKPCVQTU
She uses plant-pollinator interactions as a tool to understand how environmental conditions—including
ENKOCVGEJCPIGNCPFWUGEJCPIGCPFFKUVWTDCPEGUNKMGYKNFƂTGtKPƃWGPEGVJGUVTWEVWTGCPFHWPEVKQP
of ecological communities. At MSU, she teaches Principles of Biological Diversity, Plant Ecology, and
%QOOWPKV[GEQNQI[CPFUJGOGPVQTUWPFGTITCFWCVGCPFITCFWCVGUVWFGPVUKPƂGNFDCUGFTGUGCTEJ

Mary Burrows obtained her PhD in Plant Pathology from the University of Wisconsin-Madison.

She started her position as the Extension Plant Pathology Specialist at Montana State University in
#WIWUVQH*GTGZVGPUKQPCPFTGUGCTEJCEVKXKVKGUHQEWUQPFKUGCUGUQHƂGNFETQRU5JGFKTGEVUVJG
Schutter Plant Diagnostic Laboratory, the Regional Pulse Crop Diagnostic Laboratory, serves as the
Integrated Pest Management coordinator for Montana, the IR-4 Project State Liaison Representative,
and has an active applied research program.
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Wyatt F. Cross is Director of the Montana University System Water Center, and an Associate

Professor of Ecology at Montana State University. His current research focuses on ecological responses
of streams and rivers to human activities, including climate warming, river regulation, and nutrient
enrichment. Wyatt is also working to strengthen connections between the Montana university system
and state agencies and non-governmental organizations in the context of water resource science and
management.

Edward Dunlea is the Chief Scientist for Madison River Group. Prior to MRG, he was a Senior

2TQITCO1HƂEGTCVVJG0CVKQPCN#ECFGOKGUQH5EKGPEGU'PIKPGGTKPICPF/GFKEKPGYKVJVJG$QCTFQP
#VOQURJGTKE5EKGPEGUCPF%NKOCVGJGNGFUVWFKGUQPJKIJRTQƂNGVQRKEUKPENKOCVGCPFCVOQURJGTKE
sciences, including climate intervention (geoengineering), seasonal forecasting, abrupt climate
changes, and climate modeling. Previously, Edward was a Program Manager for the National Oceanic
CPF#VOQURJGTKE#FOKPKUVTCVKQPKPVJG%NKOCVG2TQITCO1HƂEGCPFCRQUVFQEVQTCNTGUGCTEJGTKP
atmospheric chemistry at the University of Colorado and the Massachusetts Institute of Technology.
Edward holds a doctorate in atmospheric physical chemistry from the University of Colorado and an AB
in chemistry from Harvard University.

Paul Herendeen is an environmental scientist and engineer, working to provide practical

solutions to environmental problems. Initially trained in research, he worked in silviculture, hydrology,
and biogeochemistry for the US Geological Survey and Forest Service. After earning a graduate
degree, he has shifted his focus to the built environment, with the goal of integrating human activity
into the natural world. He holds a BA in Biology from the University of Virginia and a MS in Biological &
Environmental Engineering from Cornell University.
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Laura Ippolito is an honors student and sophomore at MSU dual majoring in Economics

and Sustainable Foods and Bioenergy Systems with a concentration in Agroecology. She graduated
from Phillips Academy Andover in May of 2014, and took a gap year before attending MSU in the fall
QH&WTKPIJGTICR[GCT.CWTCIQVJGTEGTVKƂGF9KNFGTPGUU'/6NKEGPUGHTQO01.5YQTMGFQPC
permaculture farm in Ecuador, and volunteered in Nepal and Thailand. At school, Laura is still working
on agricultural research under the guidance of Bruce Maxwell.

Kelsey Jencso is an Associate Professor of Watershed Hydrology at the University of Montana

CPFVJG&KTGEVQTQHVJG/QPVCPC%NKOCVG1HƂEG*KUTGUGCTEJHQEWUGUQPHQTGUVGFOQWPVCKPYCVGTUJGFU
CPFVJGOGEJCPKUOUVJCVKPƃWGPEGHQTGUVITQYVJCPFVJGOQXGOGPVQHYCVGTPWVTKGPVUCPFUGFKOGPV
in upland and aquatic environments. In his capacity as the Montana State Climatologist, Kelsey is
NGCFKPIGHHQTVUVQRTQXKFGENKOCVGCPFOGVGQTQNQIKECNKPHQTOCVKQPVQVJGRWDNKEKPCWUGTURGEKƂE
context, the development of a statewide soil moisture and weather measurement network, and a
EQNNCDQTCVKXGGHHQTVVQFGXGNQRUCVGNNKVGDCUGFGXCRQVTCPURKTCVKQPCPFYCVGTFGƂEKVVQQNUKPCITKEWNVWTG
and rangeland settings.
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W. Matt Jolly is a Research Ecologist in the Fire, Fuel and Smoke Science Program at the

US Forest Service, Rocky Mountain Research Station, Missoula Fire Sciences Laboratory. His research
GZRNQTGUVJGKPƃWGPEGQHNKXGHWGNUQPYKNFNCPFƂTGDGJCXKQTCPFKVCNUQGZRNQTGUYC[UVQWUGVJKU
improved understanding to develop predictive tools that can help support strategic and tactical
YKNFNCPFƂTGOCPCIGOGPVFGEKUKQPU

John LaFave is a senior research hydrogeologist and manages the Montana Ground Water

Assessment Program at the Montana Bureau of Mines and Geology. His research interests include
EJCTCEVGTK\KPINCTIGITQWPFYCVGTƃQYU[UVGOUCPFKFGPVKH[KPICTGCUQHCPVJTQRQIGPKETGEJCTIG
in western Montana using environmental tracers, long-term water level measurements and water
chemistry data. John has Bachelor’s degree in Geology from the University of Wisconsin and a Master’s
degree in Geology from the University of Texas.

Andrew J. Larson is Associate Professor of Forest Ecology at the University of Montana.

His research examines disturbances and dynamics of forest ecosystems, including forest management
strategies for forest restoration and climate change adaptation and mitigation. Themes in his research
program include forest productivity and carbon storage; rates, causes, and consequences of tree
mortality; development and functional consequences of spatial heterogeneity in forest ecosystems; and
ƂTGGHHGEVUCPFUWEEGUUKQPKPOKZGFEQPKHGTHQTGUVU&T.CTUQPKPUVTWEVUCV7/CPFUGTXGUCU#UUQEKCVG
'FKVQTHQTVJGLQWTPCN(KTG'EQNQI[*KUƂTGGEQNQI[TGUGCTEJKPVJG$QD/CTUJCNN9KNFGTPGUUYCU
recognized with the USDA Forest Service National Award for Wilderness Stewardship Research.
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Alex Leone works for the Clark Fork Coalition on stream restoration in the Upper Clark Fork

HQEWUKPIQPYCVGTRNCPPKPIGHHQTVUCPFEQPUGTXCVKQPRTQLGEVUCKOGFCVGPJCPEKPIƃQYUCPFTGUVQTKPI
aquatic habitat. Alex has spent most of his life in Montana and attended both the University of Montana
(BS in Forest Management) and Montana State University (MS in Earth Sciences). Alex spends the
majority of his free time chasing trout on Montana’s seemingly endless supply of streams and exploring
wilderness areas in the Northern Rockies.

Whitney Lonsdale has a strong interest in climate change and water resources in Montana

and the West, particularly water scarcity and its implications for human and ecological systems. With a
background in education and a graduate degree in Natural Resources from Cornell University, Whitney
is dedicated to informing strategies that build resilience in Montana and bringing science to the public
in ways that are relevant and accessible. Whitney joined the Montana University System Water Center
as Assistant Director in early 2017.
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Bruce Maxwell is Professor of Agroecology and Applied Plant Ecology in the Department

of Land Resources and Environmental Science (LRES) and co-Director of the Montana Institute on
Ecosystems at Montana State University. Maxwell was instrumental in the formation of the Department
of LRES and has received national awards for outstanding teaching, best peer reviewed papers and
outstanding graduate student from the Weed Science Society of America. He has published over 100
UEKGPVKƂELQWTPCNCTVKENGUCPFDQQMEJCRVGTUEJCKTGFCPFDGGPCOGODGTQHPWOGTQWUCITKEWNVWTCN
and ecological research grant review panels and been a member of two National Academy of Science
National Research Council Committees on Agriculture. He was a Fulbright Fellow in Argentina in 2007.
His research has historically straddled the disciplines of invasion biology and agroecology.

Stephanie McGinnis is the outgoing Assistant Director of the Montana Water Center
and the Coordinator of Education and Outreach at Montana Watercourse. Throughout her career,
Stephanie has been heavily involved in environmental education and outreach, working for public
schools, state and federal agencies, and currently as an adjunct faculty member at MSU. She has
also conducted research in Montana and Wyoming focused on the conservation and restoration of
freshwater ecosystems.

Megan Mills-Novoa is a PhD student in the School of Geography and Development at

the University of Arizona. A native Minnesotan, Megan graduated with a BA in environmental studies
and biology from Lewis & Clark College in 2009. Following graduation, Megan worked as a Fulbright
Scholar with the Global Change Center in Santiago, Chile and as a Luce Scholar with the Centre for
Sustainable Development in Hanoi, Vietnam. In the summer of 2016, Megan worked as a Sustainability
Fellow with One Montana where she worked with the Montana Climate Assessment team.
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Thomas Patton holds a MS in Geology from Montana Tech and is the Research Division

Chief at the Montana Bureau of Mines and Geology. Tom was instrumental in early development of
/QPVCPCoU)TQWPF9CVGT+PHQTOCVKQP%GPVGTCPF/QPVCPCoUƂTUVUVCVGYKFGNQPIVGTOITQWPFYCVGT
monitoring network. His research interests include relationships between groundwater-level changes in
wells and departures from average precipitation at various accumulation periods.

Alisa Royem grew up in the West and is deeply concerned with water resources, water rights,

and climate change. She has a BS in Environmental Biology from Fort Lewis College and an MS in
Hydrology and Natural Resources from Cornell University. Today she lives in Montana where she works
with emerging water issues, climate change, mitigation, and resilience.

Nick Silverman is a Research Scientist at the University of Montana. His academic
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interests include mountain landscape hydroclimatology, remote sensing, land surface modeling, and
hydroeconomics. Nick has received an MS from the University of Washington and a PhD from the
University of Montana in Regional Hydroclimatology. Nick is passionate about making connections
between science, people and policy. He spends his free time speaking to farmers, ranchers,
government agencies, and water resource professionals throughout Montana about impacts and
adaptations related to climate and water interactions.

Kristina Sussman has over 11 yr experience in brand and marketing communication

strategy, graphic and web design. She has her Bachelors in Graphic Design and is the UX/UI Designer
and Marketing Strategist with the Madison River Group (MRG) team. She was the Lead Web Designer
for 5 yr at the USGS and recently launched their new Drupal website in April 2016. Kristina has designed
a variety of marketing and branding materials to include brand strategies, style guides, logos, identity
packaging, direct and email marketing, animations/video, website design, exhibits, infographics,
advertising, and more.

Michael SweetKUCFCVCOCPCIGTCPFCPCN[UVYKVJVJG/QPVCPC%NKOCVG1HƂEGCVVJG

University of Montana. After a 27-yr stint in applied forest management research, in 2010 Mike was
RTGUGPVGFYKVJVJGQRRQTVWPKV[VQTGXKXGVJGFQTOCPV/QPVCPC%NKOCVG1HƂEG*GGPLQ[URTQDNGO
solving and the challenge of packaging information into a tasty morsel. When he’s not attached to a
MG[DQCTF[QWYKNNƂPFJKOQPVJGYCVGTKPVJGOQWPVCKPUQPVJGFCPEGƃQQTYQTMKPIKPVJGICTFGPQT
playing music.

Anna Tuttle is the Program and Communications Manager for the Institute on Ecosystems

(IoE) at Montana State University (MSU), and is also a non-tenure track faculty member at MSU. After
receiving her MS in Environmental Studies from the University of Montana, Anna spent 10 yr teaching
NGCFGTUJKREQOOWPKECVKQPUCHGDCEMEQWPVT[VTCXGNCPFEQNNGIGNGXGNCECFGOKEUHQTUGXGTCNƂGNF
based schools and university programs. This work involved researchers, ecologists, ranchers, farmers,
tribal members, educators, and guides from across the country.
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Alisa A. Wade KUCP#HƂNKCVG(CEWNV[OGODGTCVVJG7PKXGTUKV[QH/QPVCPC5JGKUC

conservation scientist with a particular interest in bridging the gap between science and management
by creating analytical and decision-making tools for conservation planning. Dr. Wade’s research
has focused on assessing climate change vulnerability across broad spatial scales, with a particular
emphasis on freshwater ecosystems. She earned degrees in political science (BA, UC Santa Barbara),
public administration and environmental policy (MPA, San Jose State University), environmental
planning (MCP, UC Berkeley) and Earth science (PhD, Colorado State University), and she completed
her post-doctorate position at the National Center for Ecological Analysis and Synthesis.

David Weaver is Professor of Entomology in the Department of Land Resources and

Environmental Science at Montana State University. Prior to MSU, he worked for USDA-ARS for several
years on automated detection of insects in stored grain, insect biological control and insect ecology.
He is former editor-in-chief for the Journal of Agricultural and Urban Entomology and has published
QXGTUEKGPVKƂELQWTPCNCTVKENGUKPCFFKVKQPVQDQQMEJCRVGTUCPFQWVTGCEJOCVGTKCNU5KPEG
he has worked primarily on the chemical ecology, biological control, and biorational management
QHCITKEWNVWTCNRGUVU#RCTVKEWNCTHQEWUKUVJGYJGCVUVGOUCYƃ[CPCVKXGRGUVVJCVJCUFCOCIKPI
populations that are currently expanding southward.
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Becky Weed is currently a research associate at Montana State University, combining her

DCEMITQWPFUKPCITKEWNVWTGCPFVJGIGQNQIKECNUEKGPEGU$GEM[TCKUGUUJGGRCPFQRGTCVGUCƂDGT
processing mill on the ranch that she has been operating with her husband for 30 yr. She has worked
as a geologist/geochemist in the environmental consulting industry in Montana, Colorado, and Utah,
and in a research capacity in Antarctica and Greenland. Her degrees are in the geological sciences
from Harvard University (BA) and the University of Maine (MS). She has served on the Montana Board of
Livestock and on the Conservation and Science Board for Lava Lake Land and Livestock.

Cathy Whitlock is Professor of Earth Sciences, Fellow, and former co-Director of the

Montana Institute on Ecosystems. She is recognized nationally and internationally for her scholarly
contributions and leadership activities in the areas of paleoecology and paleoclimate. Whitlock has
RWDNKUJGFQXGTUEKGPVKƂERCRGTUQPVJGUGVQRKEUCPFJGTTGUGCTEJJCUDGGPUWRRQTVGFD[ITCPV
funding from the National Science Foundation, Joint Fire Sciences Program, National Park Service,
USDA Forest Service, and Department of Energy. She is a Fellow of the American Association for
the Advancement of Science and the Geological Society of America and received the international
EO Wilson Biodiversity Technology Pioneer Award in 2014 and Professional Excellence Award in
Academic/Research, Association of Women Geoscientists in 2015.

BACK COVER
Late May snows, Bridger Canyon near Bozeman.
Photograph courtesy of Scott Bischke.
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