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Introduction

Greenhouse gas emissions from vehicles, power plants, deforestation, and other human
activities have increased temperatures and changed precipitation patterns in the 20" and early
21% centuries (IPCC 2007a). Field observations from around the world show that climate change
is fundamentally altering ecosystems by shifting biomes, leading to the extinction of some
species, and causing numerous other changes (IPCC 2007b). To assist Isle Royale National
Park (NP) in efforts to integrate climate change into resource management planning, this report
summarizes peer-reviewed published scientific data on historical and projected climate, physical,
and ecological changes. The report only uses information from peer-reviewed scientific

publications and only presents results for Isle Royale NP or the nearby vicinity.

Historical Climate and Physical Changes

From 1901 to 2002, mean annual temperature increased across the Laurentian Great Lakes
region (Figure 1; Gonzalez et al. 2010) and showed a statistically significant increase in the
50 km x 50 km area that includes Isle Royale NP (Figure 2, Table 1). From 1919 to 2010,
temperature at the Grand Marais, Minnesota weather station also showed a statistically

significant increase (Figure 2; data from National Oceanic and Atmospheric Administration).

For the Midwestern U.S., the statistically significant warming from 1895 to 2010 has been
greatest in winter, the slight increase in the growing season from ~160 days to ~170 days has
not been statistically significant, and no significant change in heat waves (4 days of 20%

extreme or 1-in-20 year temperatures) has occurred (Kunkel et al. in review).

From 1901 to 2002, precipitation increased across most of North America (Figure 3; Gonzalez et
al. 2010) and also showed a statistically significant increase in the Isle Royale area (Figure 4,
Table 1). From 1919 to 2010, precipitation at the Grand Marais, Minnesota weather station did
not show a statistically significant trend (Figure 3; data from National Oceanic and Atmospheric
Administration). For the Midwestern U.S., the increase in precipitation has been greatest in

summer (Kunkel et al. in review).

Mean annual snowfall of four quality-controlled weather stations upwind of Lake Superior (four in
the Upper Peninsula, Michigan, and one in Wisconsin) showed a statistically significant increase
of ~40% from 1899 to 2006 (Kunkel et al. 2009a). Historical records from 1900 to 2006 for four
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quality-controlled weather stations in Michigan, Minnesota, Wisconsin, and lowa show no
statistically significant change in extreme high snowfall seasons (10% extreme or 1-in-10 year
winters) and a statistically significant decrease of 14% in extreme low snowfall seasons (10%
extreme or 1-in-10 year winters) (Kunkel et al. 2009b). From 1901 to 2000, the weather station
at Duluth, Minnesota recorded a statistically significant increase of 30% in total precipitation of
the ten wettest days of the year (Kunkel et al. in review). Wind measurements from Lake
Superior buoys show a 5% increase in wind speed from 1985 to 2008, possibly due to faster

warming of water than land temperatures (Desai et al. 2009).

Lake Superior has shown some changes consistent with climate change. Water temperature at
buoy ROAM4, off the west tip of Isle Royale, increased at a rate of 0.16 + 0.1°C y™' (16 + 10°C
century™) from 1979 to 2006 (Austin and Colman 2007). Analysis of water temperatures at buoy
NDBC 45004, in eastern Lake Superior, showed a statistically significant increase of 25 days in
summer water stratification from 1906 to 2005 (Austin and Colman 2008). Ice cover on Lake
Superior decreased at a rate of 0.42 + 0.20 century™ (42 + 20% per century) from 1979 to 2005
(Austin and Colman 2007). Lake Superior water level has varied substantially over the period of
instrumental measurements, with the level generally increasing from 1860 to 1980 and
decreasing 30 cm from 1980 to 2007 (Lamon and Stow 2010). Dynamic linear modeling provides
strong evidence that the trend is non-random. This is consistent with a slight decrease in net
basin supply from 1948 to 2008 (MacKay and Seglenieks early). The seasonal maximum in lake

level has shifted to earlier in the spring from 1860 to 1998 (Lenters 2001).

Observed Ecological Changes and Climate Change

Although no peer-reviewed publications have detected ecological changes on Isle Royale and
attributed those changes to climate change, some studies have observed ecological changes
consistent with climate change. Concerning vegetation distribution, conifer seedlings have
shown a northward shift across the eastern U.S. between the 1970s and 2000s (Woodall et al.
2009). On the northern Lower Peninsula of Michigan, the ranges of mesic tree species (e.g.

hemlock [ Tsuga canadensis]) depends on lake-effect snow (Henne et al. 2007).

Although wildfire has increased in the western U.S. due to climate change (Littell et al. 2009), no
significant change in fire frequency occurred from 1900 to 2000 in the 50 km x 50 km pixel that

includes Isle Royale (Gonzalez et al. 2010). The area of boreal forest in Ontario at the same
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latitude as Isle Royale has shown a 0.07+ 0.42 century™ increase in the rate of area burned from
1959 to 1999 (Drever et al. 2008).

Several studies have examined the relationships among moose (Alces alces), wolves (Canis
lupus), balsam fir trees (Abies balsamea), the North Atlantic Oscillation (a cycle of sea surface
temperatures that bring high snow to the area in some years alternating with warmer periods in
other years), and climate change. Field surveys on Isle Royale showed that tick-infested moose
decreased by three-quarters from 1989 to 1994, possibly due to colder temperatures and more
spring snow (Delgiudice et al. 1997). In the period 1958-1997, in times when the North Atlantic
Oscillation brought more snow, wolf attacks increased, moose decreased, and balsam fir
increased (Post et al. 1999). Because of the projected decease in snow in the region under
future climate change, this trend may be opposite of that projected in the future. Research in the
period 1959-1998 indicates that, after a crash of the wolf population due to an outbreak of canine
parvovirus, moose increased, and the population variance showed a relation to the North
Atlantic Oscillation (Wilmers et al. 2006). In northeastern Minnesota, temperature may have had
a cumulative influence on moose survival from 2002 to 2008 due to the intolerance of moose for
warm temperatures (Lenarz et al. 2009). In Algonquin Provincial Park and Wildlife Management
Unit 49, Ontario, Canada, moose increased from 2006 to 2009, a trend that also may be

opposite of that expected under climate change (Murray et al. 2012).

Some research on other animal species shows some changes consistent with climate change.
Eight small mammal species in the Upper Peninsula and northern lower Peninsula, of Michigan
showed a northward shift of ranges of up to 225 km from 1978 to 2008 (Myers et al. 2009). In
Thunder Bay, Ontario, one bird species moved north out of area from 1974 to 2004, while two
species moved northward into the area (La Sorte and Thompson 2007). Although lake trout and
lake whitefish generally prefer colder waters, they increased in Lake Superior from 1970 to 2000,

a trend that may be opposite of that expected under climate change (Bronte et al. 2003).

Future Climate and Physical Projections

The Intergovernmental Panel on Climate Change (IPCC) has coordinated research groups to
project possible future climates under defined greenhouse gas emissions scenarios (IPCC
2007). The three main IPCC greenhouse gas emissions scenarios are B1 (lower emissions),

A1B (medium emissions), and A2 (higher emissions). Actual global emissions are on a path
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above IPCC emissions scenario A2 (Friedlingstein et al. 2010).

For the three main IPCC emissions scenarios, general circulation models (GCMs) of the
atmosphere project an increase in 21 century temperature four to seven times the amount of
historical 20™ century warming in the 50 km x 50 km area that includes Isle Royale NP (Table 1).
Precipitation could increase under all three emissions scenarios in the 50 km x 50 km area

around the park (Table 1).

Spatial analyses of the area within Isle Royale NP, using climate projections for IPCC emissions
scenario A2 downscaled to 4 km x 4 km (data from Conservation International
<http://futureclimates.conservation.org>, method of Tabor and Williams [2010]) show projected
patterns of climate that may occur if we do not reduce greenhouse gas emissions. Mean annual
temperature could increase 4.9 + 1.1° C by 2100 AD (Figure 5). The temperature projections of
the 18 GCMs are generally in close agreement, with a coefficient of variation (the standard
deviation as a fraction of the mean) of 0.23, indicating that the temperature uncertainty is
approximately one-fourth of the mean (Figure 6). Under emissions scenario A2, the length of the
growing season in Northeast Minnesota could increase another 18-21 days between the periods
1980-2000 and 2041-2070 (Kunkel et al. in review).

Most of the GCMs project increased precipitation. The GCMs show an average 9 + 6% increase
in precipitation under IPCC emissions scenario A2 (Figure 7), with 16 of 18 GCMs projecting
increases (Figure 8). The coefficient of variation of the precipitation projections is 0.61, indicating
that the precipitation uncertainty is approximately two-thirds of the mean. Taken together, the
temperature and precipitation projections from the 18 GCMs form a cloud of potential future
climates (Figure 9). The ensemble mean reflects the central tendency of the projections, but the

uncertainty for the precipitation projections is large.

Projections indicate potential changes in the frequency of extreme temperature and precipitation
events. In Northeast Minnesota, modeling under emissions scenario A2 projects 19-21 fewer
days with minimum temperature < 0°C and no change in consecutive days with maximum
temperature > 35°C, between the periods 1980-2000 and 2041-2070 (Kunkel et al. in review).
The same models project an increase of 20% in the number of days with precipitation > 2.5 cm

and 4-6 fewer days with precipitation <3 mm.
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Models project decreases in snow and ice for the region. Under emissions scenario B1, the
number of snow days across the State of Michigan could decrease by 25% between the periods
1961-1990 and 2070-2099 (Hayhoe et al. 2010), while the number of ice-free winters on Lake
Superior cold increase from none in the period (1951-1995) to 7-43% of winters without ice by
2090 AD (Lofgren et al. 2002).

Models project other changes for Lake Superior. Under emissions scenario A2, the maximum
water temperature could increase 6.7°C between the periods 1971-2000 to 2071-2100
(Trumpickas et al. 2009), summer stratification could increase (Fang and Stefan 2009), and the
lake level could fall 0.1 + 0.5 m between the periods 1970-1999 and 2080-2094 (Angel and
Kunkel 2010), consistent with a projected slight decrease in net basin supply (MacKay and

Seglenieks early).

Projected Ecological Changes
Only a few peer-reviewed publications have explicitly projected potential ecological changes at
or near Isle Royale under climate change. These examine vegetation shifts and changes to

freshwater fish.

Modeling of the distribution of ten tree species across the Great Lakes projected northward shifts
between the periods 1951-1980 and 2090-2099 (Walker et al. 2002). Spatial analyses of 1901-
2002 historical climate and 2071-2100 projected vegetation and classification using the IPCC
vulnerability framework (Table 2) indicate that the 50 km x 50 km area of Isle Royale is highly
vulnerable to a northward shift of boreal conifer forest, including balsam fir, replaced by
temperate conifer forest (Figures 10-13, Gonzalez et al. 2010). Across eastern North America,
niche models project a northward shift of ranges of 120 tree species, with 66 species increasing
and 54 species decreasing the area of their potential range at least 10% from 1990 to 2099
(Iverson et al. 2008). Concerning wildfire, a dynamic global vegetation model projects no change

in fire frequency from 2000 to 2100 (Gonzalez et al. 2010).

In Lake Superior, modeling indicates that the mobilization of the toxic organic compound PCB-77
from sediments by warmer waters could increase bioaccumulation in round goby, mottled

sculpin, and lake trout by 1-5% by 2100 (Ng and Gray 2011). Across the Great Lakes, warmer
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water temperatures may cause a northward and downward shift of cool-water species (e.g. lake

trout, walleye) in favor of warm-water species (e.g. smallmouth bass) (Lynch et al. 2010).

Tables 3 and 4 summarize the climate, physical, and ecological changes reviewed in this report.
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Table 1. Historical and projected climate (mean =+ standard deviation (SD)) trends for the 50 km
x 50 km square area that includes Isle Royale NP (Mitchell and Jones 2005, IPCC 2007a,
Gonzalez et al. 2010). Historical trends also given for the Grand Marais, Minnesota, weather
station. The climate projection under IPCC emissions scenario A2 for the 50 km x 50 km square
area is consistent with the climate projection downscaled to 4 km x 4 km for the area of the park

(data from Conservation International using method of Tabor and Williams [2010]). Note
-11

“century"” is the fractional change per century (-0.01 century™ is a decrease of 1% in a century).
mean SD units

Historical
temperature 1901-2002 annual average 2.4 1.0 °C
temperature 1901-2002 linear trend 0.7 3.2 °Ccentury”
temperature 1919-2010 annual average (station) 39 09 °C
temperature 1919-2010 linear trend (station) 1.4 3.2 °Ccentury’
precipitation 1901-2002 annual average 640 120 mmy’
precipitation 1901-2002 linear trend 0.37 0.54 century
precipitation 1919-2010 annual average (station) 640 120 mmy’
precipitation 1919-2010 linear trend (station) -0.01 450 century
Projected

IPCC B1 scenario (lower emissions)
temperature 1990-2100 annual average 2.8 1.1 °C century”

precipitation 1990-2100 annual average 0.06 0.06 century”

IPCC A1B scenario (medium emissions)
temperature 1990-2100 annual average 41 1.1 °C century”

precipitation 1990-2100 annual average 0.05 0.06 century”

IPCC A2 scenario (higher emissions)
temperature 1990-2100 annual average 4.9 1.1 °C century”

precipitation 1990-2100 annual average 0.09 0.06 century”
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Table 2. Intergovernmental Panel on Climate Change (IPCC 2007a) treatment of uncertainty.

Confidence Degree of confidence in being correct
Very high At least 9 out of 10 chance

High About 8 out of 10 chance

Medium About 5 out of 10 chance

Low About 2 out of 10 chance

Very low Less than 1 out of 10 chance
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Table 3. Historic and Projected Climate and Physical Changes around Isle Royale National Park
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National Park Service
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- rr Projected 21 Century Change [ ]

Confidence in

Scientific
Climate or Lower Emissions Scenario |Higher Emissions Scenario [Understanding
Physical Variable | Trend |Historical 20" Century Change |(IPCC B1) (IPCC Terms)

Isle Royale: mean + SE = +0.7 + Isle Royale: mean + SD = +4.9

0.3°C/century, 1901-2002, + 1.1°C/century, 1961-90 to

T statistically significant (Mitchell 22 RayEle: Ml = ol — g2 2071-2100 (Gonzalez et al. Very High

+1.1°C/century, 1961-90 to .
and Jones 2005, Gonzalez et al. 2010, IPCC 2007); Northeastt (IPCC 2007)

2010); Midwest: warming 28?(1)-2;;%%(28872)6“62 el Minnnesota: warming greates
greatest in winter (Kunkel et al. in ’ in winter (Kunkel et al. in
review) review)

Temperature

Isle Royale: mean + SE = +30 + Isle Royale: mean + SD = +9 +

5%/century, 1901-2002, 6%/century, 1961-90 to 2071-

statistically significant (Mitchell 2100 (Gonzalez et al. 2010,
Precipitation and Jones 2005, Gonzalez et al. IPCC 2007); Northeast

2010); Midwest: increase Minnnesota: increaase

Isle Royale: mean + SD = +6 +
6%/century, 1961-90 to 2071-
2100 (Gonzalez et al. 2010,

High (IPCC
2007)

greatest in summer (Kunkel et al. Fob ey greatest in winter (Kunkel et al.
in review) in review)
Growing season Midwest: + ~10 days, 1895-2010 ACMICEEH hIIERIEE Al f
length (Kunkel et al. in review) days, 1980-2000 to 2041-2070 High
: (Kunkel et al. in review)
Northeast Minnesota: -19-21
Midwest: No significant change days with minimum
Extreme in heat waves (4 days of 20% temperature < 0°C, no change
( ) extreme or 1-in-20 year in consecutive days with Medium
PTIPEEILIS Sl temperatures), 1895-2010 maximum temperature > 35°C,
(Kunkel et al. in review) 1980-2000 to 2041-2070
(Kunkel et al. in review)
Northeast Minnesota: +20%
Duluth, MN: +30% total days with precipitation > 2.5
Extreme precipitation of 10 wettest days, cm, -4 to -6 days with High (IPCC
precipitation events statistically significant, 1901- precipitation <3 mm, 1980- 2007)
2000 (Kunkel et al. in review) 2000 to 2041-2070 (Kunkel et

al. in review)
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- rr Projected 21 Century Change [ ]

Confidence in

Scientific

Climate or Lower Emissions Scenario |Higher Emissions Scenario |Understanding
Physical Variable | Trend |Historical 20" Century Change |(IPCC B1) (IPCC A2) (IPCC Terms)

Lake Superior: +5% increase in
Wind (._) wind speed measured at buoys Low

1985-2008 (Desai et al. 2009)

Upper Peninsula: + ~40%, 1899-
ik ow rowisessns (107 MG oy e

(_) extreme or 1-in-10 year winters), (Hayhoe et al. 2010)

statistically significant, 1900- y :

2006 (Kunkel et al. 2009b)

west end of Isle Royale: +0.16 = Lake Superior: +6.7°C,

0.1°Cly (+16 = 10°C/century), maximum temperature, 1971-

1979-2006 (Austin and Colman 2000 to 2071-2100
Lake temperature 2007); eastern Lake Superior: (Trumpickas et al. 2009); High

+25 days summer stratification, increase in summer

statistically significant, 1906- stratification (Fang and Stefan

2005 (Austin and Colman 2008) 2009)

, Lake Superior: no ice-free
. Lake Superior -42 + _ winters (1951-1995) to 7-43% .

Lake ice cover 20%/century, 1979-2005 (Austin fwint ithout ice (2090 High

and Colman 2007) of winters without ice (

AD) (Lofgren et al. 2002)

Lake Superior: level increasing

1860-1980, 30 cm deprease Lake Superior: -0.1 £ 0.5 m,

1980-2007, strong evidence for 1970-1999 to 2080-2094

non-random trend (Lamon and (Angel and Kunkel 2010): Medium (Angel
Lake level Stow 2010); Shift to earlier spring 9 . & and Kunkel

maximum, 1860-1998 (Lenters continued slight decrease in - 551

’ net basin supply (MacKay and

2001); slight decrease in net
basin supply 1948-2008
(MacKay and Seglenieks early)

Seglenieks early)
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Resource or
Process

Vegetation
distribution

Wildfire

Moose

Wolves

20th Century Observations
Consistent with Climate Change, unless noted

eastern U.S.: Northward shift of conifer seedlings
1970s-2000s (Woodall et al. 2009); northern
Lower Peninsula, Michigan: Lake-effect snow
maintains mesic species (e.g. hemlock) (Henne et
al. 2007)

Area of 50 km x 50 km that includes Isle Royale:
no significant change in fire frequency, 1900-2000
(Gonzalez et al. 2010); Ontario, same latitude as
Isle Royale, 7+ 42%/century burned, 1959-1999
(Drever et al. 2008)

Isle Royale: tick-infested moose decreased by
3/4, 1989-1994, possibly due to colder
temperatures and more spring snow (Delgiudice
et al. 1997), after crash of wolf population due to
virus, moose increased, population variance
related to North Atlantic Oscillation, 1959-1998
(Wilmers et al. 2006); northeastern Minnesota:
2002-2008 temperature may have a cumulative
influence on survival (Lenarz et al. 2009);
Algonquin Provincial Park, WMU49, Ontario: trend
opposite of climate change - increasing
population, 2006-2009 (Murray et al. 2012)

Isle Royale: trend perhaps opposite of climate
change - North Atlantic Oscillation, more snow,
more wolf attacks, fewer moose, more balsam fir
trees, 1958-1997 (Post et al. 1999)

Confidence in
Scientific
21st Centrury Projections Understanding
Higher Emissions Scenario (IPCC A2) (IPCC Terms)

Area around Isle Royale: Northward shifts of ten

tree species, 1980-2099 (Walker et al. 2002); Area

of 50 km x 50 km that includes Isle Royale: High
vulnerability to northward shift of boreal conifer

forest, replaced by temperate conifer forest, 1990- High
2100 (Gonzalez et al. 2010); eastern North

America: northward shift of ranges of 120 species,

with 66 spp. increasing and 54 spp. decreasing

range =10%, 1990-2099 (lverson et al. 2008)

Area of 50 km x 50 km that includes Isle Royale:
no projected change in fire frequency, 2000-2100 Low
(Gonzalez et al. 2010)

Low

Low
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Confidence in
Scientific

Resource or 20th Century Observations 21st Centrury Projections Understanding
Process Consistent with Climate Change, unless noted |Higher Emissions Scenario (IPCC A2) (IPCC Terms)

Upper Peninsula, northward lower Peninsula,
Michigan: Northern shift of ranges of 8 small
mammal species, up to 225 km, 1978-2008
(Myers et al. 2009)

Small mammals Medium

Thunder Bay, Ontario: One species moved north
Birds out of area, two species moved northward into Medium
area 1974-2004 (La Sorte and Thompson 2007)

Lake Superior: mobilization of PCB-77 by warmer
waters from sediments, +1-5% bioaccumulation in
Lake Superior: trend opposite of climate change - round goby, mottled sculpin, and lake trout, ~2000-
Fish increase in lake trout and lake whitefish, 1970- 2100 (Ng and Gray 2011); Great Lakes: northward High
2000 (Bronte et al. 2003) and downward shift of cool-water species (e.g.
lake trout, walleye) in favor of warm-water species
(e.g. smallmouth bass) (Lynch et al. 2010)
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 5.
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Figure 6.
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Data: Downscaling of Mitchell and Jones 2005 by Hijmans et al. 2005, downscaling of IPCC 2007 CMIP3
by Conservation International using method of Tabor and Williams 2010. Analysis: P. Gonzalez.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 11.
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Figure 12.

Lake
Superior

tial Vegetation, 2071-2100 Climate, Worst Case
Dynamic Global Vegetation Model
of Nine IPCC Emissions Scenario-General Circulation Model Combinations Projects Biome Change

ZAPHR'P! NeHsor.A, Lenihan, and R.J. Drapek. 2010. Global Ecology and Biogeography

Page 25



Climate Change and Ecological Change at Isle Royale National Park Patrick Gonzalez

Figure 13.
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