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Svante August Arrhenius  
(Nobel prize, Chemistry,1903) 

Used moonshine to develop the ‘hot house theory’  
for CO2 in 1896, and predicted that doubling the  
CO2 content of the atmosphere would cause an  
increase in mean global temperature of about 4-6  
oC, similar to the higher end of modern predictions. 

Based on earlier work by Fourier (ca 1820) 
and Tyndall (ca 1864) 



Evidence that CO2 increase and climate change  
 are caused by fossil fuel use 

1. Keeling curve. Rate of increase on CO2 concentration in atmosphere  
 corresponds to population and known emissions of CO2 

2. Suess effect. Dilution of C-14 in atmosphere by CO2 from fossil fuels,  
 which has no C-14.  C12:C-13 ratios. 

3. Temperature profile of the atmosphere. CO2 redistributes heat within the 
 atmosphere, warming the lower atmosphere and cooling the  
 stratosphere. Warming caused by the sun would warm all layers 
 of the atmosphere.  



Evidence that CO2 increase and climate change  
 are caused by fossil fuel use 

4. Existing ‘Greenhouse effect’ of 56 degree F before human enhancement 
 of heat trapping gases in the atmosphere. Why would this not 
 increase with increasing greenhouse gases in atmosphere? Human 
 caused global warming enhances en existing greenhouse effect. 

5. Models with human greenhouse gas enhancement match observed  
 temperatures over the last 100 years, models with only natural 
 forcings on climate do not. 







Borehole temperature data from  
Huang, Pollock and Shen, Nature, 2000 

Temperature evidence from boreholes 



Osborne and Briffa 2006, instrumental record for northern hemisphere (red) 
and for records closest to proxy sites (green).  

Temperature analyses from 14 sites, years 800-2000 



Pinus longaeva ring widths from Salzer etal, PNAS, 2009 

Bristlecone pine at tree-line showing the widest  
  rings in 3400 years 



2000 year reconstructed temperature record for the arctic  
Relative to 1961-1990, top), solar insolation (middle), and  
comparison with Mann et al and Moberg. 



From McCarthy, 2009, Science 
Modeling of temperature showing how natural and human influences 
work together to explain the recent temperature record. 



Higher Emissions 

Lower Emissions 

Slide: Don Wuebbles 

2010-2039 2040-2069 2070-2099 



Projected Change in Precipitation: 2081-2099 

Relative to 
1960-1990 

NOTE: Scale 
Reversed 

Midwest: 
Increasing winter 
and spring 
precipitation, with 
drier summers 

More frequent and 
intense periods of 
heavy rainfall 

Slide: Don Wuebbles 





British Meteorological Office, December 2009 



Migration maps for tree response to past climate change  
 in 1000s years before present (M.B. Davis 1983) 

Spruce White pine 



Current and simulated future 
range of black spruce, from 
Lenihan and Neilson 1995. 

300 mile shift is equal to 
distance moved in ~ 2000 
years in paleorecord 



Forest cover of central North America (green) 
DeFries, R., M. Hansen, J.R.G. Townshend, A.C. Janetos, and T.R. Loveland  
(2000), 1 Kilometer Tree Cover Continuous Fields, 1.0, Department of Geography,  
University of Maryland, College Park, Maryland, 1992-1993.  

It is possible that the pbf will move 500 km to the north 
and east, deforesting an area 2X the size of California 



Native species have migrated in the past without going extinct 
what’s different now? 

Rate of climate change—many species cannot migrate fast enough 
Fragmented environment—makes species to movement more difficult 
Habitat loss—less habitat now and can support fewer species 
Invasive species—can reproduce and move fast, they have opportunity  

 to displace native species during times of rapid change  
Exotic diseases and pests—can spread faster in a warmer climate 
Deer grazing—will increase in the north, can extirpate native plants 

David Augustine 

TNC 



Minneapolis Star 
tribune 

Before and after the 1999 blowdown 
in the Boundary Waters, northern MN 



Wind plus fire = major forest transformation 
Nick Fisichelli and Roy Rich, Cavity Lake Burn, Seagull Lake, July 2007.   
Photo: Dave Hansen, University of MN 



Several forces are at work that may push MN forests 
towards savanna: 

If soils become drier for any reason sites can support  
     fewer trees: 
Warmer soils 
Higher evaporation to precipitation ratio 
European earthworms stripping the insulating duff layer 



More drought = trees under stress and forest dieback 

Photo: Dave Hansen 



Native insects play a major role in forest change 
Benign native insects can have outbreaks in a warmer climate. 
For example, mountain pine beetle in British Columbia—a  
native insect that caused massive tree mortality over 30 million  
acres of lodgepole pine forest, and could threaten jack pine 
in MN  



Impacts	  of	  deer	  grazing	  reinforcing	  climate	  change	  
Sylvania	  Wilderness	  maple	  and	  hemlock	  forest	  in	  1990	  



Sylvania	  in	  2006,	  a?er	  the	  deer	  have	  eaten	  
Pictures	  from	  Salk,	  Frelich,	  Montgomery,	  Calcote,	  and	  Ferrari,	  	  
Forest	  Ecology	  and	  Management,	  2011	  



Global warming or 
Global worming? 

Earthworms are ecosystem  
engineers that can alter the  
structure of soil, and change  
the H2O, N and P cycles, C 
dynamics and seedbed  
characteristics on a  
regional scale  



Heavily earthworm infested sites  
without lawn. Photo: Paul Ojanen (left), Dave Hansen  
(right) 

Earthworms warm the soil by removing insulating O horizon, 
compact the soil, cause more runoff, create lower avail- 
ability of N and P, lower the species richness of native plants 
and facilitate invasive plants 



Earthworm-free site. Photo: Paul Ojanen 



Lawn of sedge created by earthworm and deer 
Photo: Paul Ojanen 



Invasive plants that may be facilitated by  
earthworm invasion: 
Buckthorn (common and glossy) 
Garlic mustard 
Tatarian honeysuckle 
Black swallowwort (Cynanchum) 
Japanese barberry 
Hemp nettle (Galeopsis tetrahit) 
Veronica ssp. 
Stiltgrass (Microstegium) 



Exotic earthworms + deer = 
major transformation of the 
forest. Bare soil and lower 
nutrient status should favor  
hemlock and oak over maple,  
but deer eat those species. 

Deer and earthworms will  
help push the forest towards 
savanna 



Paul Jost 

Summary of impacts on Lake States 
tree species 

Global warming and rate of migration: 
All species  
Sudden oak death: red oak, pin oak 
Deer: white cedar, yellow birch,  
white pine, oaks 
Balsam fir: Balsam woolly adelgid 
Emerald ash borer: green ash,  
black ash, white ash 
Asian long-horned beetle: red maple, 
sugar maple, aspen 
Hemlock woolly adelgid: hemlock 
Mountain pine beetle: jack pine 
Native insects: eastern larch, others  
Earthworms: sugar maple and others 



Overall scheme for change at the prairie-forest border  
                proposed by Frelich and Reich 



Left: expected climate migration by 2069 IPCCA2 
Scenario (From Galatowitsch, Frelich, and Phillips-Mao, Biological Conservation 142: 2012-2022).  

Right: Migration of the corn belt (blue outline, 1950) and 
2007 (red) 

Future cornbelt? 



We can expect a messy 
transition 
History shows that  
development of a new  
ecosystem takes 100s 
to 1000 years to develop 

Dave Hansen 

Lee Frelich 

Old 

Transitional 

New 



Peter Mirejovsky 

U.S. Endangered Species Program 

Ruth Sullivan 

Winners 

Losers 

U.S. Fish and Wildlife Service 
Parks Canada 



If the climate trends towards  
a Savanna climate on shallow 
soils: 
• Try for the best savanna possible (i.e. 
native species, not buckthorn).  

• Resources for assisted migration and 
seed amplification 
would be necessary The Prairie Enthusiasts 

Molly McGovern 

Buckthorn on rocks in northern MN 
Photos: Paul Ojanen 



The Kandiyohi elm forest—an ecological blueprint for  
The future in northern MN? A forest of American basswood,  
elms, Kentucky coffeetree, hackberry, and oak from central MN 
could be a good analog the future of northern MN.  

Mark Stennes 



Layne Kennedy 

Lee Frelich and clones at work during Ham Lake Fire, Seagull Lake, May 6, 2007 

Questions? 


