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Minnesota’s climate is changing. Global energy demands are impacting both how the DNR oper-

ates and the natural resources we protect. We know this. And with this report from our newly formed 

Climate and Renewable Energy Steering Team (CREST), we are launching our agency’s most compre-

hensive effort yet to do something about it.

Climate change and shifting energy use toward local and renewable sources represent one of the 

most complex set of challenges we’ve ever faced as an agency. They will require our best innovation and 

creativity. The DNR has both a duty, and a mandate, to act. 

Our duty comes from our mission to act as stewards of Minnesota’s natural resources. We have a 

responsibility to prevent and mitigate the risk of damage to our woods, waters, prairies, and wildlife. 

While there is still considerable social and political debate about climate change and its causes, we should 

not be afraid to talk about climate change. The best science tells us that the risks are no longer a distant 

challenge, they have become immediate. Just look at northern Minnesota, where average annual temper-

ature have increased by more than 2° F over the past century.

Our mandate comes from legislation and the Governor himself. Minnesota’s Next Generation Energy 

Act of 2007 requires the state to reduce fossil fuel use by 15% by 2015 and increase renewable energy to 

25% of total energy use by 2025. On April 8, 2011, Governor Mark Dayton signed two executive orders 

mandating all state agencies to be leaders in energy conservation and renewable energy practices that 

reduce the climate impacts from greenhouse gas emissions. 

The natural lands that we manage play a unique role in mitigating climate change. A recent national 

study fi nds that America’s forests, grasslands, and wetlands absorb 40% of the greenhouse gas emissions 

released into the air. Minnesota’s natural lands do this while also providing clean water, forest products, 

wildlife habitat, and recreation. However, climate change is altering Minnesota’s natural lands and the 

uses they sustain. This report documents existing and predicted impacts in Minnesota, ranging from 

declining coldwater fi sh species and shifting tree species ranges to declining seasonal ice cover and 

reduced winter logging time. These impacts will threaten the ability of DNR and our partners to achieve 

our common conservation goals. For example, restoring duck populations becomes more diffi cult if 

projected climate change results in fewer wetlands throughout the prairie pothole region. 

To meet the challenges posed by these trends, we chartered the Climate and Renewable Energy 

Steering Team (CREST) and its fi ve work teams to provide agency-wide coordination and guidance on 

climate change and renewable energy strategies. CREST produced this Management Foundations report 

to defi ne what we know as an agency about climate and energy trends, and to provide a framework for 

protecting Minnesota’s natural resources. 

Commissioner’s Offi ce Message
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The good news is, we have already demonstrated leadership and success in this arena. Newly 

constructed state parks buildings are models of energy effi ciency and sustainable design. Wildlife 

Management Areas are producing grass and woody biomass sources that will help create sustainable biofuel 

markets in Minnesota. DNR ecologists and biologists are conducting cutting-edge research to understand 

how species such as moose and cisco are responding to climate change. We must now bring this kind of 

leadership to all work throughout the agency as we improve the resilience of our natural resources in 

the face of a shifting climate and we further reduce our own carbon footprint by using less energy and 

consuming fewer materials. 

This report is an important step in launching this agency-wide effort. Please review this report carefully, 

discuss with your peers, and provide feedback to the CREST team. CREST needs your input to develop 

further strategies for implementing climate change and renewable energy strategies. As you read the 

report, you’ll quickly realize how daunting this challenge is. But our history is one of meeting challenges 

before they become a crisis. There are many examples: the recovery of deer, wild turkey, and trumpeter 

swan populations; the development of the premier state park, state trail, and state wildlife area systems in 

the country; certifi cation of state forest lands; development of a managed system of state motorized trails; 

recovery of the Red Lake fi sheries; and the list goes on. Many of these accomplishments seem easier than 

dealing with global forces in climate and energy that threaten to undo much of what we’ve accomplished 

in conservation over the past century. But the point is, the DNR has been the source of innovative and 

creative solutions before. We can, and must, do so again. I know about the talent within this agency and 

I’m convinced we can succeed. 

Thank you for the work you do to strengthen our ability to adapt to changing times and succeed in 

meeting our conservation mission. 

Dave Schad

DNR Deputy Commissioner

August 2011
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Purpose
Climate Change and Renewable Energy: Manage-

ment Foundations provides a platform for DNR staff to 

discuss and build management strategies that address 

climate change and renewable energy challenges. 

With accelerating climate change, DNR will need 

to evaluate its most basic management work. We will 

need to incorporate future climatic conditions into our 

decisions. Are we managing public lands in ways that 

improve their resilience to a changing climate? Are we 

planting the right tree species in the right places? Are 

we protecting the right lands in the right places and 

connecting habitat in climate-smart ways? DNR will 

base these and other management decisions on the best 

available science and adapt its actions as new informa-

tion is developed. 

The report serves as a bridge between the broad 

climate change and renewable energy strategies identi-

fi ed in DNR’s Strategic Conservation Agenda and more 

specifi c actions DNR must take to mitigate climate 

change and adapt to its effects. 

The report:

• provides common defi nitions for explaining 

climate and renewable energy concepts,

• summarizes the science on climate and energy 

trends, impacts, and responses, 

• outlines DNR’s current work responding to 

climate and renewable energy challenges, and 

• describes a framework for integrating and 

improving climate change and renewable energy 

strategies as we learn more. 

This report is a foundational fi rst step. It is DNR’s 

fi rst coordinated assessment of the risks and opportu-

nities associated with a changing climate and a grow-

ing demand for new energy sources. Future reports, 

fact sheets, and training workshops will provide more 

operational guidance applicable to specifi c habitats, 

resources, and energy challenges. DNR will track 

performance of climate change and renewable energy 

strategies by identifying measurable indicators and 

targets in its Conservation Agenda: Performance and 

Accountability Reports. 

Audience 
This report is primarily intended for DNR em-

ployees. It provides integrated information on climate 

science and management options needed to inform 

decision making. DNR staff representing all agency 

disciplines contributed to, reviewed, and revised this 

report. DNR commissioners approved the report in 

June 2011. 

The Climate Change and 
Renewable Energy Steering 
Team (CREST)
This foundations document is a product of DNR’s 

Climate Change and Renewable Energy Steering 

Team (CREST). This team, established by DNR’s 

Senior Managers and Operations Managers teams in 

2010, provides department-wide coordination and 

guidance on climate change and renewable energy 

strategies. Four interdisciplinary work teams support 

CREST including the: Climate Change Adaptation 

Team, Carbon Sequestration Team, Biofuels Team, 

and Energy Effi ciency Team. An Integration Team 

ensures coordination across the work teams. These and 

related department teams promote tools that help make 

Minnesota’s natural lands and waters more resilient 

to climate change and help reduce DNR’s carbon 

footprint. High priority, immediate-term work tasks 

are listed in Box 1. 

About this Report
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BOX 1. DNR Climate Change and Renewable Energy Priorities 
FY 2012

The Climate and Renewable Energy Steering Team (CREST), its fi ve work groups, and related depart-

ment teams have set priority tasks for FY 2012. A summary of the tasks follows: 

Climate Change Adaptation
• Conduct “vulnerability assessments” that identify species and habitats most vulnerable to climate change. 

• Recommend adaptation strategies for major ecosystems (e.g., forests, wetlands). 

• Disseminate results of department-wide climate change survey and recommend targeted training and 

education efforts for staff. 

Biofuels 
• Complete GIS analysis of constraints affecting woody biomass availability.

• Finalize and distribute biomass harvest guidance document and engage staff in addressing biomass 

harvesting issues. 

• Document lessons learned from biofuels demonstration projects.

Energy Effi ciency
• Launch Site Sustainability Team pilot projects to identify and implement site-specifi c energy and sustain-

ability improvements.

• Complete pilot of technology for trip planning and vehicle sharing to reduce fuel consumption.

• Increase number of available sustainable product options and train buyers on green purchasing policy.

Carbon Sequestration
• Develop tools for measuring and managing carbon in Minnesota’s ecosystems.

• Participate and infl uence forest carbon accounting protocol development.

• Conduct pilot projects that will test carbon sequestration strategies and accounting protocols.

Integration Functions
• Develop and implement a climate and renewable energy communications plan focused on internal 

communications. 

• Disseminate this report widely throughout the department; convene discussions to share report fi ndings 

and determine next steps. 

• Promote and enhance partnerships with other agencies, universities, and private groups working on 

climate change and renewable energy issues. 

Priorities and tasks will evolve over time. For the most current information on team activities, please visit 

the CREST intranet site: http://intranet.dnr.state.mn.us/workgroups/crest/index.html. 

Executive Summary
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Part I: Climate and Energy 
Trends and Impacts 
Minnesota Climate Trends and Projections 

Climate change is occurring in Minnesota. (p. 14)

• Minnesota’s average annual temperature has 

increased by 1.9° F. since 1895. 

• Warming rates are accelerating, especially in 

winter. 

• Annual precipitation in Minnesota has increased by 

about 3.1” since 1895 (2.7” per century). 

The magnitude of climate change in Minnesota is 

predicted to increase over the next century (p. 18).

• Average annual temperatures are projected to 

increase by 5–9° F. by the end of the century. 

• Average annual precipitation is projected to 

increase by 6.8–11.5% by the end of the century. 

• Average summer precipitation is projected to 

remain at levels similar to those seen today. 

Combined with temperature increases, this would 

cause a net drying effect in soils and water levels 

during much of the growing season. 

• By the year 2069, various landscape regions in 

Minnesota are projected to experience climates that 

today are found much farther south (for example, 

Minnesota’s north-central lakes region would have 

a climate similar to northwestern Iowa, p. 19). 

The science of climate-change prediction is rapidly 

developing, but many uncertainties remain. In general, 

precipitation projections are more uncertain than 

temperature projections. 

Global Climate and Energy Context
Global energy trends are driving Minnesota’s energy 

policy and choices (p. 20). Prices for energy (primarily 

oil and other fossil fuels) are expected to increase due 

to global demand and diminishing supplies. Renewable 

energy sources are expected to increase dramatically 

relative to their current levels. Many countries and states 

have enacted renewable energy standards. Minnesota’s 

Next Generation Energy Act of 2007 mandates that 

25% of the state’s power come from renewable sources 

and that greenhouse gas emissions be reduced by 80% 

by 2025 based on 2005 levels. 

Global temperatures have increased steadily over the 

past century (p. 20). Globally, 2010 was tied with 2005 

for warmest year on record. In the 2000s, every year was 

warmer than the 1990s average. In the 1990s, every year 

was warmer than the 1980s average.

Climate Change Impacts on Minnesota’s 
Natural Resources

Strong evidence suggests that recent global climate 

changes are increasing growing seasons, shifting the 

ranges of plant and wildlife species, and increasing the 

occurrence of fi res, insect pests, disease pathogens, and 

invasive weed species (p. 24). 

Three major biomes meet in Minnesota: tallgrass 

prairie, eastern broadleaf forest, and mixed coniferous 

forest (Fig. E-1). Transition zones between biomes are 

known to be particularly sensitive to climate change 

(e.g., biome boundaries can shift). These shifts can 

have dramatic effects on Minnesota’s natural resources. 

Examples of “early signs of change” are listed in Box 2. 

On Minnesota’s more than 11,000 lakes and 65,000 

miles of rivers and streams, likely climate-induced 

impacts include earlier ice-out dates, less seasonal ice 

cover, expansion of warmwater fi sh species in northern 

Minnesota lakes, increased growth of algae and diatom 

blooms, declining populations of coldwater fi sh species 

like ciscoes, warmer surface water temperatures in 

lakes, and increased fl ows in Minnesota streams (p. 

22–23).

In wetlands, climate change threatens to alter 

physical, chemical, and biological processes (p. 32). 

Under projected warming scenarios, Prairie Pothole 

wetlands could shrink and shift optimal waterfowl 

breeding conditions into western Minnesota. Without 

major restoration efforts to replace drained wetlands 

in Minnesota, the prairie pothole “duck factory” could 

largely disappear by the end of the century (p.30–31). 

Executive Summary
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Box 2. Early Signs of Change—A Few Examples 

The following observations are “early signs” of climate change impacts in Minnesota. More details, refer-

ences, and information on future projections and associated uncertainties are provided in the main body of 

the report. 

Aquatic Systems
• Between 1973 and 2008, maximum seasonal ice cover on the Great Lakes declined by about 30%. 

• Ice is breaking up earlier and forming later in Minnesota lakes. Ice-in dates shifted later by 7.5 days per 

decade between 1979–2002. 

• Warmwater fi sh, notably largemouth bass and bluegill, are becoming more common in northern 

Minnesota lakes. 

• Since 1975, a coldwater fi sh called cisco has declined in Minnesota by 42%. Recent evidence suggests 

that declines are primarily due to climate change. Cisco are an important food source for walleye, pike, 

and lake trout. 

• Between 1953 and 2002, 69% of 36 stream gauging stations in Minnesota showed increases in mean 

annual fl ow (a 98% increase for stations with increases). 

Forest, Wetland, and Prairie Systems
• Eleven northern tree species such as quaking aspen, paper birch, and sugar maple appear to be 

migrating north (through seed dispersal) at rates approaching 6 miles per decade. 

• Shorter winters are reducing available time for winter logging, stressing an already troubled forest 

products industry in northern Minnesota. 

• Over the past 10 years, the eastern larch beetle has killed tamarack trees on over 100,000 acres in 

Minnesota. Increased mortality may be partially explained by warming winter temperatures, which 

allow a greater proportion of eastern larch beetle adults to survive the winter. 

• Winter ranges for ring-necked ducks, red-breasted mergansers, American black ducks, and 

green-winged teal all moved more than 150 miles north over the last 40 years. 

• Eighteen out of twenty migratory bird species in the northern prairie region are migrating earlier in the 

spring. 
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Peatlands, which are currently important carbon sinks, 

may begin to dry out, causing them to add to carbon 

emissions into the atmosphere (p. 34). 

For Minnesota’s 16.7 million acres of forests, 

projected climate changes will shift tree ranges, and 

some common northern tree species such as spruce and 

fi r may become rare in Minnesota (p. 37). Depending 

on whether precipitation rates increase or decrease, 

Minnesota’s forests could either transition to communi-

ties dominated by central hardwood trees such as oaks 

and hickories, or forests could shrink and be replaced by 

grasslands (p. 37). In both scenarios, climate change will 

likely exacerbate and intensify the effects of invasive 

plant species, insect pests, and tree diseases (p. 38). 

Minnesota’s remnant prairies (less than 1% of pre-

settlement prairie acreage) will likely become drier, 

causing declines in mesic and wet prairie plant and 

wildlife species (p. 41). The proliferation of invasive 

species will make it diffi cult for Minnesota’s prairies 

to expand and take advantage of potential new habitat 

conditions created by a warming climate. Intensive 

human management, such as prescribed burns and 

seeding, will be necessary to facilitate new native prairie 

establishment (p. 41). 

Part II: Management Response
Adaptation and Mitigation Strategies

DNR’s management response to climate change 

pursues two core strategies: adaptation (helping humans 

and natural systems prepare for and adjust to climate 

change) and mitigation (reducing or removing green-

house gases from the atmosphere). 

Climate change adaptation strategies help human 

and natural systems prepare for and adjust to climate 

change. Examples include increasing species and genetic 

diversity in tree plantings to increase adaptability to 

future changes, increasing habitat connectivity to allow 

species to migrate as the climate changes, or increasing 

the diameter of culverts to deal with increased precipita-

tion and runoff (p. 44). 

Climate change mitigation strategies will focus 

in three primary areas: maintaining or increasing the 

carbon sequestration capabilities of natural lands such 

as forests, peatlands, and grasslands (p. 52); producing 

biomass to contribute to renewable energy goals while 

increasing conservation benefi ts such as reducing woody 

invasive species (p. 54); and, reducing DNR’s total 

energy use by 20 percent from 2010 to 2015 (p. 57). 

Fig. E-1. Three major biomes converge in Minnesota: Northern Forests, Eastern Temperate Forests, and the 
Great Plains. Biome transition zones are known to be particularly sensitive to climate change.  Map Source: 
Commission for Environmental Cooperation (www.cec.org/naatlas).    
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Executive Summary

Planning and
Decision Support

End Goal:
Effective Management 

Response

Monitoring

A Framework for Decision Making 
To help ensure effective, climate-savvy manage-

ment decisions, DNR will use an adaptive management 

framework that links management response (adaptation 

and mitigation strategies) with assessments, planning 

and decision support, and monitoring. An adaptive 

framework is needed because of the uncertainties 

involved in predicting climate change and resulting 

impacts on natural resources. The framework will 

allow DNR to take action now, while adjusting and 

improving strategies as more information is gained. 

Assessments in three areas are needed to understand 

climate and renewable energy issues and to prioritize 

adaptation and mitigation strategies. Vulnerability 

assessments will identify species and habitats that are 

most susceptible and unable to cope with the adverse 

effects of climate change (p. 60). Mitigation assessments 

will analyze opportunities for increasing carbon seques-

tration on natural lands and reducing DNR’s energy use 

(p. 61). Social assessments will explore opportunities for 

stakeholder involvement and help identify information 

and training needs (p. 62).

Planning and Decision Support will organize the 

information and expertise gained from assessments 

and other sources in order to provide training, depart-

mental guidance, decision support tools, and planning 

assistance—with the overall goal of providing the best 

ecological, economic, and social benefi ts possible in the 

face of climate change (p. 65). 

Monitoring will collect and organize data on 

trends in climate and energy use, climate impacts on 

natural resources, and effectiveness of management 

actions aimed at addressing those impacts. Results 

from monitoring feed back into future assessments 

and management decisions so course corrections can be 

made if conditions change or if management actions are 

not effective (p. 66).

Fig. E-2. DNR’s Climate Change and Renewable Energy Decision Framework aims 
to improve management decisions over time as we learn more. 
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BOX 3. Key Defi nitions

The following defi nitions provide a common language for defi ning climate and renewable energy issues 

and concepts. Additional defi nitions are available in the glossary. 

Climate Change Adaptation
Actions that help human and natural systems prepare for and adjust to climate change. 

Examples include increasing species and genetic diversity in tree plantings to increase adaptability to future 

changes, increasing habitat connectivity to allow species to migrate as the climate changes, or increasing the 

diameter of culverts to deal with increased precipitation and runoff. 

Climate Change Mitigation 
Actions that reduce greenhouse gas emissions or remove them from the atmosphere. 

Examples include reducing energy consumption, switching to renewable fuels, or increasing acreage and 

volume of forests to increase carbon sequestration. 

Carbon Sequestration 
Biological carbon sequestration is a natural process—driven by photosynthesis—that removes carbon 

dioxide from the atmosphere and stores it in plants or soils. 

A recent study found that America’s forests, grasslands, and other terrestrial ecosystems can absorb up to 40% 

of the country’s carbon emissions from fossil fuels. Minnesota’s natural lands are unique in their ability to 

absorb greenhouse gas emissions while simultaneously providing a wide array of benefi ts including clean 

water, wildlife, recreation and forest products. 

 

Climate Change Vulnerability
The degree to which an ecosystem, resource or species is susceptible to and unable to cope with adverse 

effects of climate change. 

Vulnerability assessments will help to prioritize adaptation and mitigation policies, planning, and manage-

ment efforts.

Weather and Climate
• Weather is what happens in a specifi c place at a specifi c time. On a given day, the weather may be rainy, 

or windy, or cloudy, or cold. Weather is described with specifi c numbers, such as temperature, atmo-

spheric pressure, wind speed, and relative humidity. 

• Climate is the character of the weather based on many observations over many years (typically 30 years 

or more). The numbers used to describe climate are likely to be ranges or averages rather than “here 

and now” quantities. Because climate is a long-term phenomena, it is impossible to draw conclusions 

about climate change from any single weather event. Climate change can only be observed by exam-

ining long-term data sets (Adapted from Minnesota DNR 2010c). 
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Minnesota Climate Trends and Projections

Fig. 1-2 Increase in 
year-round daily 
Lows, Highs, and 
Average Temperatures 
in Minnesota, 
1895–2009 (Source: 
Minnesota State 
Climatology Offi ce). 
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Temperature
From 1895 to 2009, Minnesota’s average annual 

temperature increased by 1.9°F, (equivalent to a rate of 

1.6°F per century; Fig. 1a). When only considering the 

years since 1980, the rate of increase is 3.4°F per century. 

This shows not only an increase in average temperature, 

but also an accelerating warming rate. 

Minimum temperatures (daily lows) have increased 

at an even faster rate than average temperatures. 

Average annual lows increased by 2.5°F since 1895 (or a 

2.1°F per century warming rate), and the warming rate 

increased to 5.7°F per century during the 1981–2009 

period. The greatest warming rate occurred in winter 

lows (Fig. 1b: 3.5°F per century for 1895–2009; 8.1°F 

per century for 1980 –2009), and the warming rates for 

minimum temperatures were greater than for average 

temperatures in all seasons. Warming rates have been 

higher in northern than in southern Minnesota (Fig. 

1-2), a pattern consistent throughout the northern 

hemisphere (greater warming rates at higher latitudes; 

Trenberth et al. 2007). 

Increases in Minnesota Temperatures

1895–2009
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Fig. 1-5. Annual Precipitation. Rate of change per century 
is calculated from the data and is not a prediction. Source: 
Minnesota State Climatology Offi ce, DNR Ecological and 
Water Resources Division. 

Fig. 1-3. Increase in Lake Superior surface water temper-
ature measured at a mid-lake buoy. Expressed as the 
departure of annual averages from the 1981–2010 average. 
Rate of change per century is calculated from the data and 
is not a prediction. Source: Minnesota State Climatology 
Offi ce, DNR Ecological and Water Resources Division; data 
from National Data Buoy Center. 
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Increased air temperatures lead to increased water 

temperatures. Long-term water temperature data are 

not available across the state, but temperature moni-

toring buoys have been deployed in Lake Superior since 

1981 (source for fi gure: National Data Buoy Center). 

Figure 1-3 shows the results from one buoy near the 

center of Lake Superior: Surface water warmed 2.7°F. 

since 1981, or about 9.0°F per century. That warming 

rate is greater than those found in air temperatures in 

adjacent Minnesota land areas. In 2006 and 2010 the 

water temperatures at this buoy rose to summertime 

temperatures three to four weeks earlier than average. 

Longer periods of warmer surface waters generally 

produce higher evaporation rates. If not counteracted 

by increased precipitation, higher evaporation rates lead 

to reduced lake levels. Water levels in Lake Superior 

reached record low levels for the months of August 

and September in 2007 (Fig. 1-4). The warming found 

in Lake Superior is consistent with warming in lakes 

around the world (Schneider and Hook 2010). 
Precipitation 

Since 1895, annual precipitation (averaged statewide) 

has increased by about 3.1 inches (2.7 inches per century) 

(Fig. 1-5).

Fig. 1-4. 2007 low water level at Lake Superior boat dock 
near Duluth. Photo credit: Jeff Gunderson, Minnesota 
Sea Grant.
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Precipitation Variability
While precipitation has increased since the 1890s, 

there has been a high amount of variability over time 

and across space. For example, the three-year period 

1987–89 contradicts the tendency toward wetter years 

with one of the driest three-year periods on record (Fig. 

1-5). Figure 1-6 shows great variability in the precipita-

tion change across Minnesota. Precipitation actually 

decreased in a few areas, though it increased over most 

of the state and some areas increased more than 4 inches 

per century. The increases along the North Shore may 

be due to reduced ice cover and increasing evaporation 

in Lake Superior. 

In August 2007 a highly unusual “climate singu-

larity” occurred, in which two parts of Minnesota 

were simultaneously declared disaster zones, one due 

to fl oods and the other due to drought (Fig. 1-7). This 

event highlights the potential variability that can occur 

in a single year, and also illustrates the challenge of 

predicting future changes. 

Extreme Weather Events
A regional analysis found that heavy downpours 

are now twice as frequent as they were a century ago 

in the Midwest (Karl et al. 2009). This pattern is not 

clear when looking at Minnesota data alone, but recent 

intense rainfalls are consistent with climate change 

predictions. There have been three 10-inch-plus 

rainfalls in southern Minnesota since 2004. A 10-inch 

rainfall has a calculated “return period” on the order 

of 1,000 years, which means that at any given location, 

such an intense rainfall has only a 0.1% chance of occur-

ring each year. 

Climate Singulary of 2007

Fig. 1-7. Counties in brown were included in the Aug. 7 
2007 USDA drought disaster declaration. Counties in 
blue were included in the Aug. 20 federal fl ood disaster 
declaration. Source: M. Seeley, University of Minnesota. 

Fig. 1-6. Precipitation change in Minnesota, 1891–2009 
(inches/century). Source MN State Climatology Offi ce. 
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A host of extreme weather events and climate 

records occurred in 2010 (all data from Minnesota State 

Climatology Offi ce) :

• The earliest ice-out dates ever recorded occurred 

on numerous lakes.

• Forty-eight tornadoes blew through Minnesota on 

June 17, the highest number ever recorded on a 

single day. The total for 2010 (104) was also a state 

record. 

• The lowest pressure ever recorded in Minnesota 

occurred on Oct. 26, 2010 at Bigfork in Itasca 

County (28.21 inches). Pressures this low are 

equivalent to those found in category 3 hurricanes.  

Fig. 1-9. Map of the 2007 record-breaking rainfall event 
in southeast MN. The largest rainfall ever recorded in a 
24-hour period in Minnesota occured near Hokah (15.1 
inches).  Source: Minnesota State Climatology Offi ce.

Fig. 1-10. A large tornado near Albert Lea, MN on June 16, 
2010. Photo credit: Arian Schuessler, Mason City, IA Globe 
Gazette, used with permission. 

As discussed on p. 12, single weather events or the 

events of one year cannot be used to confi rm or refute trends 

in climate. However, climatologists understand that a 

warming climate increases the amount of water vapor 

that can exist in the atmosphere, which provides the 

conditions for more intense and frequent storms and 

rainfalls. 

Fig 1-8. Wave crashing over Grand Marais Lighthouse 
during the October 2010 “Landicane.” Photo credit: Bryan 
Hansel, www.bryanhansel.com 

0 1 2 3 4 5 6 7 8 101214 inches

Rainfall Totals for Aug. 18–20, 2007

Minnesota Climate Trends and Projections

Fig. 1-11. Flood damage along Whitewater River exceeded 
$4 million at Whitewater State Park. 
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Future Climate Projections
According to average values of 16 climate model 

projections for central Minnesota, by the 2080s: 

• Annual average temperatures in Minnesota will 

increase by 5.3–8.5° F

• Average annual precipitation will increase by 

6.8–11.5%; and

• Average summer precipitation will not change 

signifi cantly (Fig. 1-12). 

Because of differences in assumptions and design, 

the 16 models vary in magnitude of projected tempera-

ture change. Despite this uncertainty, all models project 

increases in average temperature, between 3°F and 

12° F.

Precipitation projections are much more uncertain 

than temperature projections. Annual precipitation 

could increase by up to 38% or decrease by up to 28%. 

However, average values for percent change in summer 

precipitation hover near zero. If temperatures increase 

and summer precipitation does not increase, available 

soil moisture and water levels will decrease. This would 

impact all habitat types, agricultural systems, and 

human water use. 

Note that actual emissions over the past ten years 

were most similar to those assumed in higher emissions 

scenarios (Le Quere et al. 2009). 

Other important projections include: 

• Heat waves are expected to be more intense, more 

frequent, and longer lasting (Meehl et al. 2007). 

• Frequency of extreme precipitation events is 

expected to increase, with longer intervening dry 

periods and increased risk of drought (Christensen 

et al. 2007). 

 
Fig. 1-12. Temperature and precipitation projections for 
the 2080s in central Minnesota for low, medium, and 
high greenhouse gas emissions scenarios (B1, A1b, and 
A2 scenarios, IPCC 2007a). Blue diamonds represent 
average values across 16 global climate models; error 
bars represent extremes of the 16 models. Source: 
University of Santa Clara Statistically Downscaled WCRP 
CMIP3 Climate Projections, accessed through: www.
climatewizard.org. 
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Current

Predicted
2060-2069

Agassiz Lake Plain Boreal Peatlands Central Lakes

Hardwood Hills Mississippi Blufflands

Southwest Prairie Western Superior Uplands

Northern Superior Uplands

Fig. 1-13. This graphic shows analog locations (in brown) having contemporary climates most 
resembling the future climates projected for the 2060s in eight Minnesota landscapes (in blue). For 
example, in the 2060s, Minnesota’s Central Lakes Landscape (upper right box) is projected to have 
a climate like that in contemporary northwestern Iowa (adapted from Galatowitsch et al. 2009). 
Projections were based on a high (A2) greenhouse gas emissions scenario (same high scenario 
used in projections depicted on p. 18). 

Future Climate Analogs for Eight Minnesota Landscapes

Minnesota Climate Trends and Projections
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Global patterns in climate and energy trends set the 

context for Minnesota DNR’s response to these issues. 

The following provides the broad outline of these 

patterns and how they relate to Minnesota-specifi c 

trends, challenges, and opportunities. 

Global Climate Trends 
Global temperatures have increased steadily over 

the past century (Fig. 2-1). Globally, 2010 was tied with 

2005 for warmest year on record. Numerous other 

indicators of climate change have been documented 

with multiple data sources (see Box 4.) These changes 

have been associated with increasing concentrations of 

greenhouse gases in the atmosphere (National Academy 

of Sciences 2011, Karl et al. 2009, IPCC 2007b). 

Fig. 2-1. Global Temperature Change, 1880–2010. Change is expressed as the 
difference from the 1901–2000 average, a typical baseline for depicting change. 
Source: Arndt et al. 2010, “State of the Climate in 2009, Highlights.” 

United States National Academy of Sciences 

Report: America’s Climate Choices 

“Climate change is occurring, is very likely caused 

primarily by the emission of greenhouse gases from 

human activities, and poses signifi cant risks for a range 

of human and natural systems. Emissions continue 

to increase, which will result in further change and 

greater risks. Responding to these risks is a crucial 

challenge facing the United States and the world today 

and for many decades to come.”

Source: National Academy of Sciences 2011

Global Climate and Energy Context
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Box 4. Global Indicators of Climate Change—Observed Changes

A global panel of climate scientists concluded that “warming of the climate system is unequivocal” (IPCC 

2007b). The panels on this page show numerous lines of evidence for this change, based on a variety of inde-

pendently analyzed data sets (different colored lines). Land-based temperature records provide only one line 

of evidence of warming. Other indicators include uptake of heat by oceans, glacial and Arctic sea ice melting, 

increased atmospheric humidity, and decreased stratospheric temperature. 

A 2010 “State of the Climate Report” concludes: “The observed changes in a broad range of indicators provide 

a self-consistent story of a warming world.” (Arndt et al. 2010).

Fig. 2-2. Trends in global climate indicators. Each of 
the different colored lines in each panel represents an 
independently analyzed data set. The data come from 
many different technologies including weather stations, 
satellites, weather balloons, ships and buoys. Source: 
Arndt et al. 2010, “State of the Climate in 2009.” 

Global Climate and Energy Context
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Global to Local Energy Trends
Local, national and global economies and living 

standards are tied to the availability and cost of 

energy. Historically, energy use has been closely tied to 

economic growth. Even as the U.S. economy has become 

less energy intensive in recent decades, the total demand 

for energy has continued to grow. The discovery, devel-

opment and integration of new energy resources into 

the economy have been a signifi cant part of economic 

and cultural growth and evolution. 

Coal, oil natural gas, large scale hydroelectric 

production, nuclear power and modern renewables 

contributed new supplies of energy to drive industrial 

development and economic growth from the later 

19th through the 20th Century. Historically, these new 

energy resources have not eliminated or replaced older 

energy resources, but have grown the total supply of 

available energy. Despite other, newer energy resources, 

oil has remained the dominant energy resource for the 

U.S. and Minnesota (Fig. 2-3, 2-4). 

Despite the price spikes of the 1970s, the general 

price trend for energy in the twentieth century was one 

of declining real prices. However, the fi rst eight years of 
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the 21st Century saw dramatic increases in the real price 

of energy, primarily petroleum and natural gas. The 

U.S. Department of Energy continues to project steadily 

increasing energy prices, led by petroleum products. 

(Fig. 2-5). 

Higher energy prices create a general drag on the 

economy, negatively impacting job creation and stan-

dards of living. These higher prices also exacerbate 

trade issues. Oil and petroleum imports are responsible 

for a growing share of the U.S. trade defi cit (The 

Economist 2010). While the U.S. is still a leading oil 

producer, it contains only 3% of global proved reserves 

and still imports 51% of all petroleum products (U.S. 

Department of Energy 2009). The long term potential 

to increase domestic oil production is limited. The 

economic impacts of high energy prices are most acute 

in regions, like Minnesota, that do not possess fossil 

energy reserves. 

Increased regulation and improved pollution control 

have resulted in vastly improved air quality. Yet, energy 

production and consumption still have signifi cant 

impacts on the environment and natural resources. 

Vehicles, power plants and other combustion facilities 

Fig. 2-3. Historically, new energy resource have not 
replaced, but rather added to the overall energy resources 
consumed by a growing U.S. Economy. Renewable energy 
includes: wood, hydro electric power, geothermal, wind 
and solar energy. Source: U.S. Department of Energy, 
Energy Information Administration. 

Fig. 2-4. The composition of primary energy use in 
Minnesota is similar to the national energy mix. Though, 
Minnesota is seeing strong growth in renewable energy 
production and use. Source: U.S. Department of Energy, 
Energy Information Administration.
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are leading sources of air pollution (U.S. Environmental 

Protection Agency 2009). Fossil fuel burning is the most 

signifi cant source of greenhouse gas emissions, globally, 

nationally and within the state of Minnesota. About 

80% of total greenhouse gas emissions in Minnesota are 

attributable to energy production and use. (Strait, et al. 

2008). Globally, greenhouse gas emissions continue to 

increase, and CO
2
 emissions reached an all-time high in 

2010 (International Energy Agency 2011). 

Addressing energy challenges involves a range of 

actions and responses including more effi cient use of 

energy, avoiding wasteful energy uses, and develop-

ment of cleaner domestic energy supplies. Minnesota 

has been a national leader in pursing energy effi ciency 

and renewable energy development. Minnesota’s Next 

Generation Energy Act of 2007 focused on increasing 

energy effi ciency, expanding community-based energy 

development, and establishing statewide GHG emis-

sion reduction goals of 15% by 2015, 30% by 2025, and 

80% by 2050, based on 2005 levels. The Act supplements 

other legislation passed in 2007 mandating that 25% of 
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Under current state and federal policies, renewable 

energy development will continue to grow steadily in 

Minnesota. DNR will play a role in reducing energy 

use, transitioning to renewables, increasing biomass 

production on state lands, and encouraging market 

development for biofuels. 
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Fig. 2-5. U.S. Energy Information Administration long 
term price projections for key energy products averaged 
across user class in nominal dollars per million BTUs. 
Source: U.S. Department of Energy, Energy Information 
Administration.

Fig. 2-6. Source: U.S. Department of Energy, Energy 
Information Administration Minnesota Renewable 
Electricity Profi le 2008 Edition http://www.eia.gov/cneaf/
solar.renewables/page/state_profi les/minnesota.html 

Global Climate and Energy Context
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Climate Change Impacts on Natural Resources

Global, National, and Regional 
Impacts

 Globally, recent climate changes are already 

affecting physical and biological systems on all conti-

nents and in most oceans (Rosenzweig et al. 2007). 

Trends in the United States are consistent with global 

trends: 

• Since 1981, growing season length increased by 

10–14 days, and net primary productivity (NPP) 

increased by about 10% (Janetos et al. 2008). 

• “Large-scale shifts have occurred in the ranges 

of species and the timing of seasons and animal 

migration, and are likely to continue.” (Karl et al. 

2009; see also Parmesan and Yohe 2003, Parmesan 

and Galbraith 2004).

• Climate change is an important contributing 

factor to increases seen in fi res, insect pests, disease 

pathogens, and invasive weed species. These trends 

are likely to continue. (Karl et al. 2009).

National Interagency Fire Center249

Fig. 3-1. Data on wildland fi res in the United States show 
that the number of acres burned per fi re has increased 
since the 1980s. Source: U.S. Global Change Research 
Program.

Changes in Plant Hardiness Zones

1990–2006

1990 2006

-40 to -30 °F 

-30 to -20 °F 

-20 to -10°F 

-20 to -10°F 

-30 to -20 °F 

-40 to -30 °F 

Fig. 3-2. Changes in plant 
hardiness zones in the 
Upper Midwest, 1990–2006. 
Zones defi ned by average 
minimum temperatures 
have shifted north. Note 
that a new hardiness zone 
(5) entered Minnesota by 
2006 while Zone 3 retreated 
northward. Source: National 
Arbor Day Foundation. 

Size of U.S. Wildfi res, 1983 to 2008
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Predicted Terrestrial Climate Stress Index

Figure 4-4. Predicted Terrestrial Climate Stress Index. 
Darker colors indicate area of greater predicted change 
between current and projected future biological commu-
nities. Source: Joyce et al. (2008). 

Low 
Climate Stress

High

Sensitivity of Minnesota’s 
Resources to Climate Change

Minnesota’s location, climate, and ecological features 

will play a major role in determining climate change 

impacts on natural resources. At the center of the 

continent, Minnesota spans a transition zone among 

three major biomes—tallgrass prairie, eastern broadleaf 

forest, and mixed coniferous forest. Because climate 

largely determines species ranges—and biomes defi ned 

by dominant species—climate change impacts are 

expected to occur relatively quickly and visibly along 

such transition zones. Figure 4-3 shows the southern 

and western range limits of several tree and plant 

species, superimposed over a biome map. Projected 

climate changes will move these range limits to the 

northeast. 

Coniferous Forest

Prairie Grassland

Deciduous Forest

Aspen
Parkland

Southern limit of white 
and mountain ash

Southwest limit of pines, 
spruces, and balsam fir

Southern limit of blueberries, 
cranberries, wintergreen, 
leatherleaf, Labrador tea, 
bluebead lily, bunch berry, and 
balsam poplar

Southern limit of tamarack

Northern limit of shagbark 
hickory

Northern limit of black walnut, 
red mulberry, and Kentucky 
coffee tree

Fig. 4-3. Climate induced range limits of common tree and plant species 
in Minnesota. Source: Adapted from Tester (1995). 

Joyce et al. (2008) found that most of 

Minnesota lies in a region of higher predicted 

terrestrial “climate stress” (defi ned as the 

degree of change between current biological 

communities and those projected by future 

climate scenarios; see Fig. 3-4) than most of 

the United States. A global study by Gonzales 

et al. (2010) produced similar results. These 

studies underscore the climate sensitivity of 

ecological transition zones such as those found 

in Minnesota, where even slight climatic 

changes of several degrees F can cause shifts 

in the dominant plant communities or habitat 

types. Temperature and precipitation changes 

in the range projected by the end of the 

century for Minnesota will likely have major 

ecological impacts. 

The following sections describe these 

potential impacts along with “early signs of 

change,” stratifi ed by major ecosystem type in 

Minnesota. 

Climate Change Impacts on Natural Resources
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 40° 50° 60° 70° 80° 90° (Farenheit)

Largemouth Bass Optimum 82°

Walleye Optimum 72°

Lake Trout Optimum 50°

Maximum 99°

Maximum 88°  

74° Maximum 

Fish Illustrations ©MN DNR, C. Iverson

Figure 3-5. Maximum water temperatures for some 
Minnesota fi sh species.

Aquatic Habitats and Species
Characteristics, Values, and Sensitivity 
to Climate

Minnesota’s abundant aquatic resources are 

critical components of the state’s natural heritage. 

More than 11,000 lakes, 65,000 miles of streams and 

rivers, and millions of gallons of groundwater support 

Minnesotans’ way of life and economic vitality. 

Minnesota’s aquatic resources provide drinking water, 

irrigation, habitat for numerous fi sh and wildlife 

species, a diversity of recreational opportunities, and the 

setting for a thriving tourism industry. 

 Many factors affect characteristics of aquatic 

systems, including geology, human disturbance, and 

the amount and type of vegetation in the surrounding 

watershed. Like Minnesota’s terrestrial systems, aquatic 

systems vary along a climate gradient, with generally 

warmer waters in the south and colder waters in the 

north. 

Air temperature is a key driver of water temperature 

(Stefan et al. 1996, Bogan et al. 2003, Herb and Stefan 

2010), and water temperature determines which species 

can live in an area and how fast they can grow. For 

example, some Minnesota fi sh species, such as lake trout, 

require very cold water (less than 50° F) and high levels 

of dissolved oxygen (Dillon et al. 2003, Jacobson et al. 

2010). Other Minnesota fi sh species, such as largemouth 

bass and bluegill, tolerate a wide range of water tempera-

tures, but grow best in temperatures as warm as 82° F or 

more (Eaton et al. 1995, Lyons et al. 2009; Fig. 3-5). 

Precipitation also affects aquatic systems: Lower 

precipitation can cause water levels (and thus volume 

of habitat) to decline, and large rainfalls can increase 

runoff, sediment loading, and connectivity between 

systems.

Early Signs of Change
We are already starting to see some climate-change 

impacts on aquatic systems. For example: 

• In Minnesota lakes, ice-out shifted to earlier dates 

by 1.3 days per decade between 1965 and 2002, and 

ice-in shifted later by 7.5 days per decade between 

1979–2002 (Johnson and Stefan 2006). 

• Between 1973 and 2008, maximum seasonal ice 

cover on the Great Lakes declined by about 30% 

(Karl et al. 2009).

• Warmwater fi sh, notably largemouth bass and 

bluegill, are becoming more common in northern 

Minnesota lakes (Schneider 2010; DNR Fisheries 

unpublished survey data). 

• In the 2000s, blue-green algae and diatoms 

bloomed in some remote wilderness lakes in 

Minnesota and nearby states. Such blooms have 

never before been recorded and are not evident in 

sediment cores dating back to the 1600s. Research 

suggests the blooms are likely caused by a warming 

climate (D. Engstrom unpublished data). 

• In Minnesota, relative abundance of cisco in 

standard gillnets declined by 42% since 1975 (Fig. 

3-7). Recent evidence suggests that declines are 

primarily due to climate change (Jacobson et al., 

in press). Cisco are an important food source for 

walleye, pike, and lake trout (see Box 10, p. 48).
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Statewide Gillnet Counts—1970–2008

Fig. 3-7. Average annual cisco catch per unit effort (CPUE) 
for statewide gillnet sampling (blue circles) from 634 
Minnesota lakes. Black solid line represents the estimated 
linear trend in statewide cisco gillnet CPUE, a decline of 
13% per decade for the period 1970–2008.

Fig. 3-6. Dead cisco from a large summerkill on Lake 
Andrusia, Beltrami County during the unusually warm 
summer of 2006. Photo credit Peter Jacobson MN DNR.

• A comprehensive database of surface water 

temperatures is not available for Minnesota, but 

globally since the 1960s, surface water tempera-

tures have warmed by 0.2 to 2°C in lakes and 

rivers in Europe, North America and Asia 

(Rosenzweig et al. 2007: 91; see also Schnieder and 

Hook 2010).

• Between 1953 and 2002, 69% of 36 stream gauging 

stations in Minnesota showed increases in mean 

annual fl ow. For the stations with increases, mean 

annual fl ow increased by 2% per year (Novotny 

and Stephan 2007). 

Likely Future Impacts
Over the next 50–100 years, impacts associated with 

projected climate changes will likely be more extreme 

than those already observed. 

Physical and hydrological changes

Warmer air temperatures, besides bringing warmer 

water temperatures, will bring longer ice-free periods 

and growing seasons. Lake levels are expected to 

decrease over the long term due to higher evaporation 

from higher temperatures and longer ice-free periods. 

Stronger and longer periods of stratifi cation will 

increase the risk of oxygen depletion and formation of 

deep-water “dead zones” (Kling et al. 2003). Upland 

streams and shallow lakes are more likely to become 

intermittent streams and dry lands than lower main-

stem rivers and drainage lakes (Kling et al. 2003). 

Though some aspects of water quality have 

improved in many lakes and streams since pollution-

control laws were enacted, climate change will likely 

challenge our ability to continue these improvements. 

Greater frequency of intense storm events will increase 

runoff and nutrient loading from surrounding water-

sheds, and fl ooding will alter stream channels and 

substrate. Deleterious cyanobacteria (blue-green algae) 

blooms are expected to increase in Minnesota (Paerl and 

Huisman 2008, 2009). In general, these stressors will 

produce warmer, more nutrient-enriched (eutrophic) 

waters in most lakes and streams, exacerbating the 

impacts of other stressors such as overexploitation of fi sh 

populations; runoff from impervious surfaces, feedlots, 

and crop fi elds; and removal of in-lake and stream 

habitat such as aquatic plants and coarse woody habitat. 

Some lakes and streams will be more resilient to 

climate change than others, including large, deep lakes 

with balanced food webs and relatively low levels of 

Climate Change Impacts on Natural Resources
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Box 5. Case Study: Climate Change is Expected to Increase 
Range and Abundance of Nonnative Invasive Eurasian 

Watermilfoil and Curly-leaf Pondweed

Eurasian watermilfoil, an invasive nonnative aquatic plant, was fi rst detected in Minnesota in 1987. 

As of 2010, the plant has spread to 246 water bodies in Minnesota and often dominates the aquatic plant 

community in lakes with moderate nutrient levels shortly after introduction. Curly-leaf pondweed, another 

nonnative invasive, has been present in Minnesota since around 1910 and probably was introduced with 

common carp. Curly-leaf pondweed has been documented in over 725 water bodies in Minnesota as of 2010 

and is more widespread than Eurasian watermilfoil. Both Eurasian watermilfoil and curly-leaf pondweed 

thrive in productive waters and often displace native plants. Nevertheless, both plants often co-exist with 

native plants and are less prominent in low to moderately productive waters. Although plant-dependent 

native fi sh species utilize both Eurasian watermilfoil and curly-leaf pondweed for habitat, these plants 

provide lower quality fi sh habitat than native aquatic plants. 

Both plants are “evergreen” perennials and require a small amount of sunlight under ice to maintain 

baseline metabolism (Smith and Barko 1990; Bolduan et al. 1994). Historically normal Minnesota winters 

with snow-covered ice are believed to limit their viability and competitive advantage over native plants that 

store nutrients and go dormant over winter. Shorter, less snowy winters may widen the range of suitable 

habitats for these species. Curly-leaf pondweed is becoming more prominent in northern Minnesota lakes, 

where it was hardly detected in the past.

Although longer growing seasons will probably lead to increases in these invasive plants, minimizing 

external nutrient additions through best management practices and minimizing in-lake removal of aquatic 

plants may limit changes in vegetation and fi sheries of our lakes under a warmer and more variable climate. 

nutrients (Stefan et al. 2001, Beisner et al. 2003, Genkai-

Kato and Carpenter 2005, Jacobson et al. 2010). Streams 

with signifi cant groundwater inputs, channels shaded 

by trees, intact fl oodplains and meanders, and water-

sheds with deep-rooted perennial vegetation will be 

more resilient to atmospheric temperature changes and 

surface fl ow variability (Chu et al. 2008, Palmer et al. 

2009). 

Invasive species

Invasive species aggressively exploit disturbed 

habitats optimal for their growth, typically leading to 

declines or losses of native species. Climate change may 

reduce habitat suitability for native species and open up 

new niches for invasive species to exploit (Walther et 

al. 2009). More than two dozen invasive aquatic species 

and diseases are of immediate concern to Minnesota 

DNR (Box 5; http://www.dnr.state.mn.us/invasives/

index.html) and many more are likely to become a 

concern as habitats continue to be altered by climate 

and land use, and highly mobile humans and global 

commerce serve as vectors of spread.

Fish species ranges, abundance, and growth rates 

Projected hydrological and physical changes to 

aquatic systems will alter habitat suitability for many 

native and nonnative fi sh species (Schindler 2001, Kling 

et al. 2003, Ficke et al. 2007). Changes in habitat suit-

ability will bring changes in fi sh ranges, abundance, 

and growth rates. In general, a northward migration of 

species ranges will occur due to warming waters, and 

the trend already seen for warm-water species such 



Minnesota Department of Natural Resources 29

as bass and sunfi sh in Minnesota will continue (Rahel 

2002, Kling et al. 2003). Cold-water species such as 

burbot (eelpout), lake whitefi sh, cisco (tullibee), and lake 

trout are also expected to shift their range northward 

and will likely decline further, especially in shallow to 

moderately deep northern Minnesota lakes (Stefan et al. 

2001; Jacobson et al. 2010). However, in Lake Superior, 

temperatures are expected to warm just enough to 

produce more optimal conditions for cold-water species 

such as lake trout and whitefi sh, and they may actually 

increase (Magnuson et al. 1990). 

Effects on cool-water species such as walleye, yellow 

perch, and northern pike are expected to be variable 

and complex. In cold northern Minnesota lakes, good 

growth habitat volume for these species may increase 

(Stefan et al. 2001; Fang et al. 2004), but competition 

and predation by warm-water species such as large and 

smallmouth bass may affect populations (Fayram et al. 

2005, Minns 2009). Overall production of cool-water fi sh 

is expected to decline in central and southern Minnesota 

lakes if water temperatures exceed optimal growth 

conditions (Gao and Stefan 1998). 

Climate change will affect stream habitats through 

changes in water temperature and patterns of fl ow 

(Bogan et al. 2003, Mohseni et al. 2003, Johnson and 

Stefan 2006). Habitat for coldwater species such as 

brook trout will contract while barriers to migration 

(e.g., dams, unsuitable stream reaches) will limit the 

ability of coldwater species to migrate to more suitable 

habitats (Meisner 1990, Eaton and Scheller 1996, Ficke 

et al. 2007). 

Groundwater sustains most Minnesota coldwater 

stream fi sh species (Wang et al. 2003). Through higher 

air temperatures and evaporation, altered and more 

extreme precipitation patterns, increased impervious 

surface, agricultural drainage, and human demands on 

aquifers for potable water and irrigation, groundwater 

base fl ows are likely to decrease and temperatures 

increase over time, reducing the amount of habitat 

available to coldwater species (Ficke et al. 2007, Herb 

and Stefan 2010). Climate change and human altera-

tions to watersheds are also expected to increase fl ood 

events, altering sediment and nutrient transport, 

channel morphology, and habitat suitability for native 

fi sh species (Kling et al. 2003). 

Net outcome

The net outcome of climate change on lakes and 

stream species will likely be complex. Lakes and 

streams may become more nutrient rich and polluted 

by algae blooms and temperature-dependent or medi-

ated contaminants and pathogens. Nonnative species 

that tolerate warm water and pollution, such as zebra 

mussels, common carp (Kling et al. 2003), Eurasian 

watermilfoil, and curly-leaf pondweed will likely 

increase (Box 5). Some fi sh species will adapt. Some 

populations will be lost and others will thrive as base-

line ecosystem conditions shift (Jackson and Mandrak 

2002, Walther et al. 2009, Lyons et al. 2010). Productive 

capacity of some current fi sheries will likely be reduced 

under future climate scenarios, but will ultimately 

depend on the interplay among losses of native species, 

replacement by new species, and losses or pressures 

from non-climate human stressors (Minns 2009). In 

general, many native species intolerant to disturbance 

will be replaced with fewer nonnative or opportunistic 

species (Walther et al. 2009), resulting in a net loss of 

native fi sh species and overall species diversity. 

Recreational impacts

Climate change will likely impact many recre-

ational opportunities in aquatic systems. The number 

of swimmable waters in Minnesota may decline 

due to contaminants delivered by higher fl ows and 

warm-water pathogens. Ice-fi shing seasons will be 

truncated or lost entirely from some areas of the state. 

Nevertheless, new recreation opportunities will arise, 

such as angling potential for bass and other species such 

as black crappies, white bass, catfi sh, and nonnative 

species such as common carp. Walleye populations may 

decrease, though walleye will likely continue to fi gure 

prominently in Minnesota’s fi shing pantheon. 

Climate Change Impacts on Natural Resources
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Box 6. Impacts of Climate Change on Surface 
and Groundwater

 

A recent national report states that “Climate change has already altered, and will continue to alter, the 

water cycle, affecting where, when, and how much water is available for all uses” (Karl et al. 2009: 41). In 

Minnesota, the water cycle plays a critical role in all of the ecosystems and habitat types discussed in this 

report. The amount of precipitation is a key determinant of plant distribution and habitat type. Frequency 

and intensity of precipitation events also affect water availability and quality for industrial, agricultural, and 

recreational uses. Flooding can have profound impacts on Minnesota’s communities (Fig. 3-10). 

Observed, climate-related trends in the hydrological cycle in Minnesota include increases in annual 

precipitation, (p. 15, this report), increased stream fl ow (Novotny and Stefan 2007), and reduction in annual 

ice cover (p. 26, this report). Projected future climate changes expected to have signifi cant impacts on 

Minnesota’s surface and groundwater resources include increases in overall precipitation (p. 18, this report), 

increases in heavy precipitation events (Fig. 3-8) and increases in annual runoff (Karl et al. 2009, Milly et al. 

2008). 

These impacts will interact with and exacerbate existing stresses on Minnesota’s water resources. Any 

activity that alters the movement of water across or through the landscape can have a long-term impact 

on the state’s surface water and groundwater resources. For example, in many locations water fl ows off 

the landscape more rapidly than it did in the past, because of drain tiling for agriculture or increases in 

impervious surfaces brought by development. When water fl ows more rapidly, runoff pollution and erosion 

increase, as does the potential for fl ooding. If climate change increases heavy rainfall events, these problems 

will increase as well. In another example, longer growing seasons brought by climate change may increase 

Projected Changes in Light, Moderate, and Heavy Precipitation

(by 2090s)

Fig. 3-8. The graph shows projected 
changes compared to the 1990s 
average in the amount of precipi-
tation falling in light, moderate, 
and heavy events in North America. 
Changes are displayed in 5% incre-
ments from the lightest drizzles 
to the heaviest downpours. The 
lightest precipitation is projected 
to decrease, while the heaviest is 
projected to increase. Source: Karl 
et al. 2009. 
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Projected Changes in Annual Runoff

Fig. 3-10. Flood in Rushford, MN, 
2007. Projected increases in heavy 
precipitation and runoff would 
lead to increased fl ooding. 

Surface and Groundwater—Continued

Fig. 3-9. Projected changes in 
median runoff for 2041–2060, 
relative to a 1901–1970 
baseline, mapped by 
water-resource region. Colors 
indicate percentage changes in 
runoff (5–10% for Minnesota). 
Results are based on mid-level 
emissions scenarios. Source: 
Karl et al. 2009, Milly et al. 
2008. 

irrigation demand on groundwater supplies (Wisconsin Initiative on Climate Change Impacts 2010), and 

many of Minnesota’s groundwater resources are already stressed. Increasing demands on groundwater 

supplies are expected in the future (Minnesota DNR 2010a). 

Climate change compounded by other stresses will create new water management challenges requiring 

DNR and partners to accelerate watershed-wide approaches that restore natural vegetation, slow runoff, 

and reduce fl ood risks. As water managers look forward, they need to understand that the climate of the 

past century is no longer a reasonable guide to the future for water management (Karl et al. 2009). 
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Prairie Pothole Region Optimum Wetland Conditions 

Wetland Systems, Habitats, 
and Species
General

Despite the loss of about half of the wetlands present 

before European settlement, wetlands still comprise 

20% of Minnesota’s surface (Kloiber 2010). The inun-

dated or saturated conditions found in wetlands are 

responsible for the development of hydric soils and 

characteristic wetland plant communities, all of which 

combine to provide many important ecosystem services, 

including water quality maintenance and improvement, 

water storage, fi sh and wildlife habitat, streamfl ow 

maintenance, and carbon storage. Changes in tempera-

ture and precipitation patterns associated with climate 

change have the potential to alter the abundance, 

distribution, and diversity of wetland types in the state, 

as well as disrupt the physical, chemical, and biological 

processes that generate ecosystem services. 

Early Signs of Change
As with aquatic systems, we are starting to see 

climate change impacts in wetland systems: 

• Between 1906–2000, the western portion of the 

prairie pothole region became drier, while the 

eastern portion became wetter. If this moisture 

gradient continues to steepen, acreage of produc-

tive wetlands will shrink (Millet et al. 2009).

• Between 1939 and 2001, 11 of 21 waterfowl species 

at Delta Marsh, Manitoba shifted their spring 

arrival dates earlier by 6–32 days (Murphy-Classen 

et al. 2005). 

• Centers of winter distribution for ring-necked 

ducks, red-breasted mergansers, American black 

ducks, and green-winged teal all moved more than 

150 miles north over the last 40 years (Niven et al. 

2009a, 2009b). 

Fig. 3-11. Historic and simulated change in optimal water-
fowl breeding conditions in the Prairie Pothole region 
under a 5.4° F warming scenario (lower end of temperature 
projections for 2080s, see p. 18). This scenario could shrink 
and shift optimal waterfowl breeding conditions into 
western Minnesota, but most of Minnesota’s wetlands have 
been drained. Without major wetland restoration efforts in 
Minnesota, the prairie pothole “duck factory” could largely 
disappear. Source: Johnson et al. 2005. Map by Matt Kania. 

Historic

Future with +5.4° F warming

cut 2 lines
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Likely Future Impacts
Prairie pothole wetlands

Due to a variety of glacial features, southern and 

western Minnesota is characterized by rolling topog-

raphy and numerous water-holding depressions. This 

area is part of the prairie pothole region of North 

America, which extends from northern Iowa through 

the Dakotas and into Canada (Fig. 3-11). As a result 

of the varied topography and diverse combinations 

of groundwater interaction and precipitation/evapo-

transpiration rates, prairie potholes refl ect a range of 

wetland types, from temporary, seasonal basins to semi-

permanent and permanent marshes and shallow lakes 

(van der Valk 1989). Correspondingly, these wetlands 

provide habitat for many species of wildlife, particularly 

waterfowl and shorebirds. Most of the prairie pothole 

wetlands in Minnesota have been drained for agricul-

ture, with more than 90% of the presettlement wetland 

area lost in some counties (Anderson and Craig 1984). 

However, considerable acreage remains, and many 

conservation programs are actively restoring these 

wetlands and associated grasslands.

There have been several studies and simulations 

of the potential effects of climate change on prairie 

pothole wetlands. Nearly all suggest that projected 

climate change will bring soil moisture declines, fewer 

wetlands, shorter hydroperiods, more variation in 

the extent of surface water, and changes in depth, 

salinity, temperature, and plant community composi-

tion (Browne and Dell 2007; Poiani and Johnson 1991; 

Larsen 1995; Poiani et al. 1995, 1996; Johnson et al. 2005, 

2010, Galatowitsch et al. 2009). 

Simulations of future climatic conditions in the 

prairie pothole region suggest that the hydrologic 

conditions responsible for creating the currently optimal 

waterfowl breeding habitat in the Dakotas may shift 

eastward into western Minnesota and Iowa by the end 

of the century (Johnson et al. 2005, 2010). Under this 

projected scenario of more frequent wet-dry cycles, 

habitat conditions for Minnesota’s prairie wetlands may 

improve. But, as noted previously, the great majority 

of the wetlands in the prairie region of Minnesota have 

been drained (Anderson and Craig 1984), and future 

climatic conditions may facilitate additional drainage. 

Another potential adverse factor is that “fl ashy” 

hydrologic regimes resulting from more intense precipi-

tation events and the overall drier conditions expected 

under future climatic conditions will be conducive to 

replacement of native plant communities with invasive 

species, particularly reed canarygrass (Phalaris arundi-

nacea) and potentially hybrid cattail (Typha x glauca; 

Galatowitsch et al. 2009, 1999). 

High populations of certain fi sh species (common 

carp, black bullhead, white suckers, fathead minnows) 

have been observed, through various mechanisms, to 

have adverse effects on marshes and shallow lakes, 

often nearly eliminating rooted aquatic plants that are 

critical for wildlife habitat (Bouffard and Hanson 1997; 

Jackson et al. 2010; Zimmer et al. 2006). Higher winter 

temperatures and shorter periods of ice cover expected 

due to climate change may reduce the frequency of 

low winter oxygen conditions responsible for reducing 

or eliminating fi sh populations (winterkill; Fang and 

Stefan 2000). Consequently, many shallow lake systems 

that never consistently supported fi sh populations due 

to regular winterkill conditions may become suitable 

habitats for fi sh in the future, with potential adverse 

consequences for wildlife habitat and water quality. 

Furthermore, greater fl ood events and agricultural 

ditching practices that increase wetland connectedness 

may lead to greater wetland permanence and more 

widespread distribution of wetland habitat-damaging 

fi sh species (Herwig et al. 2010). For basins that are 

not easily recolonized by fi sh, it’s possible that more 

frequent cycling through wet and dry stages may 

eliminate or reduce existing fi sh populations, thereby 

improving their condition. The actual (vs. predicted) 

effects of climate change on prairie wetlands and 

shallow lakes affected by fi sh populations will ultimately 

depend on the magnitude of observed temperature 

increases, changes in the amount, frequency and timing 

of precipitation, and associated changes in land use. 

Prairie pothole wetlands also play a signifi cant role 

in greenhouse gas exchange. Although peatlands are 
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typically considered the major carbon sink among 

wetland types, prairie pothole wetlands sequester 

a signifi cant amount of carbon as well; restoring 

drained and cultivated wetlands could allow them 

to store even more. Euliss et al. (2006) calculated that 

restoring farmed prairie wetlands in North America 

has the potential to sequester 378 teragrams (Tg) of 

organic carbon over a 10-year period. However, prairie 

wetlands also emit methane and nitrous oxide, potent 

greenhouse gases. Production of these gases depends on 

highly variable soil and moisture factors, and the net 

carbon balance of prairie pothole wetlands is diffi cult to 

ascertain (Bridgham et al. 2006; Dunmola et al. 2010). 

Restored prairie wetlands are more likely to have net 

positive climate effects by focusing on seasonal, tempo-

rary and semipermanent basins, which typically emit 

less methane than permanently inundated systems, 

and by establishing grassland buffers around restored 

wetlands to reduce infl ow of nitrogen-based fertilizers 

that have been shown to increase methane and nitrous 

oxide formation (Euliss et al. 2006). 

Peatlands
While nearly all wetlands accumulate organic 

matter that could be considered peat, the term peatlands 

generally refers to the large, mostly boreal expanse of 

wetlands that are characterized by deep peat deposits, 

often called bogs and fens (Mitsch & Gosselink 2000). 

Peat formation in these systems is driven by cool 

temperatures, saturated conditions, and low pH that 

inhibit decomposition. Peatlands are globally impor-

tant pools of carbon, occupying about 3% of the earth’s 

surface while containing about one-third of the total soil 

carbon pool (Gorham 1991). Although peatlands emit 

methane, an important greenhouse gas that contributes 

to global warming, the climate-changing impacts of 

peatland methane emissions appear to have historically 

been more than offset by the long-term, steady accumu-

lation of carbon (Frolking and Roulet 2007). Minnesota 

contains 6 to 7 million acres of peatlands, more than 

any state other than Alaska (Glaser 1987, Minnesota 

DNR 1984) and therefore plays an important role in 

global climate dynamics (for more discussion of carbon 

dynamics and terms, see Carbon Sequestration section, 

this report). 

Predicting the effects of climate change on 

Minnesota’s peatlands is challenging. Some studies 

suggest that peatlands are resilient ecosystems, capable 

of maintaining themselves under certain levels of 

climatic disturbance (Dise 2009). However, long-

term and/or suffi ciently large changes in temperature 

and hydrology may potentially alter plant species 

composition, plant productivity, evapotranspiration, 

and decomposition rates. Under extreme scenarios of 

increased temperature and periodic summer drought, 

peat formation may cease and existing peat stores may 

begin to oxidize, changing Minnesota peatlands from 

carbon sinks to carbon sources (Gorham 1991). This 

process could be accelerated by an increased frequency 

of peat fi res, which could be more likely to occur under 

future climatic conditions (Parish et al. 2007). 

In an experimental manipulation of temperature 

and hydrology, Minnesota bog and fen communities 

responded by altering their plant community structure, 

suggesting that in the most likely scenario of warmer 

temperatures and stable or very slightly increased 

growing season precipitation, Minnesota’s current open 

bogs are likely to shift to shrub-dominated communities 

(Weltzin et al. 2000). On the other hand, forested peat-

lands may experience increased tree mortality due to 

Fig. 3-12. Northern Minnesota peatland.
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drought (Galatowitsch et al. 2009). These changes have 

potential implications for statewide biological diversity, 

wildlife habitat and forest-product economies. 

Finally, projected climate scenarios may facili-

tate further attempts to drain Minnesota peatlands 

for agriculture. Bradof (1992) evaluated peatland 

drainage methods related to the Red Lake peatlands 

and concluded that due to topography and underlying 

deposits, “… the conversion of Red Lake peatland to 

agricultural land could not be accomplished in any 

reasonable manner unless a shift to warmer, drier 

climatic conditions were to occur.”

Calcareous Fens
Calcareous fens are rare and distinctive wetlands 

characterized by a substrate of nonacidic peat and 

dependent on a constant supply of cold, oxygen-poor 

groundwater rich in calcium and magnesium bicar-

bonates (Eggers and Reed 1997). This calcium-rich 

environment supports a plant community dominated 

by “calciphiles,” or calcium-loving species, several of 

which are state-listed rare species. These fens typi-

cally occur on slight slopes where upwelling water 

eventually drains away and where surface water 

inputs are minimal (Almendinger and Leete 1998a, 

1998b). Globally rare, nearly 200 calcareous fens or fen 

complexes occur in Minnesota, mostly along the Glacial 

Lake Agassiz beach ridges, along the Minnesota River 

Valley, and associated with the karst topography of 

southeastern Minnesota (Minnesota DNR 2009).

Under climate change scenarios of higher tempera-

tures and reduced or more intense precipitation events 

that allow less groundwater infi ltration, the ground-

water discharge responsible for supporting calcareous 

fens could be reduced or eliminated in some areas 

(Galatowitsch et al. 2009).

Riparian and Floodplain Wetlands
Riparian wetlands are shallow areas along the 

margins of lakes and streams that support rooted 

aquatic vegetation. Floodplain wetlands, typically 

forested, occur along but outside the banks of streams 

and rivers and are supported by periodic inundation 

due to fl ooding. Both of these wetland types are impor-

tant components of the energy and nutrient pathways 

of their associated lake and river systems, and provide 

important fi sh and wildlife habitat (Naiman et al. 2005; 

Mitsch and Gosselink 2000). 

The plant species composition of fl oodplain wetlands 

depends on the timing, frequency, and duration of 

inundation. Projected changes in precipitation patterns 

under future climate scenarios may alter hydrologic 

regimes of fl oodplain wetlands, possibly resulting in 

more frequent but shorter duration fl ooding. Floodplain 

wetland hydrologic regimes may also be indirectly 

altered due to changes in stream morphology (down-

cutting, meander cutoffs) that affect the frequency of 

out-of-channel fl ood events. As a result of these potential 

changes in hydrology, fl oodplain wetland communities 

within localized areas may be modifi ed and perhaps 

gradually converted to non-wetland. 

Riparian wetlands along the margins of lakes and 

streams may be affected by changes in water depths 

and hydroperiods that may occur under future climatic 

patterns, particularly becoming more vulnerable to 

invasive species such as reed canary grass (Phalaris arun-

dinacea). Increased erosion and sedimentation that may 

result from more intense rainfall could also adversely 

affect riparian wetlands. The University of Minnesota 

Water Resources Center is currently investigating 

potential climate change impacts on shoreline plants 

(University of Minnesota 2010).

Climate Change Impacts on Natural Resources
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Forest Systems, Habitats, 
and Species
Characteristics, Values, and Sensitivity 
to Climate

Minnesota’s forested ecosystems provide a wealth of 

ecological, recreational, and economic benefi ts to the 

citizens of the state. Of the approximately 16.7 million 

acres of forested land in Minnesota, approximately 57% 

is in public ownership. Approximately 2.8 million cords 

of wood was used by industry and as fuelwood in 2008. 

Tourism, much of which occurs in the forested parts 

of the state, is an $11 billion industry. Forest ecosys-

tems are heavily used for recreational activities such as 

birdwatching, hunting, fi shing, hiking, snowmobiling, 

and trail riding. Minnesota’s forest ecosystems provide a 

variety of ecosystem services that maintain the produc-

tion of wildlife, timber, and biomass fuels. Forest 

ecosystem services also include helping purify air and 

water, mitigating fl oods and drought, generating and 

preserving soils and their fertility, sequestering carbon, 

maintaining biodiversity, and providing people with 

aesthetic beauty and intellectual stimulation. 

Variation in climate, physiography, soils, and 

disturbance along geographic and site-level gradients 

determines the distribution of 107 different forest and 

woodland native plant communities in the state. These 

communities range from wet, nutrient-rich southern 

Fig. 3-13. Over the next century, climate change may shift 
the prairie-forest border 300 miles to the northeast. The 
dark line is the current prairie-forest border; the dashed 
line represents the possible future border. Similar shifts 
have occurred during past warming episodes. Source: 
adapted from Frelich and Reich 2010. 

fl oodplain forests to dry, nutrient-poor northern pine 

forests. A few of the native plant communities are 

globally imperiled, and many are rare in the state. 

Approximately two-thirds of the state’s 292 docu-

mented animal species addressed in the state wildlife 

plan (species of greatest conservation need) occur in 

Laurentian Mixed Forest and Eastern Broadleaf Forest 

Provinces.

In general, forest systems, especially boreal systems 

near the borders of other biomes, are globally viewed as 

highly vulnerable to climate change (Parry et al. 2007; 

Gonzalez 2010; Joyce 2008). The prairie-forest border in 

Minnesota is one of the most visible climatic signatures 

in North America, one that is particularly sensitive to 

climate change (Fig. 3-13). 

Early Signs of Change
As in other systems, we are starting to see impacts of 

climate change on forests:

• Woodall et al. (2009) found strong evidence that 

eleven northern tree species in the eastern and 

central U.S. are migrating north (through seed 

dispersal) at rates approaching 6 miles per decade. 

• Near Duluth, several common migratory forest 

birds are arriving 5 to 10 days earlier in the spring 

than they did 30 years ago (J. Green data). 

• Since the 1960s, 84% of resident forest birds in the 

U.S. have shifted their winter ranges north by an 

average distance of 75 miles (Niven et al. 2009). 

• Minnesota’s northwestern moose population 

declined by more than 90% since the 1980s, most 

likely due to climate change-related heat stress and 

associated factors (DNR data, Murray et al. 2006). 

The northeastern population is now declining as 

well. New research focuses on understanding the 

relationship between climate and moose popula-

tions. 

• Over the past 10 years, the eastern larch beetle 

has killed tamarack trees on over 100,000 acres in 

Minnesota. Increased mortality may be partially 

explained by warming winter temperatures, which 
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Directi on and 
Magnitude of 
projected change

Tree species

Large Decrease mountain maple, black spruce, balsam fi r, paper birch, yellow birch, eastern hemlock, 
quaking aspen, northern white cedar, bigtooth aspen, sugar maple, white spruce, black ash, 
tamarack

Small Decrease butt ernut, eastern white pine, red maple, rock elm, jack pine, balsam poplar

No Change chokecherry, red pine, northern red oak, northern pin oak, American basswood, green ash

Small Increase white ash, eastern hophornbeam, American hornbeam, American elm

Large Increase black cherry, bur oak, american beech, white oak, bitt ernut hickory, black oak, boxelder, 
swamp white oak, shagbark hickory, silver maple, black willow, slippery elm, eastern 
cott onwood, osage orange, eastern red cedar, black walnut, hackberry

Table. 3-1. Projected climate-change induced changes in habitat suitability for tree species in Northern 
Wisconsin over the next 100 years (Swantston et al. 2010). Predictions for Minnesota are expected to be 
similar, with some exceptions (e.g., sugar maple, red oak, and red maple will likely increase in northern 
Minnesota, but decrease in other parts of the state. The USFS plans to conduct a similar analysis for 
Minnesota, in partnership with DNR and other groups.

allow a greater proportion of eastern larch beetle 

adults to survive the winter. (Venette et al. 2008). 

• Shorter winters are reducing the available time 

for winter logging, essentially reducing accessible 

timber supply. This stresses an already troubled 

forest products industry in northern Minnesota. 

Likely Future Impacts 
Climate change will likely affect both the nature 

and extent of Minnesota’s forests. Although increased 

warming is highly likely, considerable uncertainty 

remains about whether precipitation will increase with 

temperature. If precipitation declines or remains about 

the same, the extent of Minnesota forests will shrink, to 

be replaced by savannas, grasslands, or brushlands, some 

dominated by invasive species (Fig. 3-13). Signifi cant 

increases in precipitation coupled with warmer temper-

atures would create a climate still favorable for forests, 

but dominant tree species would shift to those with 

more southerly ranges (e.g., central hardwoods such as 

oaks and hickories; Fig. 3-14).

Warmer temperatures in Minnesota’s forest regions 

are likely to be accompanied by more frequent extreme 

weather events. Droughts and fl oods are predicted to be 

more frequent, severe, and long lasting. More frequent 

natural disturbance events, such forest fi res, blowdowns, 

and ice storms, coupled with increased insect outbreaks, 

will lead to increased tree mortality. 

Species shifts

The fossil record has demonstrated that species 

respond to global warming by slowly shifting their 

ranges toward the poles. In Minnesota, future climate 

conditions for species such as balsam fi r, aspen, and 

white spruce will be less favorable than current condi-

tions, and, under the highest emissions scenarios, 

some boreal species may be extirpated from the state 

(Galatowitsch et al. 2009). Conversely, the future climate 

may be more favorable for oaks and hickories, and 

some southern species that are not currently present 

may move into the state. Table 4-2 shows projected 

changes in habitat suitability for tree species in northern 

Climate Change Impacts on Natural Resources



Minnesota Department of Natural Resources38

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

Wisconsin (USFS Chequamegon-Nicolet Assessment); 

the U.S. Forest Service plans to conduct a similar 

analysis for Minnesota. The ability of tree species 

(and other forest plant species) to shift their ranges in 

response to climate change, however, is contingent on 

dispersal as well as changes to disturbance patterns and 

their ability to compete with invasive species. Forest 

species do not migrate as intact communities; instead, 

each species with its unique ecological requirements 

moves at its own rate and sometimes different species 

move in opposite directions. Thus, even in the absence 

of barriers to dispersal (e.g., habitat fragmentation), 

changes in disturbance patterns, and competition from 

invasive species, existing forest ecosystems will likely be 

replaced by novel ecosystems with species assemblages 

having no historical precedent.

Loss of connectivity

Many Minnesota forests are fragmented due to agri-

culture, development, and forest management, reducing 

ecological connectivity within the landscape. Such 

fragmentation is most pronounced in the southern and 

western portions of the state, but 

even in northern Minnesota where 

forests are relatively intact, habitat 

fragmentation has eliminated the 

majority of large patches, reducing 

ecological connectivity. This loss of 

connectivity will limit the ability 

of some forest species to disperse in 

response to climate change. 

Invasive species 

Invasive species such as buck-

thorn and garlic mustard will 

become a larger component of what 

are now forest ecosystems. These 

species are already widespread in 

southern Minnesota, and popula-

tions are increasing in the north. 

With increased disturbance and 

drought, these and other invasive 

species are expected to disrupt existing species assem-

blages, potentially becoming dominant species in some 

areas. Other invasive species such as kudzu (Pueraria 

montana var. lobata) may migrate north into Minnesota, 

further altering Minnesota’s forest ecosystems. 

Insects and disease 

Because insects typically have short generation times 

and high reproductive rates, they can respond rapidly 

to climate change, allowing them to expand into forest 

communities that have previously been outside their 

range Logan et al. 2003). Increased winter tempera-

tures and droughts predicted for Minnesota will not 

only make the climatic conditions more favorable for 

newly arrived and existing insects and diseases, but 

will also stress trees, leaving them more susceptible to 

mortality. Warmer winters have allowed range expan-

sion of mountain pine beetles in western Canada, where 

an unprecedented outbreak exceeded 32 million acres 

and timber losses were over 120 million cords (Kurz 

et al. 2008). In the future, warm winters may allow 

the mountain pine beetle to cross Canadian boreal 

Fig. 3-14. Current and projected forest types under a mid-range warming scenario. 
Aspen-Birch forests in Minnesota may be replaced by Oak-Hickory forests. Source: 
National Assessment Synthesis Team 2001, as used in Karl et al. 2009. 
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Box 7. Phenological Mismatches

Phenology is the study of the timing of recurring plant and animal life-cycle changes, such as leafi ng and 

fl owering in plants, animal migration, or insect emergence. These events are often linked with weather and 

climate. Phenological responses to climate change will differ among species. Some species will signifi cantly 

alter the timing of migration, breeding, or fl owering, while others will respond slightly or not at all. As a 

result, climate change can cause phenological mismatches among species and the resources they need to breed 

or survive. For example, a phenological mismatch is likely causing local extinctions of the Edith’s checkerspot 

butterfl y in the southern part of its range in Mexico and California. Because of earlier seasonal warming and 

drying, the host plants of this species dry out too soon and the caterpillars cannot fi nd enough food to survive 

(Parmesan and Galbraith 2004). While phenological mismatches have not been investigated in Minnesota, 

they are a potential outcome of climate change. This raises the importance of monitoring phenology across a 

wide array of species and habitats (see Box 8, also see the USA National Phenology Network: USANPN.org). 

forest and become established in Minnesota, bringing 

high mortality to jack and red pines. Other insects and 

diseases, including those currently present in the state 

and those that will arrive in the future, will continue to 

alter existing and future forest ecosystems. 

Net outcome

Climate change will likely have extensive or even 

profound impacts on Minnesota forests, depending on 

amount of warming and extent and direction of precipi-

tation change. Warming itself will cause shifts in species 

ranges and reductions in commercially important 

tree species such as aspen and white spruce. Warming 

combined with reduced precipitation would shift the 

current location of the prairie-forest border to the north-

east, which would have dramatic impacts on ecosystems, 

forest-based recreation opportunities, and the timber 

economy. In all scenarios, invasive species are predicted 

to increase. The challenge for resource management 

is how to intervene in this dynamically unfolding and 

uncertain system.

Climate Change Impacts on Natural Resources

Fig. 3-15. Paper birch forest in northern 
Minnesota. Paper birch are expected to decline 
with climate change. 
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Prairie Systems, Habitats, 
and Species
Characteristics

Prairie communities occur throughout much of 

Minnesota, though mainly in the western one-third 

of the state. Historically, prairies occurred where 

precipitation, fi re frequency, and local hydrology 

precluded forests or wetlands. Prairie communities 

range from the wet, nutrient-rich southern wet prairie 

to nutrient-poor northern dry prairie. Because of 

conversion to agriculture and other land uses, nearly 

99% of Minnesota’s original native prairies have been 

lost, and most remaining prairies are small and isolated 

(Fig. 3-16). Approximately half of the state’s 292 docu-

mented animal species addressed in the state wildlife 

plan (species of greatest conservation need) occur in the 

Prairie Parkland Province. Statewide, prairies contain 

more species of greatest conservation need than any 

other habitat in Minnesota (Minnesota Department of 

Natural Resources 2006). 

Early Signs of Change
Scientists and managers are beginning to detect signs 

of climate change in prairies. Some of these signs are 

not yet established as long-term trends, but they are 

consistent with climate change predictions and need to 

be monitored as we plan for 

the future. Noted changes 

include: 
Minnesota’s Remaining Native Prairie

A Century After the Public Land Survey
Native Prairie Recorded 1847-1908 (Shown in Yellows and Tans)

Remaining Native Prairie Mapped 1987-2011 (Shown in Red)

0 30 6015 Miles

April, 2011

±

Ecological Provinces
of Minnesota

Laurentian 
Mixed Forest

Prairie
Parkland

Eastern 
Broadleaf 
Forest

Tallgrass 
Aspen 
Parklands

Remaining Native Prairie 
Mapped by the Minnesota County 
Biological Survey: 1987-2011

Native Prairie 
(approximately 231,000 acres)1

Natural Prairie Vegetation of Minnesota 
Recorded at the Time of the 
Public Land Survey: 1847-19082

Prairie
Wet Prairies, Marshes and Sloughs3

Brush Prairie
Oak Openings and Barrens

Fig. 3-16. Minnesota’s 
remaining native prairies. 
Source: Minnesota County 
Biological Survey. 

• In Bluestem Prairie in 

western Minnesota, the 

pasque fl ower is blooming 

two weeks earlier than 

it did a century ago (S. 

Travers and O.A. Stevens 

data).

• In the northern prairie 

region, 18 out of 20 migra-

tory bird species shifted 

to earlier migration dates. 

These shifts were corre-

lated with increases in 

winter temperatures, and 

species associated with 

aquatic habitats responded 

more strongly (Swanson 

and Palmer 2009). 
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• The federally threatened western prairie fringed 

orchid (Platanthera praeclara) is declining, especially 

in the southern portion of its range (Nebraska, 

Kansas). While the causes of the decline are 

numerous, this species is sensitive to changes in 

precipitation and temperature. Droughts lasting 

more than one year are known to severely increase 

mortality and reduce fl owering of surviving plants 

(Nancy Sather personal communication; DNR 

Rare Species Guide).

 

Likely Future Impacts
Predicted temperature increases, changes in precipi-

tation, and increases in extreme weather events are 

projected to affect prairie systems in a variety of ways. 

As with other systems, uncertainty in precipitation 

projections makes it diffi cult to predict climate change 

impacts on prairies. However, climate model averaging 

suggests that either slight decreases (Galatowitsch et al. 

2009, Christensen et al. 2007) or essentially no change in 

summer precipitation (see Climate Projections section, 

p. 18) are the most likely scenarios in Minnesota’s 

prairie region. Both scenarios combined with tempera-

ture increases would result in net drying in summer, 

likely causing increases in fi re frequency and generally 

shifting the prairie forest border to the northeast.  These 

changes may actually bring an increase in suitable 

conditions for prairies, but these conditions will not 

automatically produce new native prairies, and the 

changes will not be positive for all prairie habitats.   

Potential losses

Increases in net drying would cause gradual shifts in 

plant composition including eventual declines of mesic 

and wet prairie species.  Isolated and mesic prairies with 

low diversity will be most susceptible to the impacts 

of climate change and compounding factors such as 

invasive species. Southwestern Minnesota will likely 

lose unique wet prairie systems as they dry because of 

the isolated nature of these systems.  Rare species such 

as Wolf’s spikerush (Eleocharis wolfi i) will be vulnerable 

to extinction as conditions change and microhabitats 

such as ephemeral pools within rock outcrops no longer 

retain enough water seasonally to sustain these species. 

Price (1995) modeled the summer distributions of 23 

species of North American grassland birds. The results 

indicate that summer distributions of all 23 species will 

shift, and several species would likely be extirpated, 

resulting in substantial changes in grassland bird 

communities. 

Potential gains

While mesic and wet prairie species may decline 

with climate change, dry prairies may increase.  Prairies 

with high species diversity and physiographic variability 

may transition fairly smoothly from mesic to dry prairie 

systems. Woodlands may shift to prairies, and this will 

occur most readily in areas were these two systems 

occur in close proximity (Galatowitsch et al. 2009).  As 

existing wetland systems dry, suitable habitat for prairie 

species may increase in these locations.

Constraints on transitions to prairie

The combination of existing fragmentation and 

isolation of most prairie remnants, the limited dispersal 

ability of many prairie plants, and increases in invasive 

species will limit the ability of prairie systems to expand Fig. 3-17. Western prairie fringed orchid. 

Climate Change Impacts on Natural Resources
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into areas that become more suitable for prairie. 

Fragmentation.— Minnesota’s prairie landscape is 

highly fragmented (Fig. 3-17). Even without climate 

change, this fragmentation poses a signifi cant threat 

to prairies. Over 90% of the original mosaic of prairie, 

wetland, and forest in the prairie province has been 

converted to agriculture or development.  While climate 

change will likely create new areas with suitable condi-

tions for prairie, it will be diffi cult for many prairie 

species to move into these new areas because they have 

limited dispersal abilities, and the non-prairie areas 

between prairie fragments function as dispersal barriers. 

Invasive species.— Invasive species are widespread 

throughout the prairie landscape. Invasive species, 

including cool-season grasses such as smooth brome 

(Bromus inermis) and perennial and annual forbs such as 

spotted knapweed (Centaurea biebersteinii), wild carrot 

(Daucus carota) and leafy spurge (Euphorbia esula), pose 

considerable threats to the existing native prairie. With 

Box 8. Changes on Aldo Leopold’s Farm

“Most phenological studies take place over a relatively short time span—fewer than 30 years. However, 

Bradley et al. (1999) were able to take advantage of observations on the timing of spring events made by Aldo 

Leopold on a Wisconsin farm in the 1930s and 1940s. Comparing Leopold’s data on birds and native fl owers to 

their own surveys in the 1980s and 1990s enabled them to look for long-term trends over a 61-year period. They 

found that the more recent surveys indicated that spring events for many species are taking place substantially 

earlier than in Leopold’s time; for example, northern cardinals sing 22 days earlier, forest phlox blooms 15 days 

earlier, and butterfl y weed blooms 18 days earlier. Of 55 species studied, 18 (35%) show advancement of spring 

events, while the rest show no change in timing (with the exception of cowbirds arriving later). On average, 

spring events occur 7.3 days earlier in the 1990s, coinciding with March temperatures being 2.8°C (5.0°F) 

warmer.”

Source: Parmesan and Galbraith (2004). 

increased disturbance caused by climate change, these 

and other invasive species will continue to disrupt native 

species assemblages and potentially dominate sites 

(MacDougall et al. 2005, Hanson and Weltzin 2000). 

Net outcome

The impact of climate change will be coupled with 

existing stresses brought by fragmentation and invasive 

species. Climate change will exacerbate these stresses as 

habitat becomes less suitable for some existing species 

and fragmentation hampers dispersal of these and 

other species. This dispersal roadblock will provide 

increased opportunities for invasive species to move into 

native systems (Saunders et al. 1991). The challenge for 

resource managers will continue to be how to effectively 

intervene in the face of uncertain climate conditions. 

Intensive management, including invasive species moni-

toring and control, prescribed burns, and seeding will 

likely be necessary to facilitate a transition from current 

woodlands and wetlands to future native prairies. 
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Part II of this document describes examples of 

DNR’s current and proposed management responses to 

climate change and renewable energy trends, divided 

into separate sections on climate-change adaptation and 

mitigation strategies. 

A fi nal section of Part II describes a decision frame-

work for improving climate change and renewable 

energy strategies as we learn more.  

Climate Change Adaptation 
Climate change adaptation activities help human 

and natural systems prepare for and adjust to climate 

change. More formally, they “reduce the vulnerability of 

natural and human systems against actual or expected 

climate change effects” (IPCC 2007b). Adaptation strat-

egies are typically grouped into three broad categories: 

resistance, resilience and facilitation (Millar et al. 2007, 

Galatowitsch et al. 2009). The actions that DNR can 

take to prepare for and adapt to the effects of climate 

change on Minnesota’s natural resources can be grouped 

into these categories. 

Resistance
Resistance strategies attempt to help species, 

communities, or systems to remain unchanged in the 

face of climate change (Lawler, 2009). For example, 

constructing seawalls to hold back rising sea levels is 

a resistance strategy. Resistance strategies that are (or 

could be) implemented in Minnesota include main-

taining fi rebreaks around high value forests which 

could be at increased fi re risk due to a warmer/drier 

climate, and aerating lakes to address hypoxia resulting 

from warmer waters. Resistance strategies are useful 

when climate change impacts are expected to be 

minimal or as a stopgap measure to provide time for 

resilience or facilitation strategies to be put into place, 

such as when managing an endangered species occur-

ring within a small area.

Resilience
Resilience strategies increase the ability of species or 

ecosystems to absorb or adapt to the effects of climate 

change. Resilient systems will continue to function in 

the face of climate change, although possibly in different 

ways or with a different suite of species than in a prior 

state (Lawler, 2009). Systems which lack resilience 

will likely undergo abrupt transformations, causing 

disruption or loss of ecosystem functions, population 

declines or even loss of species. Reducing the impact 

of non-climate stressors such as invasive species or 

nutrient pollution are commonly used resilience strate-

gies. Other resilience strategies include enlarging the 

sizes and numbers of protected areas through restora-

tion or acquisition (especially those considered climate 

refuges, see cisco case study); increasing or maintaining 

the natural diversity of sites at both at the species and 

genetic levels, and managing for multi-age forest struc-

ture. Resilience strategies are best implemented when 

climate change effects are not expected to be severe, 

when there is a high degree of uncertainty regarding the 

direction of change, or as interim measures. 

Facilitation
Facilitation strategies use active management to 

encourage adaptation toward a predicted direction of 

climate change. These strategies can “mimic, assist, 

or enable on-going natural adaptive processes such as 

species dispersal and migration, population mortality 

and colonization, changes in species dominances and 

community composition, and changing disturbance 

regimes” (Millar et al., 2007). The goal is to facilitate 

incremental change so as to minimize the number 

and scale of catastrophic “threshold” conversions of 

natural communities. Facilitation can be risky because 

it involves encouraging change toward an uncertain 

outcome; however, the gradual nature of facilitation 

may allow for redirection if necessary. Examples of 

facilitation strategies include establishing travel corri-

dors in the expected direction of changes in species 

ranges, deliberately moving young or adults in that 

same direction, or introducing native species beyond 

their current range but within the boundaries of 

expected change. Another example is planting seeds or 

seedlings originating from seed zones that resemble the 

Management Response: Adaptation Strategies
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expected future conditions of the planting site (see seed 

control case study). 

Selecting Adaptation Strategies for 
Resource Management

Managers need to consider impacts of climate change 

when developing and implementing plans to protect 

and conserve natural resources. The normal uncertain-

ties inherent in resource management will be further 

complicated by uncertainties associated with the direc-

tion and magnitude of climate change. 

Lawler et al (2009) suggests a model (Figure 4-1) 

for identifying the uncertainty (risk) associated with 

resource management. Strategies that have been 

successful under a relatively static climate and are likely 

to be successful under other climate scenarios, such as 

controlling terrestrial invasive species, are considered 

low risk (uncertainty). In contrast, activities such as 

species translocations, which are often unpredictable 

under normal climatic conditions, become even more 

uncertain when compounded by climate change (high 

risk).

An additional complicating factor for many resource 

managers is the uncertainty surrounding use of pre-

settlement conditions as goals for restoration and 

management. The Society for Ecological Restoration 

International Primer on Ecological Restoration (2004) 

states, “Restoration attempts to return an ecosystem to 

its historic trajectory. Historic conditions are therefore 

the ideal starting point for restoration design.” In some 

cases, such as for DNR’s Division of Parks and Trails, 

this objective is mandated in statute: Minnesota Statutes, 

section 86A.05, subd. 2c, directs state parks to “preserve, 

perpetuate and interpret natural features that existed in 

the area of the park prior to [European] settlement” and 

to “re-establish desirable plants and animals that were 

formerly indigenous to the park but are now missing.” 

Climate change calls for revising these guidelines. 

With climate and other environmental changes, 

novel ecosystems (also known as no-analog systems) are 

emerging that differ in composition and function from 

present and historic systems (Hobbs et al. 2009). While 

change is a normal attribute of ecosystems, the rapid 

pace of change today increasingly brings novel envi-

ronmental conditions, new species combinations, and 

altered ecosystem functions. Hobbs et al. (2009) suggest 

that managers will need to consider 

several potential scenarios when devel-

oping management plans, including: 

(1) scenarios where it is possible to 

maintain historic ecosystems with rela-

tively little modifi cation and/or addition 

of new species, (2) scenarios where it is 

not possible to maintain historic ecosys-

tems but it is possible to maintain or 

restore of key structures and functions 

(3) scenarios where biotic and/or abiotic 

changes exceed ecological thresholds 

such that it is diffi cult or impossible to 

restore novel systems to previous states. 

Traditional, static views of biodiversity 

and ecosystems will need to be replaced 

with improved scientifi c understanding 

of changing ecosystems and climate in 

the future (Mawdsley et al. 2009). 
Figure 4-1. Model for considering uncertainty in management strategies 
for addressing climate change (Adapted from Lawler et al. 2009).
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Box 9. Seed Control To Help Maintain a Resilient Forest

The DNR Nursery and Tree Improvement Program provides seeds and seedlings for reforesting harvested 

sites and for other conservation plantings. The program provides high quality seeds and seedlings from known 

locations that are likely to be adapted to the climatic and site conditions of those locations. Using seeds from 

plants adapted to sites where they will be planted greatly improves their chances for survival and vigorous 

growth. In order to provide the best seeds and seedlings to land managers and citizens, DNR’s Nursery and 

Tree Improvement Program uses “seed source control” to track the origin of seeds and keep seeds from 

different locations separate so they can be planted in appropriate locations. 

Minnesota has six seed zones for forest plants based on current climatic conditions (Fig 4-2). Foresters 

identify healthy forest stands within different zones and target them for seed collection. By obtaining seed from 

plants growing in a wide variety of climatic conditions with genes suitable for those conditions, we capture 

greater genetic diversity. After collection, the DNR Nursery program maintains source location information so 

seeds and seedlings can be returned to their original seed zone for planting. This helps ensure that reforestation 

efforts are successful. 

 Under a scenario of a relatively stable climate, planting seeds obtained near the intended planting zone is 

generally best because they are already adapted to those conditions. However, DNR is revaluating this practice 

in anticipation of changing climates. One alternative is to plant seeds or seedlings from seed zones that resemble 

the expected future conditions of the planting site. This may not be practical as a general practice because we 

do not know precisely how climates will change, especially regarding precipitation (see p. 18). To deal with this 

uncertainty, another approach is to expand seed collection zones. This increases the genetic diversity of plant-

ings because seeds originate from a larger geographic area. Increasing the genetic diversity of plantings raises 

the chances that some of the trees and their offspring will survive and adapt to whatever climatic conditions 

arrive in the future. Both of these approaches have strong support in the literature but bring some risks and 

need to be carefully evaluated (Millar et al. 2007, Galatowitsch 

et al. 2009). As we learn more, seed source control will continue 

to be critical for deliberate matching of seeds from collection to 

planting locations, or for expanding seed zones. 

South

Central

North Central

Northwest

Northeast

West Central

Fig. 4-2. Minnesota DNR’s forest seed collection zones help 
return seeds and seedlings to locations where they are 
most likely to thrive. 
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In a recent survey (MNDNR 2010), DNR staff 

identifi ed 1) protecting/enhancing/restoring native 

habitats, 2) optimizing groundwater recharge, and 3) 

protecting/enhancing/restoring corridors for movement 

of species as the most important adaptation strategies 

from a list of 18 choices (Table 7-1). Of those, the fi rst 

and third could be considered “medium uncertainty” 

because of the uncertainty surrounding selection of 

appropriate restoration targets in a changing climate 

and the potential for corridors to facilitate introduction/

spread of invasive species into new areas. DNR staff 

also identifi ed establishment of captive populations 

and artifi cial transport of species as the least important 

strategies of those included in the survey. Both of these 

could be considered “high uncertainty” because of the 

inherent risks of trying to move or establish populations 

of species and the uncertainty regarding where the most 

suitable areas will be.

Climate change challenges resource managers to 

adapt to both a swiftly changing climate and a high 

level of uncertainty. Given this environment, Heller 

and Zavaleta (2008) recommend that resource managers 

implement a range of measures, from low-risk, precau-

tionary actions to high-risk efforts that are particularly 

anticipatory in nature.

Implementation of precautionary actions such as 

Adaptation Strategy Low 

Uncertainty

Medium 

Uncertainty

High

Uncertainty

Protect/enhance/restore native habitats. X

Optimize groundwater recharge. X

Protect/enhance/restore corridors for movement of species X

Expand long-term monitoring of populations, habitats & other natural

 resources.

X

Protect/enhance/restore hydrologic regimes. X

Maintain genetic diversity in seed sources. X

Maintain viable populations of species X

Adjust forest management prescriptions X

Maintain native species communities through ongoing management

 interventions

X

Increase private lands conservation assistance. X

Optimize ditch & shore land buffers. X

Use vegetation management strategies to closely mimic natural

 disturbances.

X

Protect/enhance/restore potential refuge areas. X

Intensify terrestrial invasive species prevention & control. X

Conduct vulnerability assessments X

Increase land acquisition/easements X

Establish captive populations of species that would otherwise go extinct. X

Facilitate movement of species to more suitable geographic areas

 through artifi cial transport 

X

Table 4-1. Levels of Uncertainty for Selected Adaptation Strategies 

This table identifi es likely levels of uncertainty of achieving the expected outcome of an adaptation strategy in the face of 
both climate change and the “normal” uncertainty of the outcome under a stable climate. 

Management Response—Adaptation
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management strategies that mimic natural ecological 

processes (e.g., prescribed burning, wetland and 

shoreline restoration) will continue to help managers 

address current threats to natural resources and may 

make communities more resilient to climate change. 

However, these efforts alone will not address the long-

term changes in ecosystem composition that will occur 

as a result of shifts in temperature and precipitation. 

Strategies such as using seed mixtures suitable to the 

expected climate, increased efforts to connect land-

scapes, and facilitated migration will also be needed to 

meet these challenges.

Over the past two decades, researchers have 

developed a substantial literature on conservation 

management in the face of climate change. In their 

review of 112 papers, Heller and Zavaleta (2008) 

summarize four recommendations that consistently 

appear: 1) coordinate among area agencies and orga-

nizations to improve landscape connectivity, 2) widen 

the temporal and spatial criteria for projects and 

incorporate actions that build resilience, 3) ensure 

that climate change is incorporated into all resource 

management planning, and 4) manage multiple threats 

simultaneously. Solutions to climate change and other 

environmental issues increasingly rely on collaborating 

across boundaries of management areas and adjacent 

ownerships. This will require new connections with 

landowners, local offi cials, and citizens. 

Box 10. An Adaptation Strategy for Cisco in Minnesota: 
Protecting Resilience in Deep, Clear Lakes Using a 

Landscape Approach

Cisco, the most common coldwater fi sh in Minnesota, are found in 648 lakes throughout the state. Cisco are 

an important food source for game fi sh such as walleye, pike, and lake trout. In fact, recent research suggests that 

cisco are especially important for producing large walleyes in many lakes (Henderson et al. 2004). 

Because Minnesota is in the southern part of its range, cisco are especially vulnerable to climate change 

(Jacobson et al. 2010). Longer and warmer summers deplete oxygen in deep lakes (De Stasio et al. 1996; Stefan 

et al. 1996) and can lead to summer kills of cisco (Jacobson et al. 2008). Indeed, DNR records show that cisco 

numbers have been declining statewide since 1975 (see p. 27, this report). Jacobson et al. (in press) present strong 

evidence that the declines are primarily due to climate-driven stressors and not accelerated nutrient loading or 

invasions by non-native competitors. 

DNR is developing measures to reduce the impact of climate change on coldwater fi sh such as cisco. Deep 

lakes with exceptional water quality will be important sanctuaries for coldwater fi sh in a warmer Minnesota. 

In collaboration with Heinz Stefan at the University of Minnesota and Xing Fang at Auburn University, DNR 

identifi ed 238 deep, clear “refuge” lakes (Fig. 4-3). The majority of these lakes are in the forested areas of 

Minnesota where water quality remains high. Tier 1 lakes are the deepest and clearest of the refuge lakes and 

represent some of the real “jewels” of Minnesota including: Big Trout Lake near Brainerd, Big Sand Lake near 

Park Rapids, Ten Mile Lake near Hackensack, Trout Lake near Grand Rapids, Snowbank Lake near Ely, and 
Sea Gull Lake near Grand Marias. Tier 2 lakes will also provide habitat for cisco, but are not as deep and clear as 

Tier 1 lakes. Protecting water quality in these lakes and surrounding watersheds is a “resilience strategy” essential 

for maintaining populations of coldwater fi sh in the face of climate change. 
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Cisco Case Study—Continued

DNR (and partners such as BWSR) are developing plans to protect the surrounding watersheds through 

conservation easements and best management practices. Fortunately, many of the refuge lake catchments 

already have high levels of protection (Fig. 4-3). The Superior National Forest provides a great deal of protec-

tion in the northeast part of the state. The Chippewa National Forest, state forests, and county tax-forfeit lands 

provide additional protection in north central Minnesota. In fact, 116 lakes already have suffi cient protection 

(>75% of the entire watershed in protected ownership). Of the remaining lakes, 101 are in the forested portion 

of Minnesota and would greatly benefi t from private forest conservation easements. An additional 393,431 acres 

of forest easements would need to be purchased within the watersheds of these lakes to provide protection at 

the 75% level. Annual investments of $14.8 million for private forest conservation easements (@$750/acre) for 

20 years would fully protect these 101 lakes (for a total of 217 refuge lakes with enhanced resilience to climate 

change). Despite such measures, climate change will undoubtedly reduce the number of lakes that sustain cisco. 

Ongoing DNR efforts are identifying imperiled lakes to help shape agency and public expectations, and inform 

adaptive measures (e.g., managing for alternate, warm water prey species to sustain game fi sh populations).

Fig. 4-3. Locations of lakes that will be suffi ciently deep and clear to provide refuge for cisco from climate warming 
(left map, magenta and black dots). The right map displays all of the individual catchments that drain into refuge 
lakes, along with existing levels of land protection.

Management Response—Adaptation
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Mitigation
Climate change mitigation actions are those that 

reduce greenhouse gas (GHG) emissions or remove 

them from the atmosphere. This section focuses on 

DNR’s three primary mitigation strategies: 

• Carbon Sequestration

• Bioenergy and Conservation-Based Energy 

Strategies

• Energy Effi ciency

Carbon Sequestration
What is carbon sequestration and why is it 

important?

Terrestrial carbon sequestration is a natural 

process—driven by photosynthesis—that removes 

carbon dioxide from the atmosphere and stores it in 

plants or soils. Geologic carbon sequestration is the 

human-mediated process of capturing industrial CO
2 

and storing it in geological formations (also known 

as “carbon capture and storage,” or CCS). Geological 

carbon sequestration is beyond the scope of DNR 

management activities, so this section will focus on 

terrestrial carbon sequestration. 

Terrestrial carbon sequestration (hereafter: carbon 

sequestration) occurs when plant uptake of CO
2
 exceeds 

the return of CO
2
 to the atmosphere through respiration 

and decomposition (Fig. 4-4). In natural systems such as 

forests, prairies, or wetlands, humans can take actions 

that maintain or increase carbon uptake or reduce CO
2
 

emissions from respiration and decomposition, both of 

which can increase carbon sequestration and help offset 

industrial CO
2
 emissions. Activities that increase carbon 

sequestration are widely considered to be important 

climate change mitigation strategies. 

Beyond climate change mitigation, carbon seques-

tration can produce other valuable benefi ts. Carbon 

sequestration strategies that establish herbaceous or 

woody vegetation can reduce soil erosion, improve 

soil and water quality, provide habitat, and increase 

biodiversity. In urban areas, planting trees for carbon 

sequestration also helps reduce energy consumption and 

facilitates stormwater management. 

Carbon sequestration can also generate income 

that supports land management and contributes to the 

state’s economy. Voluntary carbon markets allow land 

managers to sell carbon credits for verifi ed increases in 

carbon sequestration to partially offset CO
2
 emissions 

Photosynthesis 

Decomposition

Dead roots

Forest litter

Dead wood

Live plants

Soil carbon

Plant 
respiration

CO2 Emissions

CO2 Uptake

CO2 Emissions

Fig. 4-4. Carbon sequestration occurs when CO2 uptake 
by vegetation (via photosynthesis) is greater than CO2 
emissions from plant respiration and decomposition 
processes. 

Forest Carbon Cycle

Management Response: Mitigation Strategies

Key Mitigation Terms 

Climate change mitigation includes actions that 

reduce greenhouse gas emissions or remove them 

from the atmosphere. 

Greenhouse Gases absorb and re-emit infrared 

radiation in the atmosphere. These gases can be 

both natural or anthropogenic, and include water 

vapor, carbon dioxide, nitrous oxide, methane, 

and ozone. In terms of infl uence on temperature, 

carbon dioxide is the most important of the 

anthropogenic greenhouse gases. 

Biological carbon sequestration is a natural 

process—driven by photosynthesis—that removes 

carbon dioxide from the atmosphere and stores it 

in plants or soils. 
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Ecosystem or 
land use

Annual 
sequestration 
rate (metric 
tons C per acre 
per year)

Carbon stored 
(metric tons C 
per acre)

Forest 0.5–1.6* 99

Peatland 0.03–0.25 745

Non-peat 
wetlands

2.1 227–258

Grasslands <0.5 78

Row crop 
agriculture

0 n/a

Table 4-2. Average Carbon Accumulation and 

Storage in Minnesota Ecosystems and Land Types

*Sequestration rates vary widely with age and type of 
forest.  Sources: Roulet 2000; Jones and Donnelley 2004; 
Smith et al. 2005; Euliss et al. 2006.  

of utilities and other large consumers of fossil fuels. 

Regional efforts to limit greenhouse gas emissions, such 

as the Western Climate Initiative in the northwestern 

U.S., the Midwest Greenhouse Gas Accord, and the 

Regional Greenhouse Gas Initiative in the northeastern 

U.S., have recently taken or are discussing steps to 

reduce emissions via emission caps and trading of 

carbon credits generated in offset projects. As emis-

sion caps become more common and more emitters are 

subject to those caps, carbon markets will expand and 

become more fi nancially attractive to landowners and 

land managers.. 

Existing carbon storage and sequestration rates in 

Minnesota ecosystems

Minnesota’s ecosystems contain vast amounts of 

stored carbon and vary considerably in the rate at 

which they sequester carbon (Table 7.2). For example, 

Minnesota peatlands contain about 4.25 billion metric 

tons of carbon (Anderson et al. 2008). Loss of the carbon 

contained in 1,000 acres of peatlands would release 

approximately 2.7 million metric tons of CO
2
 to the 

Average per Acre Carbon in Forests in the U.S.

0-40
41-55
56-70
71-85
85+

Metric tonnes per acre

atmosphere, increasing Minnesota’s annual emissions of 

CO
2
 by 2% above 2005 levels (Anderson et al. 2008). The 

same study estimated that Minnesota forests contain 1.6 

billion metric tons of stored carbon, and Minnesota is 

one of the top states in terms of forest carbon storage per 

acre (Fig. 4-5). Non-peat wetlands store less carbon per 

acre than do peatlands, but have much higher rates of 

sequestration. Natural and restored wetlands store more 

carbon than do those that are drained and/or farmed. 

Grasslands and shrublands store signifi cant amounts of 

carbon, primarily in soils. Agricultural soils also store 

signifi cant carbon, both in surface and in deeper soil 

layers. Tillage and annual cropping tend to minimize 

the potential for increasing soil carbon stocks in agricul-

tural soils.

When evaluating carbon management strategies, 

it is important to distinguish between the amount of 

carbon stored (“C stock”) from the rate at which carbon 

is sequestered (“C fl ow”). For example, peatlands 

store more carbon than any other ecosystem type in 

Minnesota, but peatlands have much lower sequestra-

tion rates than forests or prairie pothole wetlands (Table 

4-2). 

Management Response—Mitigation

Fig. 4-5. Minnesota is one of several states with the highest 
per-acre carbon storage rates in the U.S. (dark green 
indicates >85 metric tons of stored carbon per acre) 
Source: U.S. Forest Service 2010. 
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41-55
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85+

Metric tonnes per acre
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Strategies for increasing carbon sequestration

Effective means of increasing carbon sequestration 

through management are different in each ecosystem 

or land type. The section below describes examples 

of potential strategies that may be applied to forests, 

wetlands, and grasslands. As with most resource 

decisions, costs and benefi ts of carbon sequestration 

strategies should be carefully evaluated before imple-

mentation. 

In forests, managing for larger carbon pools may 

include:

• Afforestation (creating new forest on land not 

previously forested where it is ecologically reason-

able to do so) creates new stocks of carbon.

•  Reducing the frequency and/or intensity of 

wildfi res may reduce the release of forest carbon 

to the atmosphere if doing so does not increase the 

likelihood of more intense, catastrophic fi res.

• Increasing the proportion of wood harvested and 

used for long-lived wood products (e.g., furniture 

instead of paper) lengthens the period that the 

carbon contained in wood stays out of the atmo-

sphere.

• Increasing the rate at which trees grow allows 

carbon to accumulate more quickly.

• Preparing sites for planting or seeding using 

methods that minimize soil disturbance minimizes 

the release of soil carbon to the atmosphere.

• Lengthening rotations (the time between establish-

ment of new forests and fi nal harvest) keeps carbon 

on the landscape longer.

• Increasing the stocking of trees on lands that are 

not fully stocked puts more carbon into existing 

forests.

In peatlands and other wetlands, managing for 

larger carbon pools may include:

• Restoring the hydrology of drained and partially 

drained wetlands increases the rate at which 

carbon is sequestered and prevents loss of stored 

carbon via decomposition.

• Suppressing peat fi res prevents the release of stored 

carbon to the atmosphere.

• Increasing the stocking of trees on peatlands, 

where it is ecologically reasonable to do so, 

increases the amount of carbon that can be stored 

there without compromising the carbon stored in 

peat.

In grasslands, managing for larger carbon pools may 

include:

• Adjusting the level of grazing by cattle can 

promote root growth and carbon accumulation in 

soils.

• Increasing the diversity of plant species by 

including perennials with extensive root systems 

increases carbon storage in soils.

• Minimizing soil disturbances reduces the amount 

of carbon released to the atmosphere.

0 0.5 1 1.5 2

Row crop to woody crops

Row crop to forest

Prairie pothole restoration

Land use or land cover
change

Change in carbon sequestration rate
(metric tons C per year per acre)

Row crop to perennial grassland

Turfgrass to urban woodland

Peatland restoration

Increased forest stocking

Cover crops in row crop rotation

Fig. 4-6. For other land use or cover changes evaluated 
(row crops to pasture/hay land, conventional to conser-
vation tillage, and low diversity to high diversity grassland) 
the estimated carbon sequestration rate was less than 0.2 
metric tons C per year per acre. See original source for 
error bars and more detail  (Anderson et al. 2008). 

Estimated Changes in C Sequestration Rates Upon 

Land Use or Cover Change in Minnesota 
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Potential problems with increasing carbon 

sequestration 

Land managers in Minnesota manage for multiple 

benefi ts simultaneously. Forest managers, for example, 

manage for sustainable yields of timber, wildlife habitat, 

viable populations of game and nongame species, 

and improved water quality. Because not all possible 

management objectives can be met in every location, 

managers set priorities and acknowledge that trade-

offs among management objectives may be necessary. 

Adding mitigation of climate change via increased 

carbon sequestration to the list of management objec-

tives will increase the likelihood that management 

objectives will confl ict. A thorough evaluation of 

the compatibility of carbon sequestration and other 

management objectives will help guide management 

decisions so that we sustain valued ecosystem services 

while increasing the role of ecosystems in mitigating 

climate change (D’Amato et al. 2011).

Mitigating climate change via carbon sequestration 

will reduce, but not eliminate, the need to adapt to 

climate change. Many mitigation strategies likely will 

help ecosystems become more resilient to changes in 

climate and other threats in the future. Identifying and 

implementing these strategies will be a high priority. 

DNR and other state agency efforts

Interagency and DNR carbon sequestration teams 

are identifying and evaluating ways to increase carbon 

sequestration on state-administered lands with the 

intent to incorporate practices that increase carbon 

sequestration into management activities where doing 

so will not prevent reaching other management goals. 

General approaches that may be widely applicable 

include: 

• Monitoring ecosystem carbon pools’ response 

to management activities. Information derived 

from regular measurement of carbon would help 

managers adjust their practices to increase carbon 

sequestration. 

• Seeking additional revenue to support land 

management activities by participating in carbon 

markets. Revenue generated by selling carbon 

credits could support a wide variety of manage-

ment activities that increase carbon sequestration.

Specifi c projects of DNR’s carbon sequestration team 

include: 

• Partnering with ongoing research on greenhouse 

gas exchange in northern Minnesota peatlands. 

• Helping to develop carbon accounting protocols 

via the North American Forest Carbon Standard 

Committee and the Midwest Greenhouse Gas 

Accord. In both of these efforts we seek carbon 

accounting protocols that are appropriate to forests 

and their management in Minnesota and that 

encourage participation by a wide range of forest-

land owners. 

• Developing tools for evaluating the effects of 

management on carbon pools and fact sheets for 

communicating about land management and 

carbon sequestration. The tools will include forest 

growth and yield models that track carbon pools, 

and methods to estimate carbon amounts from 

standard forest inventories. 

• Using forest growth models to compare carbon and 

biodiversity benefi ts of silvicultural treatments . 

For example, DNR and The Nature Conservancy 

are using the Forest Vegetation Simulator to 

compare silvicultural treatments in the Manitou 

Landscape. 

Management Response—Mitigation
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Bioenergy and Conservation-based 
Energy Strategies
Bioenergy: a national priority

In the past decade, rising energy prices, increasing 

recognition of the impacts of carbon dioxide emissions, 

and national security concerns have led to dramatic 

expansion of renewable energy resources. Current 

national policy focuses most intensely on offsetting 

imported oil resource with biofuels. The 2005 Energy 

Bill established a nationwide renewable fuels standard 

(RFS) calling for 7.5 billion gallons of ethanol and 

biodiesel. In 2007, Congress dramatically expanded the 

RFS to 36 billion gallons to be fully implemented by 

2022. The RFS allows 15 billion gallons of corn ethanol 

and requires 5 billion gallons of “advanced biofuels” 

and 16 billion gallons of cellulosic biofuels . The target is 

to displace 30% of petroleum-based motor fuels nation-

ally. At the same time, 35 states, including Minnesota, 

have enacted renewable electricity standards or goals 

that seek to shift power generation away from coal and 

natural gas toward wind, solar and biomass. 

Expanded bioenergy utilization can play an impor-

tant role in Minnesota’s energy system. Biomass has 

potential to contribute to a wide range of energy 

markets for which other renewable energy resources 

are not suitable. For example, biomass can be used 

for industrial process heat or to produce liquid fuels 

where wind and solar energy cannot. However, biomass 

production is constrained by the productivity of forest 

and farm land as well as competing uses for agricultural 

and forest products and lands. 

What is biomass? 

Biomass, as a renewable energy source, refers to 

plant or animal material that can be used as fuel or for 

the production of industrial chemicals. 

Woody Biomass: Wood from trees and brush has been 

a source of fuel for heating and cooking throughout 

human history. The forest products sector has long used 

byproducts from its processes as an economical source 

of fuel. While all parts of a tree can be used for energy, 

industry generally considers biomass to be low-value 

fi ber (logging slash, land-clearing debris, rotten wood, 

etc.). Based on an internal DNR estimate, woody 

biomass could offset roughly 3% of Minnesota’s fossil 

energy needs. This is a meaningful quantity and could 

be realized if incentives and policies are targeted toward 

strategic uses of our wood resource.

Agricultural biomass: Grain and oilseed crops are 

the primary agricultural sources of biomass energy. 

However, within the agricultural industry, “biomass” 

often means cellulosic plant fi ber, such as crop residue, 

Fig. 4-7. Logging slash sorting prior to processing by a 
chipper. Photo by Anna Dirkswager. 

Key Bioenergy Terms 

Bioenergy is energy derived from biological 

resources (resources also known as biomass). 

Biomass is plant or animal material that can be 

burned to produce energy or to make liquid fuels 

or industrial chemicals. Biofuels are liquid fuels 

derived from biomass. 

Conservation based-energy is biomass collection 

or production explicitly focused on conservation 

benefi ts (e.g., using woody invasives for energy, 

managing grasslands for both biomass and bird 

nesting cover). 
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hay, or dedicated energy crops. Manure, rendered 

animal fats, and food and grain processing residues may 

also be considered biomass. Agricultural biomass can be 

a primary product of land management (e.g., growth of 

energy crops) or a by-product of another activity (e.g., 

residue from grain production or prairie grass grown 

to improve habitat). By-products of energy crops can be 

soil, water, carbon sequestration and habitat. The rela-

tive value of conservation benefi ts and biomass yield can 

shift depending on incentives and programs. 

What is a conservation-based energy strategy?

DNR’s Conservation Agenda identifi es “conser-

vation-based energy” as a way to meet conservation 

goals while producing renewable energy. Simply put, 

conservation-based energy sources are biomass sources 

whose production provides natural resource benefi ts. 

Conservation activities such as haying to maintain grass-

lands , removing invasive plant species, harvesting trees 

to maintain young-forest habitat, and thinning forests 

to reduce fuel loads or enhance tree growth can produce 

renewable energy biomass. Dedicated energy crops can 

provide signifi cant conservation benefi ts even if conser-

vation or habitat management is not the primary goal. 

Production of perennial energy crops, either woody or 

herbaceous, represents a tremendous opportunity to 

enhance soil and water conservation on agricultural lands. 

Bioenergy: a range of products and markets

 Energy can be divided into roughly three equal 

market segments: transportation fuels, electric power, 

and thermal energy. 

 The term biofuels generally refers to biomass-based 

transportation fuels. First-generation biofuels, primarily 

corn ethanol and soydiesel, currently dominate the 

biofuels industry. Second-generation biofuels based on 

alternative fuel chemistry (butanol and hydrocarbon 

fuels ) or feedstocks (lignocellulosic) are emerging 

commercial products. Third-generation biofuels 

derived from algae have not been produced at commer-

cial scale. 

Transportation fuels generally tend to capture the 

greatest share of public attention. This is because they 

are almost exclusively derived from oil. Oil is the focus 

of national security concerns, is the largest source of 

energy in the U.S. (and global economy), and is rela-

tively more polluting than natural gas. Also, because 

of the way petroleum products are purchased and used 

– through regular stops at the gas station to purchase 

a tangible product that gets used up—oil is the most 

visible energy resource to American consumers. 

Yet, some biomass resources may be best suited for 

use in other energy markets such as heating fuel. 

DNR’s interest in bioenergy

DNR is interested in bioenergy for three main 

reasons: to mitigate climate change, as a conservation 

tool, and as an economic opportunity.

Climate mitigation: Reducing net carbon emissions 

from fossil fuels is a key element in climate-change miti-

gation. While comparisons can be diffi cult, bioenergy 

production and use generally results in lower carbon 

emissions than fossil fuels. Thoughtful use of biomass is 

a key strategy in reducing overall carbon emissions from 

the energy sector. 

As a conservation tool: As bioenergy markets develop, 

resource managers can integrate biomass harvesting 

into the resource management tool kit. For example, 

biomass harvesting can be used to mimic the distur-

bance of fi re or grazing on conservation lands. Costs, 

Fig. 4-8. Baling prairie grass on Giese Waterfowl Production 
Area in west-central Minnesota. DNR photo by Jason 
Strege. 

Management Response—Mitigation
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weather, and site conditions all constrain the use 

of prescribed fi re or other management options on 

both public and private grasslands. A large market 

for biomass hay would help overcome these barriers 

to management. DNR has worked with partners to 

complete pilot harvesting on hundreds of acres of wild-

life management areas to improve habitat conditions 

and study the impacts of harvesting. Similar opportuni-

ties for brushland and forest management could arise 

with more robust woody biomass markets.

A growing bioenergy market also represents an 

opportunity to encourage more conservation-oriented 

agricultural production. Energy crops can be grown on 

sensitive lands such as highly erodible lands, riparian 

corridors, or heavy soils that would otherwise require 

increased tile drainage. With proper incentives, energy 

crops could help production agriculture to more closely 

mimic native ecosystems. Without active engagement 

by DNR and other conservation interests, opportunities 

for increasing the conservation benefi ts of energy crops 

may be lost . 

Economic opportunity: Developing biomass energy 

resources presents economic opportunities for the DNR, 

the state, and rural communities. The impact of the 

housing bust on the forest products industry has lead to 

signifi cant economic losses in communities throughout 

northern Minnesota and dramatically reduced DNR 

revenues generated for the Forest Management 

Investment Account and School Trust Fund. Replacing 

lost markets with new renewable energy markets can 

replace much of that lost economic base for landowners 

(public and private), loggers and production workers. 

Additionally, as markets emerge and strengthen, the 

DNR stands to benefi t from reduced management costs 

on public lands and thereby extend the work that can be 

accomplished with strained budgets. 

DNR’s role in biomass leadership

DNR helps set the standard for best management 

practices for growing and harvesting biomass. DNR 

contributed to the development of the nation’s fi rst 

forest biomass harvesting guidelines as a foundation 

for sustainable forest and brush biomass harvesting 

(Minnesota Forest Resources Council 2007). Biomass 

harvesting on DNR-managed lands must be consistent 

with natural resource management goals and must 

comply with the biomass harvesting guidelines. 

These leadership roles put DNR is in a unique posi-

tion to experiment, to support research, and to model 

biomass production options. For example:

• A 2007 DNR project restored overgrown prairie, 

oak savanna, and woodlands by removing undesir-

able woody vegetation and made the vegetation 

available for renewable energy use. 

• DNR offers forest residues from timber harvesting 

on most timber sales for use as fuel and to reduce 

the risk of wildfi re.

• DNR has included managed prairie harvest on 

approximately 700 acres of wildlife management 

areas since 2007 in an effort to explore the feasi-

bility and habitat benefi ts of using perennial native 

grasses for fuel.

• DNR is providing leadership in demonstrating 

biomass harvest of brushlands for open-land 

habitat management. 

• DNR will also continue to be a leader in devel-

oping, testing and refi ning guidelines to ensure the 

sustainability of biomass harvest. 

DNR seeks to promote conservation of natural lands 

and ensure a sustainable biomass supply by advancing 

the development of conservation-based energy sources 

across the state. As state lands are only part of the 

biomass supply, DNR will need to work with a range 

of partners to promote conservation-based biomass 

production as part of sustainable land management. 

Establishing partnerships toward this end will involve 

participating in interagency policy forums, providing 

sound science on resource sustainability, and working 

with landowners, business and industry, conservation 

groups, and other stakeholders to promote and evaluate 

alternative approaches to biomass production systems.
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Energy Effi ciency
Reducing DNR’s carbon footprint

In early April 2011 Governor Dayton signed two 

Executive Orders specifi cally directing state agencies, 

including DNR, to reduce energy use and improve 

sustainability of operations. These orders catalyze 

state leadership in energy conservation and renewable 

energy. Increasing energy conservation and renewable 

energy will help control costs, reduce greenhouse gasses, 

and contribute to the state’s economy. 

These orders reinforce DNR’s energy effi ciency 

goals in the 2009–2013 Strategic Conservation Agenda 

Part I and more detailed goals in DNR’s new Five Year 

Plan for Sustainable Fleet, Facilities, and Purchasing 

Operations (DNR 2011). This Plan aims to reduce 

DNR’s carbon footprint by using a combination of 

energy conservation, renewable energy, and waste 

reduction strategies. Implementing the plan will reduce 

DNR’s annual energy spending and allow us to lead by 

example in mitigating climate change and enhancing 

the sustainability of our buildings and operations. The 

DNR has identifi ed three main goals for this program:

• Reduce DNR total energy use by 20% from 2010 

to 2015. 

• Reduce DNR greenhouse gas emissions by 25% 

from 2010 to 2015.  

• Conserve natural resources through environmen-

tally friendly purchasing, waste reduction, water 

conservation, and recycling.

Fig. 4-9. This 16.1 KW photovoltaic array is located at Lac 
qui Parle Wildlife Management Area headquarters. The DNR 
installed a total of 125 KW of renewable energy at 11 sites 
in 2010.

Management Response—Mitigation

DNR will use six key strategies to meet these goals:

• Achieve building energy performance standards 

defi ned by the State’s Sustainable Buildings 2030 

program.  

• Improve the energy effi ciency of the Top 50 energy 

usage buildings.  

• Improve the environmental sustainability of all 

DNR buildings and sites, striving for “net-zero” 

energy consumption and signifi cantly reduced 

fresh water usage.  

• Broadly implement on-site renewable energy 

systems at DNR locations.  

• Increase fl eet fuel effi ciency through technology 

improvements and behavioral changes. 

• Expand sustainable purchasing efforts by encour-

aging a broader set of purchasing considerations; 

including purchase cost, renewability, recycle-

ability and total lifecycle costs.  
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DNR Energy Profi le

The Minnesota DNR manages a large portfolio of 

buildings, equipment, and energy transactions: 

• Over 3.5 million square feet of space in 2,800 build-

ings ranging in size from 120,000 sq ft to 12 sq ft. 

• Over 2,600 vehicles and thousands of other fuel 

consuming devices like outboard motors, chain 

saws, generators, etc.

• Hundreds of points of energy consumption not 

associated with buildings like remote security 

lights and dike pumps.

• Over 67,000 fl eet fuel card transactions and 12,000 

utility energy bills per year.   

DNR has made a major commitment to accu-

rately measuring, managing and reporting its energy 

consumption. In 2009 DNR joined The Climate 

Registry and began to publicly report its greenhouse gas 

emissions. The Climate Registry establishes consistent, 

transparent standards throughout North America 

for businesses and governments to calculate, verify 

and publicly report their carbon footprints in a single, 

unifi ed registry. In 2010 DNR completed a two-year 

project to select and implement an online database 

and reporting system for energy usage and greenhouse 

gas reporting. This system, the Minnesota B3 Energy 

Benchmarking System, allows facility managers to track 

their energy consumption and compare it to similar 

buildings in the DNR.  

Fig. 4-10 shows DNR’s energy use since 2005, along 

with the 20% reduction target for 2015. Total energy 

use has been falling since 2008 and will have to decrease 

about 4% per year through 2015 to hit DNR’s reduction 

target. Similarly, carbon emissions have been falling 

recently, and will continue to fall as DNR reduces its 

appetite for energy (Fig. 4-11). 

DNR’s energy spending in CY 2010 was $5.6 million. 

Hitting DNR’s energy reduction targets would save 

$3.5 million over the next 5 years, while avoiding 16,200 

metric tons of carbon emissions. 

Fig. 4-10. DNR’s total energy use and 20% reduction target 
for 2015. 

Fig. 4-11. DNR’s total carbon emissions and 25% reduction 
target for 2015.  
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Planning and
Decision Support

End Goal:
Effective Management 

Response

Monitoring

A Framework for Decision Making

Framework Overview
Part I of this report gave science background on 

climate and energy trends and their impacts on natural 

resources. Part II, Section 1–2 described DNR’s ongoing 

and proposed adaptation and mitigation responses to 

these trends. This section describes a decision frame-

work that DNR will use to continually improve and 

integrate climate and renewable energy strategies over 

time as we learn more. 

An Adaptive Approach
Implementing effective management responses to 

climate and renewable energy trends will require an 

adaptive management approach that 

tailors strategies to specifi c settings 

and refi nes them as we learn more. 

DNR will use an adaptive frame-

work that integrates assessments, 

planning and decision support, 

management response, and moni-

toring (Fig. 5-1). 

The goal is effective Management 

Responses that address climate 

change and energy challenges in 

ways that maintain or restore resil-

ient ecosystems and/or encourage a 

transition to renewable energy. 

Assessments provide the neces-

sary information to set priorities for 

management actions. Assessments 

range from brief science reviews of 

trends and impacts (like Part I of 

this report) to more detailed climate 

change assessments. These more detailed 

assessments include “vulnerability 

assessments” that identify species and habitats that are 

most vulnerable to climate change (p. 60), “mitiga-

tion assessments” that identify the highest leverage 

mitigation options (p. 61), and “social assessments” that 

identify public and staff knowledge and attitudes about 

climate change to help us identify information and 

training needs (p. 62–64). 

Planning and Decision Support activities (p. 65)

help staff make day-to-day and long-term decisions 

on management actions, monitoring activities, and 

assessment activities. Climate change and renewable 

energy strategies will need to be integrated into natural 

resource plans at multiple spatial and temporal scales, 

including statewide strategic plans, landscape and 

watershed plans, management unit plans, annual work 

plans, and site-level plans. To implement these plans in 

an “climate savvy” manner, DNR will need to provide 

a variety of decision-support and information products, 

from guidance documents to training workshops. 

 Monitoring (p. 66–68) tracks trends in climate 

and energy use, climate impacts on natural resources, 

and effectiveness of management actions aimed at 

addressing those impacts. Results from monitoring feed 

back into future assessments and management decisions 

so course corrections can be made if conditions change 

or if management actions are not effective. 

DNR’s Climate Change and Renewable Energy Decision Framework

Fig. 5-1. DNR’s Climate Change and Renewable Energy Decision Framework aims 
to improve management decisions over time as we learn more. 
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Vulnerability Assessment Framework

Existing Threats

Vulnerability

Sensitivity

Exposure

Potential

Impacts

Capacity for

Adaptation

Fig. 5-1. Vulnerability Assessment Framework. Vulnerability of a system (or species) to climate change is a function of 
exposure to climate change (amount of change occurring), the sensitivity of the system to those changes, the presence of 
non-climate stressors, and the capacity of the species or system to adapt to climate changes and concurrent non-climate 
stressors.

Assessments
This section describes three types of assessments 

needed to understand climate change and renewable 

energy issues as a foundation for prioritizing actions: 

• Vulnerability assessments, 

• mitigation assessments, and

• social assessments.

Vulnerability Assessments 
In the context of natural resources, DNR defi nes 

climate change vulnerability as the degree to which 

an ecosystem, resource, or species is susceptible to and 

unable to cope with the adverse effects of climate change 

(adapted from IPCC 2007b, Fussel and Klein 2006). 

System or species vulnerability is a function of:

• exposure to climate change (i.e., the magnitude of 

the changes experienced)

• sensitivity to these changes

• presence of non-climate stressors (existing threats)

• capacity to adapt to climate change and associated 

non-climate stressors (Figure 5-1). 

Vulnerability assessments provide a starting point for 

prioritizing adaptation and mitigation policies, plan-

ning, and management. They can provide context to a 

variety of decision processes, such as setting long-term 

targets for mitigation, identifying highly vulnerable 

systems or species to help prioritize resources, and 

developing adaptation measures (Fussel and Klein 

2006).

To build a foundation for addressing climate-change 

impacts in the state’s conservation strategies, DNR will 

assess system and species-level climate vulnerability 

in 2011. The assessment will help the DNR meet the 

objectives identifi ed in our overall mission and those 

outlined in specifi c conservation planning efforts such 

as the state wildlife action plan and sustainable forest 

resource management plans. 

DNR will assess climate vulnerability using a 

two-tiered, overlapping process. A vulnerability assess-

ment coordinator will convene panels of internal and 

external experts charged with producing reports on 

climate vulnerability of major ecosystems in Minnesota. 

The panels will also describe uncertainties involved in 

predicting climate vulnerability. Concurrently, DNR 
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will implement a species-level vulnerability assess-

ment beginning with species identifi ed in the state 

wildlife action plan and adding priority species as 

funding becomes available. To conduct the species-level 

vulnerability assessment, DNR will use NatureServe’s 

vulnerability assessment tool. This tool produces an 

overall vulnerability rank and a list of factors that 

contribute to species vulnerability. DNR will also 

collaborate with other organizations conducting vulner-

ability assessments, such as the U.S. Forest Service. 

These vulnerability assessments will help managers to 

set conservation goals, develop management plans, and 

develop resilience strategies where appropriate. 

Mitigation Assessments
In addition to assessing vulnerability to climate 

change, it is important to assess opportunities for 

climate change mitigation—those actions that reduce 

greenhouse gas emissions or remove them from 

the atmosphere after they have been emitted. The 

Minnesota Climate Change Advisory Group (MCCAG) 

conducted the fi rst statewide mitigation assessment 

(Minnesota Climate Change Advisory Group 2008). 

Their recommendations included changes in land, 

waters, facilities, and fl eet management that reduce 

energy consumption and increase carbon sequestration. 

Their recommendations were preliminary and based on 

information that summarized emission reduction and 

sequestration potentials at a state-wide level. DNR now 

needs more detailed assessments of the potential for 

mitigating climate change via its land, waters, facilities, 

and fl eet management activities. 

For Land & Waters Management, a primary focus of 

the DNR’s mitigation assessments will be to answer the 

following questions:

• How much of the state’s current and future 

greenhouse gas emissions can be offset by carbon 

sequestration in ecosystems, in materials derived 

from ecosystems (e.g., wood products) and by 

substituting plant material for fossil fuels?

• What are the benefi ts and costs of changing 

management actions to increase carbon sequestra-

tion?

• What ecosystem services and products may be 

affected by increasing efforts to sequester carbon?

• What is the role of fi re and other natural distur-

bances in Minnesota ecosystems with respect to 

carbon sequestration?

• Can carbon estimation methods be cost-effectively 

incorporated into land management information 

systems to provide information that is useful in 

deciding what management actions are appro-

priate?

For Facilities and Fleet Management, DNR has 

thoroughly assessed our options for reducing energy 

consumption. DNR’s Sustainability Plan, in prepara-

tion by the Management Resources Bureau, assesses 

the potential for reducing greenhouse gas emissions by 

reducing the DNR’s fossil fuel consumption, increasing 

the proportion of energy that comes from renewable 

sources, purchasing products that consume less energy 

during production, reducing waste, conserving water, 

and recycling used materials. The Sustainability Plan 

sets ambitious goals and strategies, consistent with the 

Governor’s Operational Order 11-13, for reducing 

DNR’s carbon footprint. Ongoing monitoring of energy 

consumption will help direct efforts to reduce energy 

consumption in buildings and vehicles and help target 

where renewable energy generation is most effective.

Assessments



Minnesota Department of Natural Resources62

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

Social Assessments
Adaptive management and stakeholder 

involvement 

DNR’s adaptive approach to anticipate and respond 

to climate impacts on natural resources provides 

a structure for addressing not only biological and 

ecological challenges but also social and economic 

considerations (Fig. 5-1). A key feature of adaptive 

management is the fl exible decision making that can 

be adjusted as outcomes from management actions and 

other events become better understood (Williams et 

al. 2007). Critical to successful adaptive management 

is stakeholder involvement, especially for identifying 

objectives and management actions. 

Stakeholder involvement—social assessments and 

public participation

Effectively managing the increasing and often 

confl icting human demands on natural resources 

requires understanding public values and attitudes as 

well as the biological and ecological aspects of an issue. 

Natural resource managers will benefi t from under-

standing public and stakeholder knowledge, values, 

and attitudes about climate impacts and adaptation 

strategies. Human dimensions research focuses on 

beliefs, values, attitudes, 

behaviors, and socioeco-

nomic and demographic 

characteristics of user 

groups with emphasis 

on incorporating 

such information into 

resource management 

decisions (Gigliotti 

and Decker 1992), and 

contributes to successful 

adaptive manage-

ment. Formal social 

assessments for climate 

change adaptation may 

include scientifi cally 

designed focus groups 

and telephone or mail surveys. Public input and partici-

pation in climate adaptation planning and projects will 

vary depending on the objectives or potential public 

impact. 

National public survey on climate change

A 2008 national survey of 2,164 American adults 

characterized the public’s climate change beliefs and 

attitudes (Leiserowtiz et al 2009). Subsequent analysis 

found six categories of response to climate change (see 

Fig. 5-3; Maibach et al. 2010). The “Alarmed” group 

(18%) is convinced of the reality and seriousness of 

climate change and is taking action to address it. The 

“Concerned” group (33%) is convinced that warming 

is happening and is a problem but has not initiated 

any personal responses. Three groups are not actively 

engaged—the “Cautious” (19%), the “Disengaged” 

(12%), and the “Doubtful” (11%). The “Dismissive” 

group (7%) is sure that climate change is not happening 

and actively opposes national efforts to reduce green-

house gas emissions. 

National surveys in January and June 2010 indicate a 

decrease in the belief that global warming is happening 

(Leiserwitz et al 2010). However, belief in harmful 

impacts on plant and animal species has changed little. 

Fig. 5-3. Proportions of the U.S. adult population with different levels of belief and concern about 
global warming. Source: Maibach et al. 2010. 
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Assessments

Minnesota general public survey—2010

To begin to improve our understanding of the 

general public’s knowledge and perceptions about 

climate change, DNR added three questions to the 

annual telephone survey of Minnesota residents 

conducted by the Minnesota Center for Survey Research 

in October 2010. Sixty percent of respondents (N = 805) 

think that climate change is happening, 17% think that 

it is not happening, and 22% are not sure. For those who 

think climate change is happening, 74% are extremely 

or very sure and 26% are somewhat sure. For those 

who think climate change is not happening, 69% are 

extremely or very sure and 31% are somewhat sure. 

Respondents were asked how vulnerable Minnesota 

is to impacts from climate change compared to the 

rest of the country. Fifty-seven percent of respondents 

think that Minnesota is equally vulnerable to climate 

change as the rest of the country. Thirty-three percent 

think Minnesota is less vulnerable, while 10% think 

Minnesota is more vulnerable. Respondents were also 

asked about climate change impacts in Minnesota over 

the next 50 years (Table 5-1). A majority of respondents 

thought that severe weather events, severe heat waves, 

insect outbreaks, and fi sh and wildlife diseases would 

become more frequent with climate change. 

The results from the 2010 survey begin to describe 

the knowledge and perceptions of Minnesota citizens 

regarding climate change impacts. Additional infor-

mation is needed to effectively adapt programs and 

communicate with stakeholders about current and 

future challenges for managing Minnesota’s valuable 

natural resources. 

To meet this need, the DNR is currently conducting 

a pilot study of the general public in northeastern 

Minnesota. The purpose of the survey is to better 

understand values, attitudes, behaviors, and knowl-

edge regarding climate and potential impacts on 

natural resources, ecosystems, and public health in the 

region. Findings from this survey will inform policies, 

programs, and communications with the public as 

agencies develop and implement strategies for adapting 

to climate change. The study will consist of fi ve focus 

groups and a general population survey. Results are 

anticipated to be available February, 2012. Upon 

completion of the pilot study, the DNR plans to expand 

the study to the rest of the state. 

Climate change impact Percent of respondents who believe climate change 
will cause the following changes in frequency

More
frequent (%)

Less 
frequent (%)

No 
Diff erence (%)

Droughts and water shortages 38 9 53

Famines and food shortages 39 6 54

Fish and wildlife diseases 52 4 44

Floods 48 6 46

Forest fi res 41 6 52

Insect outbreaks 49 5 46

Invasive plant or animal species 41 6 53

Severe heat waves 52 3 45

Severe weather events 56 1 42

Table 5-1. Minnesota Public Expectations for Climate Change Impacts 

Over the Next Fifty Years.
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DNR staff survey—2010

In September 2010 the DNR conducted a depart-

ment-wide survey of employees regarding climate 

change. Questionnaire sections included climate change 

in Minnesota, DNR actions toward climate change, 

obstacles towards applying climate change strategies, 

personal perceptions of climate change, information and 

training needs, and demographics. The questionnaire 

was distributed to a sample of 638 DNR employees; 

67% completed the survey. Highlights of the survey 

include:

• Seventy-four percent of respondents are somewhat 

to extremely sure that climate change is happening, 

while 8% are somewhat to extremely sure that 

climate change is not happening. Eighteen percent 

are not sure if climate change is happening.

• Most respondents think Minnesota is either more 

vulnerable (29.0%) or equally vulnerable (37.9%) 

to impacts of climate change than the rest of the 

country. 

• Respondents are evenly split about whether their 

position has a role to play in addressing climate 

change (Fig. 6-3).

• About one-third of respondents said they are 

involved in climate-change mitigation activities. Of 

these respondents, about one-third said they take 

actions to reduce DNR greenhouse gas emissions 

(e.g., turning computer off, driving less). Other 

common strategies included forest management 

practices, public education, and outreach and 

private lands conservation assistance. 

• About half of respondents indicated they are 

currently involved in climate-change adaptation 

activities. The most common adaptation strategies 

noted were managing invasive species, monitoring 

natural resources, and enhancing and restoring 

native habitats and species. 

• A majority of respondents said that the greatest 

obstacle in applying climate change strategies is 

insuffi cient funding. Other important obstacles 

included “insuffi cient knowledge/don’t know what 

to do,” insuffi cient labor/staff, insuffi cient direction 

from department leadership, and insuffi cient time. 

• To learn more about climate change, respondents 

overwhelmingly prefer tangible in-person training, 

especially through hands-on training, workshops, 

and conferences. 

Fig. 5-4. Minnesota DNR Employee responses to survey 
question about their position’s role in addressing 
climate change. 
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Planning and Decision Support
The complexity and uncertainty associated with 

climate change impacts can be challenging for natural 

resource managers. It can be diffi cult to know if, when, 

and how to alter management in the face of climate 

change. Fortunately, there are many emerging materials 

to help natural resource managers incorporate informa-

tion on climate change into their work. 

The Planning and Decision component of the 

Climate Change and Renewable Energy Decision 

Framework (p. 59) uses planning, tools, guidance, 

training, and information from assessments to help 

natural resource managers and decision makers 

make climate-savvy decisions. Ultimately, these deci-

sions should foster resilient natural lands and waters 

and provide a diversity of ecological, economic, and 

social benefi ts in the face of climate change and other 

stressors. To accomplish this, planning and decision 

support should facilitate the fl ow of information, tools, 

and other assistance. It should also ensure that staff 

members have the training to incorporate climate 

change considerations into their decision making, and 

leverage lessons learned from strategies and approaches 

developed at the fi eld, regional, and department levels. 

Training 
Staff training on climate change impacts, renewable 

energy, and tools for managing natural resources in 

the face of climate change will be paramount. In the 

staff survey of climate-change knowledge and attitudes 

(Minnesota DNR 2010b), staff ranked “insuffi cient 

knowledge/don’t know what to do” as their second 

greatest obstacle to applying climate change strategies. 

Addressing this obstacle is a priority next step for 

successfully implementing and adapting climate change 

strategies. 

Department Guidance
This Climate Change and Renewable Energy: 

Management Foundations document will be an impor-

tant resource for developing more specifi c operational 

guidance that will be developed in future documents, 

training efforts, plans, and policies. Because the issue is 

both new and complex, DNR does not yet know how 

specifi c and prescriptive this guidance will be. We do 

know that any guidance should: 

• foster holistic, systems thinking

• foster innovative, fl exible approaches

• help DNR staff and stakeholders understand climate 

change impacts and explore possible solutions

• provide DNR staff with support to set and achieve 

natural resource goals in the face of uncertainty. 

Tools
Scientists and managers have developed or are 

developing numerous decision-support tools that will 

be helpful for making climate change and renewable 

energy decisions. These range from web-based climate 

data tools such as the “Climate Wizard” (Girvetz et 

al. 2009), to vulnerability assessment tools (Young et 

al. 2011), to structured decision-making frameworks 

(Ohlson et al. 2005, Lyons et al. 2008). 

For a list of tools see: cakex.org/tools/all. 

Planning
DNR is just beginning to incorporate an under-

standing of climate change impacts into management 

plans such as Subsection Forest Resource Management 

Plans (SFRMPs), state park management plans, and 

ecosystem and species management plans. As we 

complete vulnerability, mitigation and social assess-

ments, provide more training opportunities for staff, 

develop more specifi c guidance on climate change and 

renewable energy, and test existing and emerging tools, 

it will become more clear how to integrate climate 

change information into plans and planning at multiple 

scales. Undoubtedly, planning teams will develop a rich 

body of lessons learned that the department can use 

to improve planning and implementation of climate 

and renewable energy strategies. We will also draw on 

lessons learned from partner efforts in Minnesota and 

beyond (for emerging case studies see the “Climate 

Adaptation Knowledge Exchange” (cakex.org). 
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Monitoring 
Climate change has raised awareness about the need 

to monitor the status of natural resources because it is 

causing many ecological changes and is introducing 

additional uncertainty to conservation decisions. The 

desire to monitor, however, will always exceed fi nancial 

resources available for monitoring. It is imperative, 

therefore, to carefully identify and prioritize monitoring 

needs based on the potential impact on future manage-

ment decisions. In this section the terms “monitoring” 

and “research” are used interchangeably to refer to the 

process of collecting observational data following a 

statistically valid sampling design to gain information 

about a system of interest.

Monitoring should address explicit objectives. It is 

important that the objectives be identifi ed in the context 

of how the data will be used once they are collected. 

Two useful classes of monitoring objectives are scientifi c 

objectives and management objectives (Yoccoz et al. 

2001). To make good conservation decisions we need to 

understand how natural systems function; we improve 

that understanding by collecting data to address scien-

tifi c objectives. Good conservation decisions also require 

knowledge of the current state of a system and how it 

responds to management actions, which we can acquire 

through monitoring to address management objectives.

Improving Understanding of System 
Behavior

The forces of climate change are slow compared 

with stressors related to other human disturbances, 

such as landscape clearing for urban development. 

Consequently, the effects of climate change will likely 

play out over decades with a slow shift of baseline 

conditions (Magnuson 1990). A more variable climate 

will have more variable acute and chronic consequences 

for habitats and species, clouding our understanding of 

which changes are caused mostly by climate and which 

are caused mostly by other factors that are more easily 

managed. Further, stressors from climate and other 

sources are synergistic, and can conspire to wear away 

natural resilience mechanisms and facilitate shifts to 

novel, permanently impaired ecosystems (Carpenter et 

al. 1999; Hobbs et al. 2006).

To make wise natural resource management and 

policy decisions in this context, managers and policy 

makers must have a solid understanding of the basic 

structure and function of the systems they manage, and 

generate hypotheses about how various human stressors 

(and management response to those stressors) will affect 

key processes, habitats, and populations. These hypoth-

eses will guide data collection and decision making. A 

conceptual model detailing important system compo-

nents, species interactions, energy fl ows, and potential 

infl uences of stressors should be used to guide decisions 

about what to monitor and how often (Niemeijer and 

de Groot 2008; Lindenmeyer and Likens 2009; Box 11). 

Likewise, conceptual models of ecosystems facilitate 

more clear interpretation of fi ndings and thus lead to 

more informed management decisions.

Informing Specifi c Management Decisions
If the goal of a monitoring program is to address 

management objectives, a specifi c management decision 

(i.e., choice among alternative management actions) 

needs to be identifi ed and analyzed. In other words, to 

defi ne management objectives, start with a decision and 

the objectives related to that decision. Only through 

analysis of a decision is it possible to identify and priori-

tize the important considerations, the thresholds at 

which the choice is likely to change, and the uncertain-

ties that affect the decision outcomes (e.g., Keeney 2009; 

Keeney and Raiffa 1976). 

A monitoring program can be directly linked to a 

management decision by providing information for: 

(1) evaluating the state of a system when decisions about 

management actions depend on the state of the system 

(e.g., wildlife population size), (2) evaluating how well 

management actions achieve objectives, and (3) learning 

about the dynamics of the system in a formal adaptive 

management framework (Williams et al. 2007, Lyons et 

al. 2008).

The most widely cited and perhaps longest running 

example of monitoring programs that are formally 
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linked to management decisions is the adaptive harvest 

management program for migratory waterfowl in 

North America (Williams and Johnson 1995; Williams 

et al. 1996). Recently, however, additional similarly 

focused monitoring programs and formal decision 

frameworks have been successfully implemented (e.g., 

U.S. Department of the Interior 2010).

Other Important Considerations 
Determining what to monitor and how to monitor 

are important decisions as well and should be based on 

the monitoring objectives. Many authors have reviewed 

these and other decisions related to designing and 

implementing a monitoring program. The following 

recommendations are paraphrased from Nichols and 

Williams (2006), Lovett et al. (2007), Magner and 

Brooks (2007), and Lindenmayer and Likens (2010):

• Programs are designed around well-formulated 

and tractable scientifi c or management questions 

(i.e., objectives) that are addressed at the appro-

priate spatial and temporal scales.

• The design is based on a conceptual model 

describing basic system structure and function and 

infl uential system drivers.

• Programs are frequently reevaluated and adjusted 

as necessary to remain relevant to current needs 

and possible future ones while protecting the conti-

nuity of informative long-term data sets.

• Measurements are chosen carefully and focused on 

the monitoring objectives.

• Quality assurance and quality control procedures 

for data collection and storage are established and 

enforced.

• Data sets are accessible and understandable 

to current and future partners, constituents, 

managers, and policy makers.

• Indicators are determined in consultation with 

partners, constituents, managers, and policy 

makers, and results are disseminated frequently to 

them.

• Research programs are integrated with long-term 

monitoring so special investigations can use long-

term data sets.

• Collaborations are built to leverage human and 

fi nancial resources and to cooperate on mutually 

shared interests for ecosystems.

• Programs have ongoing sources of funding.

• Strong and enduring leadership supports long-

term monitoring programs and prioritizes their 

viability in lean budget years. 

Monitoring
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Box 11. Using Conceptual Models to Improve Monitoring 

To better understand the implications of major ecological drivers of change on lake habitats and fi sh 

populations, the Section of Fisheries designed and implemented a collaborative lake monitoring program 

(Sustaining Lakes in Changing Environment: http://www.dnr.state.mn.us/fi sheries/slice/index.html). This 

effort involved using conceptual models of lake system function to guide decisions about what to measure 

and how often to address current status of lake habitats and fi sh communities and their sensitivity to land-

scape and climate change (Fig 5-6.)

Although information gathered will provide a basis from which to compare effectiveness of individual 

lake management (i.e., how do indicators in Lake X compare with regional or statewide trends), SLICE’s 

greatest relevance and impact will be to inform the extent (both spatial and temporal) that lake habitats and 

fi sh populations are changing as a result of human stressors and whether regional or statewide lake manage-

ment policies are maintaining or improving functioning lake ecosystems.

Figure 5-6. 

Fig. 5-6. Conceptual model documenting major lake ecosystem components (boxes), interactions and energy fl ows 
(arrows). Triangles are potential stressors, square boxes are physical components, rounded boxes are fl ora, and ovals 
are biota. Lines represent effect pathways with dashed lines representing potential stressor pathways (R.D. Valley, 
unpublished Dingell-Johnson Federal progress report F-26-R-36 Study 605 2009). 
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Next Steps

Following distribution of this document, CREST 

work teams will continue working on FY2012 priorities 

and will engage in a series of discussions with depart-

ment staff to defi ne longer-term priorities and needs. 

FY 2012 priorities include: 

 Adaptation Team: 
• Assist Ecological and Water Resources in 

Completing “Vulnerability Assessments” (VAs) for 

at least three major ecosystem types in Minnesota. 

Help acquire resources for additional Vulnerability 

Assessments (e.g. for tree species and endangered 

and threatened plant species). 

• Develop a menu of adaptation strategies, stratifi ed 

by level of uncertainty and risk. Low-risk strategies 

are robust to different climate outcomes. High-risk 

strategies need further evaluation to determine 

applicability. 

• Disseminate results of a department-wide survey of 

staff knowledge and attitudes about climate change 

and climate change response strategies to help 

refi ne and target training and education efforts. 

Biofuels Team: 
• Complete a GIS analysis of constraints affecting 

potential woody biomass availability. 

• Finalize and distribute a biofuels guidance docu-

ment and engage staff in addressing biomass 

harvesting relative to other DNR goals. 

• Document lessons learned and provide summaries 

of ongoing biofuels demonstration and assessment 

projects. 

Energy Effi ciency Team: 
• Launch Site Sustainability Team pilot projects to 

identify and implement site-specifi c energy and 

sustainability improvements.

• Complete pilot of technology for trip planning and 

vehicle sharing to reduce fl eet fuel consumption.

• Increase number of available sustainable product 

options and train buyers on green purchasing 

policy.

Carbon Sequestration Team:
• Develop tools for managing carbon in the state’s 

ecosystems more effectively and to prepare 

the department to participate in future carbon 

markets.

• Participate in and infl uence forest carbon 

accounting protocol development. 

• Conduct pilot projects that will test carbon seques-

tration strategies and accounting protocols. 

Integration Team: Focus on New and 
Emerging Priorities

• Develop and implement a climate and renewable 

energy communications plan focused on internal 

communications. 

• Disseminate this report widely throughout the 

department; convene discussions to share report 

fi ndings and determine next steps. 

• Promote and enhance partnerships with other 

agencies, universities, and private groups working 

on climate change and renewable energy issues. 

• Develop funding proposals to help meet critical 

unmet needs. 

For More Information
Go to http://intranet.dnr.state.mn.us/workgroups/

crest/index.html
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Bioenery, Biomass, and Biofuel
Bioenergy is energy derived from biological 

resources (resources also known as biomass). Biomass 

is plant or animal material that can be burned to 

produce energy or to make liquid fuels or industrial 

chemicals. Biofuels are liquid fuels derived from 

biomass. First-generation biofuels are made from 

sugar, starch, vegetable oil, or animal fat using conven-

tional technology (e.g., corn ethanol or biodiesel). 

Second-generation biofuels use “biomass-to-liquid” 

technology (e.g., cellulosic biofuels from non-food 

crops). Third-generation biofuels are made from algae. 

Carbon Footprint
The total set of greenhouse gas (GHG) emissions 

produced or caused by an organization or entity. 

Carbon Sequestration 
There are two main types of carbon sequestra-

tion: biological and geological. Biological carbon 

sequestration is a natural process—driven by photo-

synthesis—that removes carbon dioxide from the 

atmosphere and stores it in plants or soils. Geologic 

carbon sequestration is the human-mediated process 

of capturing industrial CO
2 
and storing it in geological 

formations (also known as “carbon capture and 

storage,” or CCS). Because geological carbon sequestra-

tion is beyond the scope of DNR management activities, 

this report focuses on biological carbon sequestration. 

Climate Change Adaptation
Actions that help human and natural systems 

prepare for and adjust to climate change. Examples 

include increasing the diameter of culverts to deal with 

increased precipitation and runoff, increasing species 

and genetic diversity in tree plantings to increase 

adaptability to future changes, or increasing habitat 

connectivity to allow species to migrate as the climate 

changes. 

Climate Change Mitigation 
Actions that reduce greenhouse gas emissions or 

remove them from the atmosphere. Examples include 

reducing energy consumption, switching to renewable 

fuels, or increasing acreage and volume of forests to 

increase carbon sequestration. 

Climate Change Vulnerability
 The degree to which an ecosystem, resources or 

species is susceptible to and unable to cope with adverse 

effects of climate change. Vulnerability assessments will 

help to prioritize adaptation and mitigation policies, 

planning, and management efforts. 

Conservation-based Energy
Biomass collection or production explicitly focused 

on conservation benefi ts (e.g., using woody invasives for 

energy, managing grasslands for both biomass and bird 

nesting cover). 

Decision support
Organized efforts to produce, disseminate, and 

facilitate the use of data and information in order to 

improve the quality and effi cacy of decisions. 

Greenhouse Gases
Gases that absorb and re-emit infrared radiation 

in the atmosphere. These gases can be both natural 

or anthropogenic, and include water vapor, carbon 

dioxide, nitrous oxide, methane, and ozone. In terms 

of infl uence on temperature, carbon dioxide is the most 

important of the anthropogenic greenhouse gases. 

Resilience
A natural or human community’s capacity to antici-

pate, endure, and adapt to change.

Glossary



Minnesota Department of Natural Resources72

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

Literature Cited

Almendinger, J.E. and J.H. Leete. 1998a. Regional and local 

hydrogeology of calcareous fens in the Minnesota River 

basin, USA. Wetlands 18:184-202.

Almendinger, J.E. and J.H. Leete. 1998b. Peat characteristics 

and groundwater geochemistry of calcareous fens in the 

Minnestota River Basin, USA. Biogeochemistry 43:17-

41.

Anderson, J.P. and W.J. Craig. 1984. Growing Energy Crops 

on Minnesota’s Wetlands: The Land Use Perspective. 

CURA 84-3, University of Minnesota, Center for Urban 

and Regional Affairs, Minneapolis.

Anderson, J.A., R. Beduhn, D. Current, J. Espeleta, C. Fis-

sore, B. Gangeness, J. Harting, S. Hobbie, E. Nater, and 

P. Reich. 2008.  The Potential for Terrestrial Carbon 

Sequestration in Minnesota. Report to the Minnesota 

Department of Natural Resources. 74 p.

Arndt, D.S., M.O. Baringer, and M.R. Johnson, Eds., 2010: 

State of the Climate in 2009. Bulletin of the American 

Meteorological Society 91 (7), S1–S224.

Becker, G.C. 1983. Fishes of Wisconsin. The University of 

Wisconsin Press, Madison.

Beisner, B.E., C.L. Dent, and S.R. Carpenter. 2003. Variabil-

ity of lakes on the landscape: roles of phosphorus, food 

webs, and dissolved organic carbon. Ecology 84(6):1563-

1575.

Bogan, T., O. Mohseni, and H.G. Stefan. 2003. Stream 

temperature-equilibrium temperature relationship. 

Water Resources Research 39(9):12.

Bolduan, B.R., G.C. Van Eeckhout, H.E. Quade, and J.E. 

Gannon. 1994. Potamogeton crispus: The other invader. 

Lake and Reservoir Management 10 (2): 113-125.

Bouffard, S.H. and M.A. Hanson.  1997.  Fish in waterfowl 

marshes: waterfowl managers’ perspective.  Wildl. Soc. 

Bull.  25(1):146-157.

Bradley, N., A.C. Leopold, J. Ross, and W. Huffaker.  1999.  

Phenological changes refl ect climate change in Wiscon-

sin.  Proceedings of the National Academy of Sciences 

96: 9701-9704.  

Bradof, K.L.  1992.  Impact of Ditching and Road Construc-

tion on Red Lake Peatland.  in The Patterned Peatlands 

of Minnesota.  Wright, H.E. Jr., B.A. Coffi n, and N.E. 

Aaseng, eds.  University of Minnesota Press, Minneapo-

lis. 327pp.

Bridgham, S.D., J.P. Megonigal, J.K. Keller, N.B. Bliss, and 

C. Trettin. 2006. The carbon balance of North Ameri-

can wetlands. Wetlands 26:889-916.

Browne, D.M., R. Dell, editors. 2007. Conserving Waterfowl 

and Wetlands Amid Climate Change. Ducks Unlim-

ited, Inc.  49pp.

Carpenter, S.R., D. Ludwig, and W.A. Brock.  1999.  Man-

agement of eutrophication for lakes subject to poten-

tially irreversible change.  Ecological Applications 

9(3):751-771.

Christensen, J.H., B. Hewitson, A. Busuioc, A. Chen, X. 

Gao, I. Held, R. Jones, R.K. Kolli, W.-T. Kwon, R. 

Laprise, V. Magaña Rueda, L.Mearns, C.G. Menéndez, 

J. Räisänen, A. Rinke, A. Sarr and P. Whetton, 2007: 

Regional Climate Projections. In: Climate Change 

2007:The Physical Science Basis. Contribution of Work-

ing Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change [Solomon, 

S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. 

Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge 

University Press, Cambridge, United Kingdom and 

New York, NY, USA.

Chu, C., N.E. Jones, N.E. Mandrak, A.R. Piggott, and C.K. 

Minns. 2008. The infl uence of air temperature, ground-

water discharge, and climate change on the thermal di-

versity of stream fi shes in southern Ontario watersheds. 

Canadian Journal of Fisheries and Aquatic Sciences 

65:297-308.

D’Amato, A.W., J.B. Bradford, S. Fraver, and B.J. Palik. 

2011. Forest management for mitigation and adaptation 

to climate change: Insights from long-term silviculture 

experiments. Forest Ecology and Management 262:803-

816.

De Stasio, B.T.J., D.K. Hill, J.M. Kleinhans, N.N.P., and 

J.J. Magnuson. 1996. Potential effects of global cli-

mate change on small north-temperate lakes: physics, 

fi sh, and plankton. Limnology and Oceanography 

41(5):1136-1149.

Dillon, P. J., Clark, B.J., Molot, L.A., and Evans, H.E. 2003. 

Predicting the location of optimal 518 habitat boundar-

ies for lake trout (Salvelinus namaycush) in Canadian 

Shield lakes. Can. J. 519 Fish. Aquat. Sci. 60:959-970.

Dise, N.B. 2009. Peatland response to global change. Science 

326:810-811.

Dunmola, A.S., M. Tenuta, A.P. Moulin, P. Yapa, and D.A. 

Lobb. 2010. Pattern of greenhouse gas emission from 



Minnesota Department of Natural Resources 73

a Prairie Pothole agricultural landscape in Manitoba, 

Canada. Can. J. Soil Science 90:243-256.

Eaton, J. G., and R. M. Scheller. 1996. Effects of climate 

warming on fi sh thermal habitat in streams of the Unit-

ed States. Limnology and Oceanography 41(5):1109-

1115.

Eggers, S.D. and D.M. Reed.  1997.  Wetland Plants and 

Plant Communities of Minnesota and Wisconsin.  U.S. 

Army Corps of Engineers, St. Paul District.  263pp.

Euliss, N., R. Gleason, A. Olness, R. McDougal, H. Murkin, 

R. Robarts, R. Bourbonniere, and B. Warner. 2006. 

North American prairie wetlands are important non-

forested land-based carbon storage sites. Science of the 

Total Environment 361:179-188.

Fang, X., and H.G. Stefan. 2000. Projected climate change 

effects on winterkill in shallow lakes in the northern 

United States. Environmental Management 25(3):291-

304.

Fang, X., and H.G. Stefan. 2000. Projected climate change 

effects on winterkill in shallow lakes in the northern 

United States. Environmental Management 25(3):291-

304.

Fang, X., H.G. Stefan, J.G. Eaton, J.H. McCormick, and S. 

R. Alam. 2004. Simulation of thermal/dissolved oxygen 

habitat for fi shes in lakes under different climate 

scenarios Part 1. Cool-water fi sh in the contiguous US. 

Ecological Modelling 172:13-37.

Fayram, A.H., M.J. Hansen, and T.J. Ehlinger. 2005. Interac-

tions between walleyes and four fi sh species with impli-

cations for walleye stocking. North American Journal of 

Fisheries Management 25:1321-1330.

Ficke, A.D., C.A. Myrick, and L.J. Hansen. 2007. Potential 

impacts of global climate change on freshwater fi sheries. 

Reviews in Fisheries Biology and Fisheries 17:581-613.

Frelich, L.E. and P.B. Reich. 2010. Will environmental 

changes reinforce the impact of global warming on 

the prairie-forest border of central North America?  

Frontiers in Ecology and Environment 8: 371-378. DOI: 

10.1890/080191.

Frolking, S. and N.T. Roulet. 2007.  Holocene radiative 

forcing impact of northern peatland carbon accumula-

tion and methane emissions. Global Change Biology 

13:1079-1088.

Galatowitsch, S., L. Frelich, and L. Phillips-Mao. 2009. Re-

gional climate change adaptation strategies for biodiver-

sity conservation in a midcontinental region of North 

America. Biological Conservation 142:2012-2022.

Galatowitsch, S., N. Anderson, and P. Ascher. 1999. Invasive-

ness in wetland plants in temperate North America. 

Wetlands 19:733-755.

Gao, S., and H.G. Stefan. 1998. Projections of seasonal water 

temperature cycles and stratifi cation in fi ve large lakes 

in Minnesota under a 2xCO2 climate scenario. Univer-

sity of Minnesota, St. Anthony Falls Hydraulic Labora-

tory, Project Report No. 423, 77 p., Minneapolis. 

Genkai-Kato, M., and S.R. Carpenter. 2005. Eutrophica-

tion due to phosphorus recycling in relation to lake 

morphometry, temperature, and macrophytes. Ecology 

86(1):210-219.

Gigliotti, L.M. and D.J. Decker.  1992.  Human dimensions in 

wildlife management education: preservice opportuni-

ties and in-service needs.  Wildlife Society Bulletin,20: 

8 – 14.

Girvetz, E.H., C. Zganjar, G.T. Raber, E.P. Maurer, P. 

Kareiva, and J.J. Lawler. 2009 Applied climate change 

analysis: the climate wizard tool. PLoS ONE 4: e8320. 

doi:10.1371/journal.pone.0008320.

Glaser, P.H. 1987. The ecology of patterned boreal peatlands 

of northern Minnesota: a community profi le. U.S. Fish 

and Wildlife Service Biological Report 85(7.14).  Wash-

ington, D.C.  98pp.

Gonzalez, P., R.P. Neilson, J.M. Lenihan, and R.J. Drapek. 

2010. Global patterns in the vulnerability of ecosystems 

to vegetation shifts due to climate change. Global Ecol-

ogy and Biogeography 19:755-768.

Gorham, E. 1991.  Northern Peatlands: Role in the Carbon 

Cycle and Probable Responses to Climatic Warming. 

Ecological Applications 1:182-195.

H.-M. Füssel, R.J.T. Klein: Climate Change Vulnerability 

Assessments: An Evolution of Conceptual Thinking 

Climatic Change 75(3):301-329, 2006.

Hanson, P, an d J.F. Weltzin. 2000. Drought disturbance from 

climate change: response of United States forests Science 

of The Total Environment262: 205-220.

Heller, N. and E. Zavaleta. 2008.  Biodiversity management 

in the face of climate change: a review of 22 years of 

recommendations. Biological Conservation 142 (2009) 

14-32. 

Henderson, B.A., Morgan, G.E., and Vaillancourt, A. 2004. 

Growth, ingestion rates and metabolic activity of wall-



Minnesota Department of Natural Resources74

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

eye in lakes with and without lake herring. J. Fish. Biol. 

65: 1270– 1282.

Herb, W., and H. Stefan. 2010. Projecting the impact of 

climate change on coldwater stream temperatures in 

Minnesota using equilibrium temperature models. 

St. Anthony Falls Laboratory, University of Minnesota, 

Project Report 546, Minneapolis, MN. 

Herwig, B.R., K.D. Zimmer, M.A. Hanson, M.L. Konsti, J.A. 

Younk, R.W. Wright, S.R. Vaughn, and M.D. Haustein. 

2010. Factors Infl uencing Fish Distributions in Shallow 

Lakes in Prairie and Prairie-Parkland Regions of Min-

nesota, USA. Wetlands 30:609-619.

Herwig, B.R., M.A. Hanson, J.R. Reed, B.G. Parsons, A.J. 

Potthoff, M. C. Ward, K.D. Zimmer, M.G. Butler, D.W. 

Willis, and V.A. Snook. 2004. Walleye stocking as a 

tool to suppress fathead minnows and improve habitat 

quality in semipermanent and permanent wetlands 

in the prairie pothole region of Minnesota. Minnesota 

Department of Natural Resources, Special Publication 

159, St. Paul, MN. 

Hobbs, R.J., S. Arico, J. Aronson, J.S. Baron, P. Bridgewa-

ter, V.A. Cramer, P.R. Epstein, J. . Ewel, C.A. Klink, 

A.E. Lugo, D. Norton, D.S. Ojima, D.M. Richardson, 

E.W. Sanderson, F. Valladares, M. Vila, R. Zamora, 

and M. Zobel.  2006.  Novel ecosystems: theoretical and 

management aspects of the new ecological world order.  

Global Ecology and Biogeography 15:1-7.

Hobbs, R.J., Higgs, E., and Harris, J.A.  2009.  Novel eco-

systems: implications for conservation and restoration.  

Trends in Ecology and & Evolution 24:599-605.

International Association for Public Participation website 

http://www.iap2.org/  

International Energy Agency 2011.  Prospect of limiting the 

global increase in temperature to 2° C is getting bleaker.  

International Energy Agency News Post on website 

http://www.iea.org/index_info.asp?id=1959, 30 May 

2011, accessed on 8 June 2011. 

IPCC, 2007a: Climate Change 2007: The Physical Science 

Basis. Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S., D. Qin, M. Manning, Z. 

Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. 

Miller (eds.)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA, 996 pp.

IPCC, 2007b: Climate Change 2007: Synthesis Report. Con-

tribution of Working Groups I, II and III to the Fourth 

Assessment Report of the Intergovernmental Panel on 

Climate Change [Core Writing Team, Pachauri, R.K 

and Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland, 

104 pp.

Jackson, D.A., and N.E. Mandrak. 2002. Changing fi sh bio-

diversity: predicting the loss of cyprinid biodiversity due 

to global climate change. Pages 89-98 in N. A. McGinn, 

editor. Fisheries in a Changing Climate, volume 32. 

American Fisheries Society, Bethesda.

Jackson, Z.J., M.C. Quist, J.A. Downing, and J.G. Larscheid. 

2010. Common carp (Cyprinus carpio), sport fi shes, 

and water quality: Ecological thresholds in agricultur-

ally eutrophic lakes. Lake and Reservoir Management 

26:14-22.

Jacobson, P.C., H.G. Stefan, and D.L. Pereira. 2010. Coldwa-

ter fi sh oxythermal habitat in Minnesota lakes: infl uence 

of total phosphorus, July air temperature, and relative 

depth. Canadian Journal of Fisheries and Aquatic Sci-

ences 67(12):2002-2013.

Jacobson, P.C., T.K. Cross, J. Zandlo, B.N. Carlson, D.P. 

Pereira. In press.  The effects of climate change and 

eutrophication on cisco Coregonus artedi abundance in 

Minnesota lakes. Ergebnisse der Limnologie.

Jacobson, P.C., T.S. Jones, P. Rivers, and D.L. Pereira. 2008. 

Field estimation of a lethal oxythermal niche boundary 

for adult ciscoes in Minnesota Lakes. Transactions of 

the American Fisheries Society 137:1464-1474.

Janetos, A., L. Hansen, D. Inouye, B.P. Kelly, L. Meyerson, 

B. Peterson, and R. Shaw, 2008. Biodiversity. In: The 

effects of climate change on agriculture, land resources, 

water resources, and biodiversity in the United States. 

A Report by the U.S. Climate Change Science Program 

and the Subcommittee on Global Change Research. 

Washington, DC., USA, 362 pp

Johnson, S.L., and H. Stefan. 2006. Indicators of climate 

warming in Minnesota: lake ice covers and snow melt 

runoff. Climate Change 75:421-453.

Johnson, W.C., B.V. Millett, T. Gilmanov, R.A. Voldseth, 

G.R. Guntenspergen, and D. E. Naugle. 2005. Vulner-

ability of northern prairie wetlands to climate change. 

BioScience 55:863-872.

Johnson, W.C., B. Werner, G.R. Guntenspergen, R.A. Volds-

eth, B. Millett, D.E. Naugle, M. Tulbure, R.W.H. Car-

roll, J. Tracy, and C. Olawsky. 2010.  Prairie Wetland 

Complexes as Landscape Functional Units in a Chang-

ing Climate. BioScience 60:128-140.



Minnesota Department of Natural Resources 75

Jones, M.B. and A. Donnelley.  2004.  Carbon sequestration 

in temperate grassland ecosystems and the infl uence of 

management, climate and elevated CO2.  New Phytolo-

gist 164:423-439.

Joyce, L.A., C.H. Flather, and M. Koopman.  Analysis of 

potential impacts of climate change on wildlife habitats 

in the U.S.  National Council for Science and the En-

vironment, Wildlife Habitat Policy Research Program, 

Washington D.C. 

Karl, T.R., J.M. Melillo, and T.C. Peterson, editors. 2009. 

Global Climate Change Impacts in the United States. 

Cambridge University Press.

Keeney, R.L.  2009.  The foundations of collaborative group 

decisions.  International Journal of Collaborative Engi-

neering 1:4-18.

Keeney, R.L., and H. Raiffa.  1976.  Decisions with multiple 

objectives.  Wiley, New York.

Kling, G.W. 2003. Confronting climate change in the Great 

Lakes region: impacts on our communities and ecosys-

tems. Union of Concerned Scientists, Cambridge, MA.

Kloiber, S.  2010.  Wetland Status and Trends Report for 

Minnesota.  Minnesota Department of Natural Resourc-

es, Ecological and Water Resources Report.  St. Paul.  26 

pp.  

Kloiber, S.M., P.L. Brezonik, and M.E. Bauer. 2002. Applica-

tion of Landsat imagery to regional-scale assessments of 

lake clarity. Water Research 36:4330-4340.

Larson, D. L. 1995. Effects of climate on numbers of northern 

prairie wetlands. Climatic Change 30:169-180.

Lawler, J.J., Tear, T.H., Pyke, C., Shaw, M.R., Gonzalez, P., 

Karelva, P., Hansen, L., Hannah, L., Klausmeyer, K., 

Aldous, A., Bienz, C., and Pearsall, S.  2009.  Resource 

management in a changing and uncertain climate. 

Frontiers in Ecology and the Environment 8:35-43. 

Le Quere, C., M.R. Raupach, J.G. Canadell, G. Marland, and 

et al. 2009. Trends in the sources and sinks of carbon 

dioxide. Nature Geoscience 2:831-836.

Leiserowitz, A., Maibach, E., Roser-Renouf, C., & Smith, N.  

2010.  Climate change in the American Mind: Ameri-

cans’ global warming beliefs and attitudes in June 2010. 

Yale University and George Mason University. New 

Haven, CT: Yale Project on Climate Change Com-

munication.  Available at: http://environment.yale.edu/

climate/fi les/ClimateBeliefsJune2010.pdf

Leiserowtiz, A., E. Maibach, and C. Roser-Renouf.  2009.  

Climate change in the American mind: America’s 

climate change beliefs, attitudes, policy preferences, and 

actions. Yale University, New Haven, CT .  Available 

online at http://research.yale.edu/environment/cliamte.

Lindenmayer, D.B., and G.E. Likens.  2010.  The science and 

application of ecological monitoring.  Biological Conser-

vation 143:1317-1328.

Lovett, G.M., D.A.Burns, C.T. Driscoll, J.C. Jenkins, M.J. 

Mitchell, L. Rustad, J.B. Shanley, G.E. Likens, and R. 

Haeuber.  2007.  Who needs environmental monitoring?  

Frontiers in Ecology and the Environment 5:253-260.

Lyons, J.E., M.C. Runge, H.P. Laskowski, and W.L. Kendall.  

2008.  Monitoring in the context of structured decision-

making and adaptive management.  Journal of Wildlife 

Management 72:1683-1692.

Lyons, J., J.S. Stewart, and M. Mitro. 2010. Predicted effects 

of climate warming on the distribution of 50 stream 

fi shes in Wisconsin, U.S.A. Journal of Fish Biology 

77:1867-1898.

Lyons, J., T. Zorn, J. Stewart, P. Seelbach, K. Wehrly, and 

L. Wang. 2009. Defi ning and characterizing coolwater 

streams and their fi sh assemblages in Michigan and 

Wisconsin, USA. North American Journal of Fisheries 

Management 29:1130-1151.

MacDougall, A.S., and R. Turkington. 2005. Are Invasive 

Species the Drivers or Passengers of Change in Degrad-

ed Ecosystems? Ecology 86:42–55.

Magner, J.A., and K.N. Brooks.  2007.  Integrating sentinel 

watershed-systems into the monitoring and assessment 

of Minnesota’s (USA) waters quality.  Environmental 

Monitoring and Assessment 138(1-3):149-158.

Magnuson, J.J., J.D. Meisner, and D.K. Hill. 1990. Potential 

changes in thermal habitat of Great Lakes fi sh after 

global climate warming. Transactions of the American 

Fisheries Society 119:254-264.

Maibach, E., C. Roser-Renouf, and A. Leiserowitz.  2010.  

Global Warming’s Six Americas 2009: An Audience 

Segmentation Analysis. Yale Project on Climate Change 

and George Mason University Center for Climate 

Change Communication.  Available online at http://en-

vironment.yale.edu/uploads/6Americas2009.pdf 

Mawdsley, J.A., O’Malley, R., and Ojima, D.  2009.  A review 

of climate-change adaptation strategies for wildlife 

management and biodiversity conservation.  Conserva-

tion Biology, 23 (5) 1080-1089.



Minnesota Department of Natural Resources76

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, 

A.T. Gaye, J.M. Gregory, A. Kitoh, R. Knutti, J.M. 

Murphy, A. Noda, S.C.B. Raper,I.G. Watterson, A.J. 

Weaver and Z.-C. Zhao, 2007: Global Climate Projec-

tions. In: Climate Change 2007: The Physical Science 

Basis.  Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S.,D. Qin, M. Manning, Z. 

Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. 

Miller (eds.)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA.

Meisner, J. D. 1990. Potential loss of thermal habitat for brook 

trout, due to climatic warming, in two southern Ontario 

streams. Transactions of the American Fisheries Society 

119:282-291.

Millar, Constance, Nathan Stephenson and Scott Stephens. 

2007.  Climate change and forests of the future: manag-

ing in the face of uncertainty.  Ecological Applications 

17(8): 2145-2151.

Millet, B., W. C. Johnson and G. Guntenspergen.  2009.  

Climate trends of the North American prairie pothole 

region 1906–2000.  Climatic Change 93:243–267.

Milly, P.C. D., J. Betancourt, M. Falkenmark, R.M. Hirsch, 

Z.W. Kundzewicz, D.P. Lettenmaier, and R.J. Stouffer. 

2008. Stationarity Is Dead: Whither Water Manage-

ment? Science 319:573-574.

Minnesota Climate Change Advisory Group.  2008.  Min-

nesota Climate Change Advisory Group Final Report.  

Minnesota Department of Commerce and Pollution 

Control Agency, St. Paul, MN.  

Minnesota Forest Resources Council.  2007.  Biomass harvest-

ing guidelines for forestlands, brushlands, and open 

lands.  Minnesota Forest Resources Council, St. Paul, 

Minnnesota. 

Minnesota Department of Natural Resources.  1984. Recom-

mendations for the Protection of Ecologically Signifi -

cant Peatlands in Minnesota.  St. Paul.  78pp.

Minnesota Department of Natural Resources.  2009.  Offi cial 

list of Calcareous Fens.  State Register, Dec. 7, 2009.  34 

SR 823-824.

Minnesota Department of Natural Resources. 2006. To-

morrow’s Habitat for the Wild and Rare: An Action 

Plan for Minnesota Wildlife, Comprehensive Wildlife 

Conservation Strategy.  Division of Ecological Services, 

Minnesota Department of Natural Resources.  

Minnesota Department of Natural Resources. 2010a. Protec-

tion of the State’s Surface Water and Groundwater 

Resources.  

Minnesota Department of Natural Resources. 2010b. Minne-

sota Department of Natural Resources climate change 

survey.  MNDNR Offi ce of Management and Budget 

Services.

Minnesota Department of Natural Resources. 2010c. Water 

Ways: A Minnesota Water Primer and Project WET 

Companion.  Minnesota Department of Natural Re-

sources, St. Paul, Minnesota, 140 p. 

Minnesota Department of Natural Resources.  2011.  Five 

Year Plan for Sustainable Fleet, Facilities, and Purchas-

ing Operations.  Minnesota Department of Natural 

Resources, St. Paul, Minnesota.  

Minns, C. K. 2009. The potential future impact of climate 

warming and other human activities on the produc-

tive capacity of Canada’s lake fi sheries: a meta-model. 

Aquatic Ecosystem Health and Management 12(2):152-

167.

Mitsch, W.J. and J.G. Gosselink.  2000.  Wetlands, Third Ed.  

John Wiley & Sons, Inc.  New York.  920pp.

Mohseni, O., H.G. Stefan, and J.W. Eaton. 2003. Global 

warming and potential changes in fi sh habitat in U.S. 

streams. Climatic Change 59:389-409.

Murphy-Klassen, H.M., T.J. Underwood, S.G. Sealy, and 

A.A. Czyrnyj. 2005. Long-Term Trends in Spring Ar-

rival Dates of Migrant Birds at Delta Marsh, Manitoba, 

in Relation to Climate Change.  The Auk 122:1130-

1148.

Murray, D.L., E.W. Cox, W.B. Ballard, H.A. Whitlaw, M.S. 

Lenarz, T.W. Custer, T. Barnett, and T.K. Fuller. 2006. 

Pathogens, nutritional defi ciency, and climate infl uences 

on a declining moose population. Wildlife Mono-

graphs:1-29.

Naiman, R.J., H. Decamps and M.E. McClain.  2005.  Riparia 

– Ecology, Conservation, and Management of Stream-

side Communities.  Elsevier Academic Press.  430pp.

National Academy of Sciences. 2011. America’s Climate 

Choices.  National Academies Press, Washington D.C.

National Assessment Synthesis Team (NAST). 2001. Climate 

Change Impacts on the United States: The Potential 

Consequences of Climate Variability and Change. 

Cambridge University Press, Cambridge, UK, and New 

York, 612 pp.



Minnesota Department of Natural Resources 77

Nichols, J.D., and B.K. Williams.  2006.  Monitoring for con-

servation.  Trends in Ecology and Evolution 21:668-673.

Niemeijer, D., and R.S. de Groot.  2008.  A conceptual 

framework for selecting environmental indicator sets.  

Ecological Indicators 8:14-25.

Niven, D.K., G.S. Butcher, and T.G. Bancroft.  2009.  Birds 

and Climate Change: Ecological Disruption in Motion.  

National Audubon Society Report.  

Niven, D.K., G.S. Butcher, and T.G. Bancroft. 2008-9.  

Christmas Bird Counts and Climate Change: North-

ward Shifts in Early Winter Abundance.  American 

Birds 63: 10-15. 

Novotny, E.V., and H.G. Stefan. (2007). Stream fl ow in Min-

nesota: Indicator of climate change, Journal of Hydrol-

ogy, 334(3-4), 319-333.

Ohlson, D.W., G.A. McKinnon, and K.G. Hirsch. 2005. A 

structured decision-making approach to climate change 

adaptation in the forest sector.  The Forestry Chronicle 

81(1):97–103.

Paerl, H.W., and J. Huisman.  2008.  Blooms like it hot. Sci-

ence 320:57-58.

Paerl, H.W., and J. Huisman. 2009.  Climate change: a 

catalyst for global expansion of harmful cyanobacterial 

blooms. Environmental Microbiology Reports 1(1):27-

37.

Palmer, M.A., D.P. Lettenmaier, N.L. Poff, S. L. Postel, B. 

Richter, and R. Warner. 2009. Climate change and river 

ecosystems: protection and adaptation options. Environ-

mental Management 44(6):1053-1068.

Parish, F., A. Sirin, D. Chapman, H. Joosten, T. Minaeva, and 

M. Silvius. 2007. Assessment on peatlands, biodiversity 

and climate change. Global Environment Center and 

Wetlands International Wageningen.

Parmesan, C., and G. Yohe.  2003.  A globally coherent 

fi ngerprint of climate change impacts across natural 

systems.  Nature 421: 37– 42.

Parmesan, C. and H. Galbraith.  2004.  Observed impacts of 

global climate change in the U.S.  Pew Center on Global 

Climate Change, Arlington, VA.  

Parry, M.L., O.F. Canziani, J.P. Palutikof and Co-authors 

2007: Technical Summary. Climate Change 2007: 

Impacts, Adaptation and Vulnerability. Contribution of 

Working Group II to the Fourth Assessment Report of 

the Intergovernmental Panel on Climate Change, M.L. 

Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden 

and C.E. Hanson, Eds., Cambridge University Press, 

Cambridge, UK, 23-78.

Poiani, K.A. , W.C. Johnson and T.G.F. Kittel.  1995.  Sensi-

tivity of a prairie wetland to increased temperature and 

seasonal precipitation changes.  Water Res. Bull. 31: 

283-294.

Poiani, K.A. and W.C. Johnson. 1991. Global warming and 

prairie wetlands: potential consequences for waterfowl 

habitat. BioScience 41:611-618.

Poiani, K.A., Johnson, W.C., Swanson, G. A., & Winter, T.C. 

1996. Climate change and northern prairie wetlands: 

simulations of long-term dynamics. Limnol. Oceanogr., 

41: 871-881.

Price, J.T.  1995.  Potential impacts of global climate change 

on the summer distributions of some North Ameri-

can grassland birds.  Ph.D. Dissertation, Detroit, MI: 

WayneState University.

Rahel, F. J. 2002. Using current biogeographic limits to pre-

dict fi sh distributions following climate change. Pages 

99-110 in N.A. McGinn, editor. Fisheries in a changing 

climate. American Fisheries Society, Bethesda, MD.

Rosenzweig, C., G. Casassa, D.J. Karoly, A. Imeson, C. Liu, 

A. Menzel, S. Rawlins, T.L. Root, B. Seguin, P. Try-

janowski, 2007: Assessment of observed changes and 

responses in natural and managed systems. Climate 

Change 2007: Impacts, Adaptation and Vulnerability. 

Contribution of Working Group II to the Fourth As-

sessment Report of the Intergovernmental Panel on Cli-

mate Change, M.L. Parry, O.F. Canziani, J.P. Palutikof, 

P.J. van der Linden and C.E. Hanson, Eds., Cambridge 

University Press, Cambridge, UK, 79-131.

Saunders, D.A., R. J. Hobbs, and C.R.Margules. 1991. Bio-

logical Consequences of Ecosystem Fragmentation: A 

Review. Conservation Biology 5: 18–32.

Scheffer, M., and S.R. Carpenter.  2003.  Catastrophic regime 

shifts in ecosystems: linking theory to observation.  

Trends in Ecology and Evolution 18(12):648-656.

Schindler, D.W. 2001. The cumulative effects of climate 

warming and other human stresses on Canadian fresh-

waters in the new millennium. Canadian Journal of 

Fisheries and Aquatic Sciences 58:18-29.

Schneider, K.N. 2010. Biological indicators of climate change: 

trends in fi sh communities and the timing of walleye 

spawning runs in Minnesota. Master’s Thesis, Univer-

sity of Minnesota, St. Paul.



Minnesota Department of Natural Resources78

C l i m a t e  C h a n g e  a n d  R e n e w a b l e  E n e r g y : 
M a n a g e m e n t  F o u n d a t i o n s

Schneider, P., and S.J. Hook. 2010. Space observations of 

inland water bodies show rapid surface warming since 

1985. Geophys. Res. Lett. 37:L22405

Smith, C.S., and J.W. Barko. 1990. Ecology of Eurasian 

watermilfoil. Journal of Aquatic Plant Management 

28:55-64.

Smith, J.E., L.S. Heath, K.E. Skog, and R.A. Birdsey.  2005.  

Methods for calculating forest ecosystem and harvested 

carbon with standard estimates for forest types of the 

United States.  General Technical Report NE-343, 

Northeastern Research Station, US Department of 

Agriculture Forest Service.

Sharma, S., and D. A. Jackson. 2008. Predicting smallmouth 

bass (Micropterus dolomieu) occurrence across North 

America under climate change: a comparison of sta-

tistical approaches. Canadian Journal of Fisheries and 

Aquatic Sciences 65(3):471-481.

Society for Ecological Restoration International Science & 

Policy Working Group. 2004. The SER International 

Primer on Ecological Restoration. www.ser.org & Tuc-

son: Society for Ecological Restoration International.

Stefan, H.G., M. Hondzo, X. Fang, J.G. Eaton, and J.H. Mc-

Cormick. 1996. Simulated long-term temperature and 

dissolved oxygen characteristics of lakes in the north-

central United States and associated fi sh habitat limits. 

Limnology and Oceanography 41(5):1124-1135.

Stefan, H., X. Fang, and J.G. Eaton. 2001. Simulated fi sh 

habitat changed in North American lakes in response to 

projected climate warming. Transactions of the Ameri-

can Fisheries Society 130:459-477.

Strait, R., B. Dougherty, M. Mullen, S. Roe, and 

H. Lindquist. 2008. Final Minnesota Greenhouse Gas 

Inventory and Reference Case Projections 1990 – 2025. 

Center for Climate Strategies and the Minnesota Cli-

mate Change Advisory Group. 

Swanson, D.L. and J.S. Palmer. 2009. Spring migration 

phenology of birds in the northern prairie region is 

correlated with local climate change. Journal of Field 

Ornithology 80: 351-363. 

Swanston, C., M. Janowiak, L. Iverson, L. Parker, D. Mlad-

enoff, L. Brandt, P. Butler, M. St. Pierre, A. Prasad, S. 

Matthews, M. Peters, and D. Higgins. 2010. Ecosystem 

Vulnerability Assessment and Synthesis: A Report from 

the Climate Change Response Framework Project at 

Chequamegon-Nicolet National Forest, Version 1. In 

press.

Tester, J. 1995. Minnesota’s Natural Heritage: An 

Ecological Perspective.  University of Minnesota Press, 

Minneapolis.  

The Economist. 2010. Oil and the Current Account. Feb 

10, 2010. http://www.economist.com/blogs/freeex-

change/2010/02/americas_trade_defi cit. 

Trenberth, K.E., P.D. Jones, P. Ambenje, R. Bojariu, D. 

Easterling, A. Klein Tank, D. Parker, F. Rahimzadeh, 

J.A. Renwick, M. Rusticucci, B. Soden and P. Zhai, 

2007: Observations: Surface and Atmospheric Climate 

Change. In: Climate Change 2007: The Physical Science 

Basis. Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S., D. Qin, M. Manning, 

Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. 

Miller (eds.)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA.

U.S. Department of Agriculture Forest Service.  2010. U.S. 

Carbon Graphs: Summary of Results.  Forests and 

Carbon Web page, Rocky Mountain Research Station. 

URL: http://www.fs.fed.us/rmrs/forest-carbon/, ac-

cessed June 14, 2011.  

U.S. Department of the Interior.  2010.  Adaptive manage-

ment in use web site.  URL: <   http://www.doi.gov/

initiatives/AdaptiveManagement/casestudies.html >. 

Website updated on September 14, 2010, and accessed 

on December 5, 2010.

University of Minnesota, Water Resources Center.  2010.  

Water resources educators fi eld test potential climate 

change effects on common shoreline plants.  Minne-

gram: December 2010.  p.4.

U.S. Environmental Protection Agency (EPA)  2009.  Air 

Emission Sources.  http://www.epa.gov/air/emissions/

index.htm)

U.S. Department of Energy, Energy Information Adminis-

tration.  2009.  World Proved Reserves of Oil and Natu-

ral Gas, Most Recent Estimates March 3, 2009 http://

www.eia.doe.gov/emeu/international/reserves.html).

van der Valk, A.G., ed.  1989.  Northern Prairie Wetlands.  

Iowa State University Press, Ames.  400pp.

Venette, R.C.  2008.  Comparing risks from native and 

exotic bark beetles to the health of Great Lakes forests.  

Proceedings from the Society of American Foresters 

Annual Meeting. 



Minnesota Department of Natural Resources 79

Walther, G.R., and 26 co-authors. 2009. Alien species in a 

warmer world: risks and opportunities. Trends in Ecol-

ogy and Evolution 24:686-693.

Wang, L., J. Lyons, P. Rasmussen, P. Seelbach, T. Simon, 

M. Wiley, P. Kanehl, E. Baker, S. Niemela, and 

P.M. Stewart. 2003. Watershed, reach, and riparian 

infl uences on stream fi sh assemblages in the Northern 

Lakes and Forest Ecoregion, U.S.A. Canadian Journal 

of Fisheries and Aquatic Sciences 60:491-505.

Weltzin, J.F., J. Pastor, C. Harth, S.D. Bridgham, K. Up-

degraff, and C.T. Chapin. 2000. Response of bog and 

fen plant communities to warming and water-table 

manipulations. Ecology 81:3464-3478.

Williams, B.K., and F.A. Johnson.  1995.  Adaptive manage-

ment and the regulation of waterfowl harvests.  Wildlife 

Society Bulletin 23(3):430-436.

Williams, B.K., F.A. Johnson, and K. Wilkins.  1996.  Uncer-

tainty and the adaptive management of waterfowl  

harvests.  Journal of Wildlife Management 60(2):223-

232.

Williams, B.K., R.C. Szaro, and C.D. Shapiro.  2007.  Adap-

tive Management:  The U.S. Department of Interior 

Technical Guide.  Adaptive Management Working 

Group, U.S. Department of Interior, Washington, 

DC.  Available online at http://www.doi.gov/initiatives/

AdaptiveManagement/TechGuide.pdf 

Wisconsin Initiative on Climate Change Impacts. 2010. Water 

Resources Working Group Report. Nelson Institute for 

the Environmental Studies, University of Wisconsin-

Madison, and the Wisconsin Department of Natural 

Resources. 88 pages.  

Woodall, C.W., C.M. Oswalt, J.A. Westfall, C.H. Perry, M.D. 

Nelson, and A.O. Finley. 2009. An indicator of tree 

migration in forests of the eastern United States. Forest 

Ecology and Management 257:1434-1444.

Yoccoz, N.G., J.D. Nichols, and T. Boulinier.  2001.  Monitor-

ing of biological diversity in space and time.  Trends in 

Ecology and Evolution 16:446-453.

Young, B.E. Byers, K. Gravuer, K. Hall, G. Hammerson, A. 

Redder. 2011. Guidelines for Using the NatureServe 

Climate Change Vulnerability Index. NatureServe, 

Arlington, VA.

Zambrano, L., M. Scheffer, and Martinez-Ramos. 2001. Cata-

strophic response of lakes to benthivorous fi sh introduc-

tion. Oikos 94:344-350.

Zimmer, K.D., B.R. Herwig, and L.M. Laurich. 2006. Nutri-

ent excretion by fi sh in wetland ecosystems and its 

potential to support algal production. Limnology and 

Oceanography 51(1):197-207.




