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Abstract
Wisconsin is world-renowned for its diversity of ecological landscapes and wildlife. As 
climatic fluctuations intensify, the distribution and abundance of these landscapes and 
associated wildlife populations will be altered. In the following report, we summarize 
the main issues regarding climate change impacts and adaptation as these relate to Wis-
consin’s wildlife. In the first part, we provide a general review of Wisconsin’s climate 
and ecosystems, outlining trends in recent and anticipated climate change. The second 
part provides an overview, based on peer-reviewed research and technical publications, 
of direct and indirect impacts of climate change on wildlife in Wisconsin. Parts three 
through five illustrate the impacts of climate change using case studies from three ma-
jor habitat types in the state (forests, wetlands, and grasslands). This discussion serves 
to highlight impacts that we anticipate across an array of species. Finally, the last part 
includes a review of adaptation strategies for wildlife management in an era of global 
environmental change. 

Cover photos (top to bottom): Tim Wilder, iStockphoto, Loren Ayers, Gregory Schuurman,  
and iStockphoto.
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With shifting climate and consequently weather, wildlife species may 
experience novel environmental conditions for which they are not suited. 
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Introduction: Wisconsin Wildlife and Climate
Wisconsin northern forests, southern prairies, and inte-
rior and coastal wetlands are home to diverse number 
of animal species: mammals (72), birds (345), amphibi-
ans (19), reptiles (37), and a suite of invertebrates. These 
species supply the Wisconsin public with aesthetic, cul-
tural, and economic benefits; our identity and economy 
are intertwined with these natural resources. For exam-
ple, wildlife viewing for recreation, particularly of rare 
species, supports local economies with more than $700 
million in associated expenditures per year in Wiscon-
sin (U.S. Department of Interior and U.S. Department of 
Commerce 2006). Wisconsin’s diverse wildlife also serve 
critical roles in ecosystems and society. However, cli-
mate change is altering the behavior, distribution, devel-
opment, reproduction, and survival of wildlife popula-
tions. In turn, these changes alter the benefits we receive 
from those populations. As such, it is important that we 
apply the best available science from our observations of 
historical patterns as well as projections of future scenar-
ios to understanding the impacts of climate change and 
the potential for adaptation.

Climate and Ecological  
Communities in Wisconsin
The intensity, frequency, and duration of short-term 
events (weather) are a product of long-term regional and 
continental atmospheric patterns (climate). With shift-
ing climate and consequently weather, wildlife species 
may experience novel environmental conditions for 
which they are not suited. Historical records suggest that 
although weather in Wisconsin has been highly variable, 
the climate has remained within a specific range of varia-
tion and, until recently, changed at a sufficiently slow rate 
to allow plant and animal communities to adapt (Moran 
and Hopkins 2002). Recent climate records and projec-
tions of future climate conditions, however, depict rapid 
change in the magnitude and spatial pattern of weather 
events. As such, the question is not if climate will change 
but how is it changing (Moran and Hopkins 2002). 

The modern vegetation and dependent ecological 
communities of Wisconsin are defined by climatic ele-
ments (such as the mean and extremes of temperature 
and precipitation) and are influenced by factors that also 
interact with climate (including wildfires and human 
disturbance, Moran and Hopkins 2002). At a coarse scale, 
the state can be delineated into northern and southern 
vegetation zones that experience slightly different cli-
mates. The current tension zone between these north-
ern and southern regions originated 2,000 years ago 
and is in part controlled by atmospheric circulation and 
air masses in the late winter and early spring (Figure 
1). Hence, changes in the timing and pattern of spring 
conditions can displace the tension zone (Griffin 1997). 
At a finer scale, there are multiple forest, grassland, and 
wetland/aquatic ecosystems within the northern and 
southern regions. The Wisconsin Department of Natural 
Resources (Wisconsin DNR) identifies 16 ecological land-
scapes, based in part on the distribution of hardwood 
and pine forests in the north and the prairie, oak-domi-
nated forest, and savannas of the south (Wisconsin DNR 
2006). Individual ecosystems within these landscapes 
are influenced by regional climate, which is mediated 
by local conditions (e.g., topographic features) as well 
as multiple other interacting factors (e.g., the pattern of 
human disturbance) such that each ecosystem can be 
expected to respond to climate change in unique ways.

Figure 1. Wisconsin’s vegetative 
tension zone (after Curtis 1959).

IS
TO

C
K

P
H

O
TO



2

Recent and Future Climate Trends
Climate change has already taken place over the past cen-
tury in Wisconsin, as is apparent in the statewide increase 
in average annual temperature (1950-2006, Plate 1 on page 
11, Kucharik et al. 2010a). The strongest trend has been 
a warming of winter and spring temperatures resulting 
in the lengthening of the growing season and an earlier 
onset of spring (Plate 2). Winter and spring temperatures 
have increased significantly in the northwestern and cen-
tral parts of the state and nighttime minimum tempera-
tures increased at a faster rate than daytime temperatures. 
There are fewer very cold nights as well; in northwestern 
and central Wisconsin there are 14-21 fewer nights below 
0° F annually (-18° C, Kucharik et al. 2010a, WICCI 2011). 
Similar trends are apparent in statewide phenological 
records (1962-1998, Zhao and Schwartz 2003), specifically 
confirming the advance of spring conditions in southern 
Wisconsin. Furthermore, annual precipitation increased 
about 15% statewide and by as much as 17.7 cm (7 in) 
in the southern and central parts of the state, but has 
decreased in northern Wisconsin by as much as 10.2 cm 
(4 in, Plate 3, Kucharik et al. 2010a, WICCI 2010). 

Projections of future climate change based on global 
climate assessments are consistent with the observa-
tions of recent climate change described above. In this 
report, we refer to the projections made by Kucharik et 
al. (2010b) that are downscaled for Wisconsin from global 
models published by the Intergovernmental Panel on 
Climate Change (IPCC), the standard for national climate 
assessment (National Research Council [NRC] 2010). The 
IPCC global models include several alternative scenarios 
based on a suite of demographic, social, economic, tech-
nological, and environmental factors that drive climate 
change (Nakicenovic and Swart 2000). At one extreme, 
climate change could plateau in response to stabilization 
in greenhouse gas emissions, human population size, 
and their effect on natural systems (B1 Scenario, Plate 4). 
On the other extreme, if this plateau does not occur, the 
current rates of change in global climate will continue to 
escalate (A2 Scenario, Figure 5). Because of the dynamic 
interplay between socio-economic and environmen-
tal-technological factors, our uncertainty about what will 
happen in the future also increases with time. As such, 

all projections suggest similar trends up to the mid-21st 
century, i.e. the factors that drive climate change diverge 
beyond this point (NRC 2010). In other words, there is high 
confidence in projections through the next 50 years, but 
uncertainty increases as we approach the next century. 
Uncertainty, however, should not prohibit action. Rather, 
we can be explicit about our uncertainty and consider the 
range of projected conditions from both extremes. The 
Kucharik et al. (2010b) projections for Wisconsin apply 
three of the global scenarios, at both extremes (B2, A1B, 
and A2 scenarios, Figure 5), and compare recent climate 
(1961-2000) to projections up to the mid- (2046-2065) and 
late 21st century (2085-2100). This analysis formed part of 
the first Wisconsin Initiative on Climate Change Impacts 
(WICCI) adaptive assessment report (WICCI 2011), and 
these projections can be viewed at www.wicci.wisc.edu.

According to global models, North America should 
expect less extreme cold and more extreme heat and 
heavy precipitation as we approach the next century. 
The downscaled climate models for Wisconsin suggest 
similar changes, including an overall increase in mean 
temperatures across the state of 2° to 5° C (4° to 9° F) by 
2065, amplified in the latter half of this century (Kucha-
rik et al. 2010b). Consistent with recent historical trends, 
these models suggest more pronounced warming trends 
in winter rather than summer (Plate 5, Kucharik et al. 
2010a). Winter warming and changes in precipitation 
(Plate 6) will result in a shortening of the snowfall season, 
reduced snow depth (Plate 7, Notaro et al. 2011), and fur-
ther lengthening of the growing season. In other words, 
regardless of the scenario, we can expect to see notice-
able impacts to ecological communities in Wisconsin. As 
an illustration, this will result in a northern shift in plant 
hardiness zones and a climate more similar to that cur-
rently found in geographic regions to the southwest of 
Wisconsin (Veloz et al. 2012, Kucharik et al 2010b).

In summary, climate change is not a new phenomenon 
in Wisconsin, but there is a clear indication of a change 
in the range of variation from what we have experienced 
in recent history. Mitigating the forces that drive climate 
change is critical. Equally important is adaptation to cur-
rent climate change and the identification of the direct 
and indirect impacts on ecosystems and wildlife that are 
underway already. 

Direct and Indirect Impacts of Climate Change on Wildlife
Although global society is considering regulatory mech-
anisms to reduce greenhouse gas emissions, we will 
continue to experience changes in our climate for 1,000 
or more years after emissions stop (Solomon et al. 2009) 
and the “predominantly negative consequences” for eco-
systems are of great concern (IPCC 2007a). A large body 
of scientific work informs our understanding not only 
of projected effects on ecosystems, but also measured 
impacts (Hughes 2000, McCarty 2001, Walther et al. 2002, 
Parmesan and Yohe 2003, Root et al. 2003). For living 
organisms, the impacts of climate change may be direct 
(e.g., heat stress) or indirect (e.g., change in habitat), and 
globally, animal species are responding to both.

Direct Impacts
For species with a strong life history linkage to ambient 
conditions, in particular temperature and precipitation, 
direct consequences of climate change are of most con-
cern. The relationship between ambient conditions and 
development, reproduction, and survival in animal pop-
ulations is the basis of substantial climate change-wild-
life research. For the majority of animals, there is a com-
mon set of weather-climate conditions that will alter their 
behavior, distribution, development, reproduction, and/
or survival: advance of spring conditions, spatial shift in 
climate niche, high temperature extremes, altered snow 
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cover and cold exposure, drought, and heavy precipita-
tion/flooding events. 

Advance of Spring Conditions. The emergence of 
green shoots and arrival of birds to the breeding grounds 
are the hallmarks of spring. For many species, snow-
melt, increased ambient temperatures, photoperiod, or 
changes in precipitation/moisture signal the beginning 
of conditions suitable for growth and reproduction (Fig-
ure 2). In response to earlier onset of these spring weath-
er-climate signals, some wildlife species initiate migra-
tory and breeding behavior earlier in the year (Parmesan 
and Yohe 2003); this shift is in progress for some plants 
and animals in Wisconsin. In a recent study, research-
ers noted an advance in phenology (i.e. life cycle timing) 
of 17 species in the state (Bradley et al. 1999). In some 
instances, the phenological shift of a species may have 
cultural or economic implications.

Spatial Shift in Climate Niche. For some species, 
particularly ectotherms (i.e. “cold-blooded” organisms), 
abiotic conditions, primarily temperature and precipita-
tion patterns, directly limit their distribution on the land-
scape. The term “climate niche” refers to an area on the 
landscape where temperature and precipitation patterns 
are suitable for a species of interest (Pearson and Dawson 
2003). Recent changes in climate have expanded, con-
tracted, or shifted the climate niches of many species; the 
result is often a change in the species’ geographic range 
(Parmesan and Yohe 2003). For example, Wisconsin is one 
of the few remaining states where the federally endan-
gered Hine’s emerald dragonfly (Somatochlora hineana) 
is found. Hines emerald dragonfly larvae require cool 
summer waters (16°-20° C) for development (Packauskas 
2005, citing Walker 1925). As waters within their current 
distribution warm, there may be a northward shift in the 
species distribution to suitable thermal conditions. In 
a landscape altered for human use, namely residential/
commercial development and agriculture, range shifts 
are limited and not all species will be able to respond to 
the novel conditions accordingly (Vos et al. 2008). 

High Temperature Extremes. All organisms have an 
upper and lower temperature threshold and when ambi-
ent temperatures exceed these critical values, the result 
is physiological stress or death. While some animal spe-
cies tolerate a wide range of ambient temperatures, for 
some the threshold is narrow. For example, moose (Alces 
americanus) have low tolerance for high ambient tem-
peratures and consequently are experiencing changes 
in their populations. When winter temperatures exceed 
-5° C and spring-summer temperatures exceed 14°C, 
moose experience heat stress (Renecker and Hudson 
1986). Repeated heat stress likely decreases body condi-
tion and markedly increases their susceptibility to dis-
ease and starvation (Murray et al. 2006). In Minnesota, 
the considerable decline in the local moose population 
is largely attributed to an increased frequency and mag-
nitude of ambient temperatures exceeding the moose’s 
narrow threshold (Murray et al. 2006, Lenarz et al. 2009). 
In a period of 25 years, the mid-1980s to today, the moose 
population in northwestern Minnesota declined from 
4,000 individuals to less than 100. Although there are few 
moose in Wisconsin, an increase in ambient temperature 
and high temperature extremes could threaten what 
remains of the population. 

Altered Snow Cover and Cold Exposure. Cold con-
ditions, particularly in the extremes of northern Wis-
consin, challenge the survival of wildlife; staying warm 
requires energy and exposure to cold conditions can 
quickly lead to death. To avoid this fate, many species 
employ one or a number of strategies to survive cold tem-
peratures: leave temporarily (migrate), hibernate, or rest 
under snow cover for insulation. Not only will climate 
change alter the amount and duration of snow cover, but 
we anticipate more freezing rain events in winter. Shal-
low snow cover and freezing rain in winter may reduce 
the thermal benefits of snow tunnels and animals may 
die from cold exposure. In Wisconsin, the American 
marten (Martes americana, Figure 3), a small member of 
the weasel family (Mustelidae), is an example of a spe-
cies with a narrow temperature threshold. Wisconsin 

Figure 2. Spruce grouse (Falcipennis canadensis), an example 
of a species that relies on snow cover for roosting habitat.

Figure 3. American marten, a state endangered mammal, that is 
impacted directly and indirectly by climate change.
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is at the southern extent of its range and an important 
limitation to marten distribution is adequate snow cover 
that provides thermal protection from low winter tem-
peratures. With a lean body, the marten has little fat 
reserves to endure the extreme winter temperatures of 
northern Wisconsin (Gilbert et al. 2006). Its behavioral 
adaptation of resting in subnivean areas (i.e. areas under 
the snow with woody debris) permits the marten to sur-
vive in northern climates (Buskirk et al. 1989). As winter 
temperatures are projected to increase in the state, the 
insulative properties of subnivean areas will be reduced 
with implications for marten persistence in Wisconsin. 

Drought. Water is fundamental to cellular function 
and its availability determines the distribution and abun-
dance of all living organisms. As such, moisture require-
ments for living organisms are extremely restrictive 
with relatively few species specialized to thrive under 
dry conditions. Amphibians are particularly sensitive to 
drought conditions because they have permeable skin 
and, depending on species, require a range of aquatic 
habitat types for reproduction. Nineteen amphibians 
are native to Wisconsin and six are of conservation con-
cern. The northern cricket frog (Acris crepitans), a small 
treefrog, is the only amphibian listed as endangered 
in the state. Once common in the Upper Midwest, the 
species began a considerable regional decline in the late 
1950s (Gray and Brown 2005). Although the exact cause 
remains unclear, periodic drought conditions over a 
period of several decades may be an important source 
of mortality (Hay 1998). Under more frequent drought 
conditions, projected to increase in severity and spatial 
extent (IPCC 2007b, Dai et al. 2010), local extinction is a 
clear possibility for many Wisconsin amphibians. 

Heavy Rainfall/Flooding Events. Although water is 
fundamental to the persistence of life, large influxes of 
water in a short period of time are often detrimental. 
Such extreme events may damage structures for breeding 
or resting, inundate or destroy habitat, or injure or kill 
wildlife. For example, flooding is a relatively ubiquitous 
cause of reproductive failure in birds and complete nest 
loss in an entire colony, attributed to a single event, is not 
uncommon in waterbirds (Burger 1982). The increased 
risk of flooding under climate change, particularly in 
river and coastal systems, is an important consideration 
for these populations (Watkinson et al. 2004). The black 
tern (Chlidonias niger) is a colonial breeding bird that is 
found in wetlands across Wisconsin. In a study of black 
terns in Wisconsin, weather (storms and flooding) was 
“clearly the single most important… cause” of nest fail-
ure (Shealer et al. 2006). The black tern is in significant 
decline in the state and is listed as a species of greatest 
conservation need (Wisconsin DNR 2005). Additional 
mortality attributed to heavy rainfall/flooding events 
may hasten the decline of the species in our state. 

Indirect Impacts
Wildlife Habitat. The distribution and abundance of 

animal species is largely defined by the type, amount, 
and quality of suitable vegetation. Hence, changes in 
vegetation result in changes in the distribution and 

abundance of animals. For species that are habitat spe-
cialists, restricted to a narrow range of resources, such 
changes are often problematic. From historical studies of 
vegetation, there is strong evidence that the response of 
vegetation to changes in temperature and precipitation 
patterns may be rapid (e.g., tree migration of 400-1,000 m 
per year) initiating a cascade of “independent responses 
of individual plant and animal species” (Foster et al. 
2004). The result is a reassembly of community structure 
and species functional roles to form novel communities 
(Williams and Jackson 2007) and researchers are now 
detecting such changes in contemporary vegetation (e.g., 
Allen and Breshears 1998, Sturm et al. 2001). For example, 
in 2002-2003, after a period of depleted soil water content 
and anomalously high temperatures, drought-induced 
water stress combined with bark beetle (Ips confusus) 
infestation resulted in a mass die-off (more than 12,000 
km2) of a dominant pine species in the southwestern U.S. 
(Breshears et al. 2005). Such rapid, expansive changes in 
dominant vegetation affect the regional ecosystem, from 
erosion and nutrient cycling to availability of forage for 
wildlife. The process of vegetation change and wildlife 
responses is one that is still unfolding (IPCC 2007b). Cur-
rently, researchers primarily rely on ecological model-
ing to understand the possible implications for animal 
species. Towards this goal, researchers must first project 
changes in the structure, composition, abundance, and 
distribution of the novel habitat. Next, we must predict 
the occupancy and use of the habitat by the species of 
interest. Finally, we must translate the relationship 
between habitat and use to population trends. Given the 
close linkages between declines in animal populations 
and changes in habitat (Wilcove et al. 1998), we consider 
this process fundamental to projecting the future of 
wildlife populations in the state. 
Interspecific Interactions. Changes in the distribu-

tion and abundance, in space and time, of one animal 
species may affect another species, “uncoupling,” inten-
sifying, or creating novel relationships (Tylianakis et al. 
2008). For example, there is an anticipated intensification 
of insect predation and pathogens in forest ecosystems 
under climate change (Logan et al. 2003). Specifically, 
the gypsy moth (Lymantria dispar), a non-native tree-de-
foliating insect, is limited by cold temperature, but this 
restriction likely will lessen with climate change, posing 
an even more serious threat to forest ecosystems and sil-
viculture across North America (Logan et al. 2007). As 
another example, some long-distance migrant birds are in 
decline because of mistimed food availability. Respond-
ing to ambient temperature, peak insect (i.e. prey) abun-
dance occurs earlier, but the birds, responding to the cue 
of day length, do not return earlier and hence, do not 
advance their laying date; as a result, less food is avail-
able for chicks (Both et al. 2006). An additional notewor-
thy change in interspecific interactions is the relationship 
between wildlife disease and climate change. Climate 
change likely will increase the frequency and severity 
of disease outbreaks in wildlife populations (Harvell et 
al. 2002). This is particularly problematic for populations 
already in decline. In the Great Lakes, types C and E bot-
ulism are of increasing concern for native waterbirds. The 
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prevalence of a toxin-producing bacterium (Clostridium 
botulinum) is closely tied to low water levels and higher 
water temperatures. Under such conditions, projected 
for our region, there may be more frequent outbreaks 
that result in massive avian mortality. In recent years, 
the number of outbreaks has become relatively common 
across the region and resulted in substantial bird losses 
(e.g., Lake Michigan 1963-2008, Lafrancois et al. 2010). 

Non-climate Stressors
It is important to note that climate change is not the sole 
threat to wildlife populations. Currently, habitat loss/
degradation and invasive or non-native species are the 
primary threats to biodiversity (Wilcove et al. 1998); 
additional threats include pollution (including nutrient 
loading) and overexploitation (Groom 2006). In Wiscon-
sin, loss of native grasslands, wetlands, and forests due 
to conversion to residential/commercial development or 
agriculture (Radeloff et al. 2005, Mladenoff et al. 2008, 
Sample and Mossman 2008, Zedler and Potter 2008) is 
currently the foremost threat to wildlife populations. It is 
important because such land conversion often creates “a 
patchwork of small isolated natural areas” surrounded by 
an inhospitable landscape (Noss et al. 2006); this results 
in a suite of negative consequences (e.g., local extinctions) 
for wildlife diversity in the state. Affecting nearly 50% 
of imperiled species in the country, the introduction and 
proliferation of non-native species is the second greatest 
threat (Wilcove et al. 1998) and the cost of environmen-
tal damage from non-native species exceeds $125 billion 
per year (Pimental et al. 2000). In Wisconsin, non-native 
species are a major threat to terrestrial and aquatic wild-
life; species such as zebra mussel (Dreissena polymorpha) 
and common buckthorn (Rhamnus cathartica) negatively 
affect the local economy by out competing native spe-
cies and drastically altering ecosystems (Vander Zanden 
and Maxted 2008, Kearns 2008). In the near future, exotic 
pests, such as the emerald ash borer (Agrilus planipennis), 
may eliminate a suite of tree species and consequently, 
important wildlife habitat from Wisconsin (Logan et al. 
2003). A third threat to wildlife in Wisconsin is nutrient 
loading and pollution from industry and agriculture. 
Adverse effects of persistent bioacummulating toxic sub-
stances (PBTs), such as methylmercury, polybrominated 
biphenyl ethers (PBDEs), organochlorine pesticides, and 
polychlorinated biphenyls (PCBs) include: endocrine and 
immune dysfunction, reproductive impairment, and 
developmental abnormalities (Ross and Birnbaum 2003). 
Nonpoint source pollution of nutrients, namely nitrogen 
and phosphorus, is a “widespread problem” in aquatic 
ecosystems with negative implications for fisheries, rec-
reation, industry, agriculture, and drinking (Carpenter et 
al. 1998). Although overexploitation (i.e. overharvest) was 
a concern for wildlife in Wisconsin’s recent history, it is 
no longer a major threat to wildlife diversity in the state. 

Most species experience simultaneous threats (Czech 
et al. 2000) that act together to rapidly advance biodiver-
sity loss. The combination of two or more threats hastens 
the decline of wildlife populations. In many instances, 
multiple threats act synergistically; namely the presence 

of one threat intensifies and amplifies the other and vice 
versa (Myers 1987, Figure 4). This type of interaction may 
result in an abrupt decline to extinction, and because 
of their complexity, these interactions remain poorly 
understood. Climate change is not only an additional 
threat to wildlife populations, but also acts synergisti-
cally with existing threats. For example, UV-B radiation 
is a major threat to amphibian populations, particularly 
those in high elevation habitats (Blumthaler and Ambach 
1990). A study in the western United States found that 
climate-induced changes in water depth increase the 
exposure of embryos to UV-B radiation and, in turn, their 
susceptibility to water mold; the result is high mortality 
of embryos and demonstrates the complexity of threats 
acting in concert (Kiesecker et al. 2001). In another exam-
ple, like the gypsy moth, climate change will alter the 
restrictions (e.g., temperature, streamflow, salinity) that 
currently limit the distribution and abundance of aquatic 
invasive species, likely “enhancing their competitive and 
predatory effects on native species” (Rahel et al. 2008). 
The implication of multiple threats, acting in concert, is 
of great concern to natural resource managers. 

“Winners and Losers” 
It is important to note that climate change will not have 
adverse impacts on all wildlife. Although there likely 
will be more “losers” than “winners,” some species will 
fare well in an era of global environmental change (McK-
inney and Lockwood 1999). Species that have short gen-
eration times, are widely distributed, move easily across 
the landscape, have general habitat requirements, and 
are not sensitive to human activity will fare well; con-
versely, species with long generation times, narrow dis-
tributions, poor dispersal ability, special habitat require-
ments, and that are sensitive to human activity will fare 
poorly (McKinney and Lockwood 1999). Reinforcing the 
importance of synergistic threats, most species in the lat-
ter category are already in decline from existing threats. 
More losers than winners will result in a homogenization 

Figure 4. Blanding’s turtle (Emydoidea blandingii), a state 
threatened species that is impacted by multiple synergistic threats 
tied to human disturbance, including habitat loss, nest predation, 
and competition with invasive species.

G
 S

C
H

U
U

R
M

A
N



6

of our landscape and wildlife (McKinney and Lockwood 
1999). Population increases from our most common spe-
cies, such as European starling (Sturnus vulgaris), Canada 
goose (Branta canadensis), and gray squirrel (Sciurus caro-
linensis), will be matched by the loss of our most vulnera-
ble species, including purple martin (Progne subis), black 
tern, and American marten. This will result in a net loss 
to the state’s biodiversity and a simplification of our eco-
logical communities. 

For society, the negative consequences of this simpli-
fication are aesthetic and impaired use (e.g., Eurasian 

water-milfoil [Myriophyllum spicatum] in lakes), cultural 
(e.g., fewer species for harvest), and economic (e.g., 
reduced pest control or pollination, increased risk of dis-
ease outbreaks). It is also important to note that we can 
never anticipate the full ramifications of species loss. For 
example, what is the implication of widespread decline 
in bat populations for insect control (Blehert et al. 2009)? 
Until we can better estimate such impacts, it is most pru-
dent to heed the advice of Aldo Leopold, Wisconsin’s 
great wildlife ecologist, “to keep every cog and wheel is 
the first rule of intelligent tinkering” (Leopold, 1953). 

Forest-Dependent Wildlife
The tree, shrub, and herbaceous species that dominate 
Wisconsin’s forests are the product of the complex inter-
action between biological and geophysical conditions; 
climate change alters these patterns, in particular tem-
perature, precipitation, and disturbance regimes, and the 
effect is a change in species composition and structure. 
In turn, changes in forest vegetation, from coarse to fine 
spatial scales, will impact forest-dependent wildlife. In 
northern Wisconsin, the growing season is projected to 
be 28-56 days longer than current conditions (reference 
period [1961-2000] to end of 21st century; Kucharik et al. 
2010b). This, in combination with the projected moderate 
increases in annual precipitation of 2.5-7.6 cm (1-3 in) in 
the northern region (Kucharik et al. 2010b) and changes 
in soil moisture will likely alter forest productivity and 
result in shifts in climate niche for many tree and shrub 
species (Swanston et al. 2011). Although the aforemen-
tioned changes are relatively positive for forests, extreme 
events (e.g., drought, flooding), changes in disturbance 
regime (e.g., fires), alterations to cold exposure, and the 
possible expansion and proliferation of tree-defoliating 
insects may lead to declines in productivity and major 
changes in forest composition in the region. The impli-
cations of climate change and its associated impacts 
on Wisconsin’s northern forests is the subject of multi-
ple research projects among the academic, government, 
and non-profit sectors. As our knowledge of future for-
est composition increases, so will our understanding of 
the future of forest-dependent species in the state. In the 
following section, we discuss the implications of climate 
change for three forest-dependent species in Wisconsin: 
the American marten, the eastern red-backed salaman-
der (Plethodon cinereus), and the white-tailed deer (Odo-
coileus virginianus). 

American Marten
In Wisconsin, the American marten (Figure 3, page 3) 
was common in the mature forests of northern parts 
of the state. An intense period (early 1800s to the early 
1920s) of timber harvest and trapping led to the extir-
pation of the species from the state in 1939. Since the 
1950s, the marten has been the subject of multiple rein-
troduction efforts, with a supplemental stocking of mar-
ten currently in progress. In 1972, the marten was listed 
as state endangered. Currently, the few individuals in 

the Wisconsin population reside in the mature forests 
of Douglas, Bayfield, Ashland, Sawyer, Iron, Price, Vilas, 
Oneida, Florence, and Forest counties (Wisconsin DNR 
2005). Not only is the marten of conservation interest in 
the state, but a key life history characteristic, low toler-
ance of cold-weather conditions, suggests careful con-
sideration of future climate impacts on the species. 

With a lean body, the marten requires consistent 
energy from prey sources and minimal exposure to the 
elements to endure the extreme winter temperatures of 
northern Wisconsin (Gilbert et al. 2006). To reduce their 
exposure, they inhabit subnivean areas with consistent, 
suitable temperatures for the winter season. These sub-
nivean areas may vary little in temperature (e.g., -0.5° to 
-2.5° C, Buskirk et al. 1989) while ambient temperatures 
range widely (e.g., -28° to 9° C, Buskirk et al. 1989). The 
behavioral adaptation of resting in subnivean areas 
currently permits the American marten to live beyond 
the limit of its cold temperature thresholds (Buskirk et 
al. 1988). Ambient temperature, snow depth, and snow 
density all influence the thermal properties of subnivean 
areas (Marchand 1982). Shallow or dense snow cover and 
freezing rain reduce the thermal benefits of these under-
ground resting sites (Marchand 1982) and the marten 
may die from energetic stress/cold exposure (Bull and 
Heater 2001). Although winter precipitation will increase 
slightly (<2.5 cm [1 in], mid-century and end of century 
B1-A2, Kucharik et al. 2010b), more will be in the form of 
rain. Combined with higher ambient temperatures, more 
rain will reduce the duration of snow cover. Maximum 
winter temperatures are projected to increase 3.3°-3.9° C 
and 3.9°-4.2° C (6°-7° F and 7°-7.5° F) in the eastern and 
western parts of the marten’s range, respectively (Kucha-
rik et al. 2010b). By the end of the 21st century, maximum 
winter temperatures may increase as much as 5.6°-6.1° C 
and 6.1°-6.7° C (10°-11° F and 11°-12° F) in the eastern and 
western parts of the marten’s range, respectively (Kucha-
rik et al. 2010b). These increases in maximum winter 
temperature will likely result in thawing and refreez-
ing of the snow pack, increasing the snowpack density 
and reducing thermal insulation for the marten; warmer 
ambient temperatures will also reduce the duration of 
snow cover, exposing the marten to cold-weather condi-
tions in the spring. 

Marten abundance and fecundity are strongly cor-
related with rodent abundance (Flynn and Schumacher 
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2009). Anticipated changes in the thermal properties of 
subnivean areas and the duration of snow cover will 
impact this prey base (Kausrud et al. 2008), and declines 
in the small mammal community may result in concom-
itant declines in the marten population (Kausrud et al. 
2008). Changes in subnivean areas and the duration of 
snow cover will also impact the vulnerability of small 
mammals to predation and the hunting efficiency of the 
marten (Krohn et al. 2004); in turn, this will impact the 
relationship between the marten and its primary com-
petitor, the fisher (Martes pennanti) (Krohn et al. 2004). 
Although, in other regions of the country, the American 
marten may benefit from changes in climate via increases 
in prey and foraging efficiency (Yom-Tov et al. 2008), the 
long-term outlook for American marten persistence in 
Wisconsin is tentative. 

Eastern Red-backed Salamander
The eastern red-backed salamander (Figure 5) is a small, 
terrestrial amphibian found in the mixed coniferous-de-
ciduous forests of northern Wisconsin. Although the 
species is no longer found in parts of its historic range 
across the eastern U.S., it is common in our state. Because 
they are numerous, these salamanders are an important 
food source for birds, reptiles, and small mammals in 
forest ecosystems. With permeable skin (i.e. sensitive to 
hot, dry conditions) and a complex life cycle, amphibi-
ans are excellent indicators of climate change (Blaustein 
and Wake 1990) and are an important highlight of this 
assessment.

The eastern red-backed salamander requires humid 
conditions to maintain its water balance and is rarely 
found when the humidity is below 85% (Heatwole 1962). 
The salamander’s preferred ambient temperature varies 
by season, but ranges between 15°-21° C and it exhibits 
thermal stress at temperatures >32° C (Feder and Pough 
1975). In warm, dry weather, individuals burrow under-
ground and rely on soil moisture to prevent dehydra-
tion. These salamanders also rely on canopy vegetation 
and woody debris (e.g., moist logs) on the forest floor for 
cooler microclimate conditions (McKenny et al. 2006). 
High temperatures inhibit foraging and therefore limit 
growth, reproduction, and survival (Feder 1983). Within 
the salamander’s range in Wisconsin, climate projec-
tions suggest minor decreases in summer precipitation 
of 0.6-1.3 cm (0.25-0.5 in, Kucharik et al. 2010b). Although 
seemingly negligible, this is a period with high maxi-
mum temperatures that rapidly advance water loss in 
amphibians. In the region, average summer tempera-
tures currently range from 18°-20° C (64°-68° F) and 
the average maximum temperature reaches 26°-28° C 
(78°-82° F) in July (Wisconsin State Climatology Office, 
unpublished data). In the eastern red-backed salaman-
der’s range, the average maximum temperature in July 
may increase as much as 4.4°-5.6° C (8°-10° F, A2 emission 
scenario, Kucharik et al. 2010b). In late summer, these 
salamanders will likely experience both heat and water 
stress, resulting in low reproductive and survival rates. 
As we noted earlier, declines in this population will 
impact the larger forest ecosystem with the loss of an 

important food source. This scenario also illustrates the 
potential for common species to become rare or extinct 
under future climate conditions. 

Although many other species may move to more suit-
able climatic conditions, this likely is not an option for the 
eastern red-backed salamander. This species is consid-
ered a poor disperser; because it is sensitive to water loss 
from exertion and exposure, movements are restricted to 
within 55 m (Marsh et al. 2004). This situation poses a 
challenge to local populations. The eastern red-backed 
salamander must have viable habitat within dispersal 
range to survive as a population. Yet the broader scale 
over which projected climate change impacts will occur 
overshadows the dispersal distances achievable by this 
salamander to colonize within a suitable climate niche. 
Such conditions often lead to local extinction (Blaustein 
et al. 1994). This fate is not unique to the eastern red-
backed salamander, rather it will be shared by many 
amphibian species and other poor dispersers (Hecnar 
and McCloskey 1996). 

White-tailed Deer
White-tailed deer, a harvested mammal, is widely dis-
tributed across the eastern and central United States. In 
Wisconsin, it is listed as the official “State Wildlife Ani-
mal” and is the subject of an extensive harvest manage-
ment program. The harvest of deer contributes about 
$482 million to the state economy (Bishop 2002); con-
versely, large deer herds may damage crops and native 
vegetation by overgrazing, resulting in tens of millions 
of dollars in damage (Bartelt et al. 2003) and alteration 
of native ecosystems (Côté et al. 2004, Craven and Van 
Deelen 2008). Given the species’ influence on the local 
economy and native ecosystems, it is important to con-
sider how a changing climate will impact Wisconsin’s 
deer population. 

Similar to many other species, winter survival for 
white-tailed deer is a challenge in northern latitudes. 
Ambient temperatures in winter and snow depth (i.e. 
winter severity) are strongly associated with deer 
overwinter survival (Verme 1968) in northern forested 
regions. Cold temperatures increase energetic require-
ments of the deer (Mautz 1978) and deep snow limits 

Figure 5. Eastern red-backed salamander.
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access to forage and increases the energetic cost of loco-
motion; the result of such conditions, acting in concert 
with predation, is high mortality (DelGiudice 1998, Del-
Giudice et al. 2006). In a study in north-central Minne-
sota, winter severity explains more than 50% of the vari-
ability in adult female mortality (DelGiudice et al. 2006). 
In Wisconsin, the projected winter warming of 2.8°-3.9° 
C (5°-7° F) in the southeastern portion of the state and 
3.3°-4.4° C (6°-8° F) in the northwestern portion of the 
state (Kucharik et al. 2010b) will reduce this source of 
mortality in the deer population. Although winter pre-
cipitation will increase slightly (<2.5 cm [1 in], Kucha-
rik et al. 2010b), more will be in the form of rain and 
higher ambient temperatures will reduce the duration 
of snow cover. Therefore, with the exception of rain-on-
snow events, white-tailed deer will likely have greater 
access to forage and reduced energy losses under future 
temperature and precipitation regimes. As deer abun-
dance increases on the landscape, wildlife managers 
will need to consider these changes in weather-related 
mortality and the potential impacts of larger deer herds 

on croplands, forests, and native vegetation, especially 
in northern Wisconsin. 

It is also important to note that white-tailed deer 
populations may experience increased mortality due 
to disease outbreaks under novel temperature and pre-
cipitation patterns. For example, epizootic hemorrhagic 
disease (EHD) is an infectious viral disease prevalent in 
white-tailed deer (Sleeman et al. 2009). The virus is trans-
mitted by biting midges (Ceratopogonidae), primarily in 
late summer and early fall; insects are sensitive to weath-
er-climate conditions and this time period reflects suit-
able breeding conditions for midges. Higher tempera-
tures in winter and summer, and lower precipitation in 
summer favor midge populations (Sleeman et al. 2009). 
These conditions match the future projections for Wis-
consin’s climate and an increase in the frequency and/or 
severity of EHD is a reasonable prediction (Sleeman et al. 
2009). As with the likely reduction in overwinter mortal-
ity, wildlife managers will need to consider the possible 
impacts of increases in disease outbreaks for populations 
of this species under climate change.

Wetland/Aquatic-Dependent Wildlife
Wisconsin contains a diverse mix of wetland and aquatic 
habitats, from small tamarack swamps to the vast Great 
Lakes. Since European settlement, wetland area declined 
by nearly 50% in the state to approximately 5 million 
acres; the majority of these wetlands are found in the 
northern portion of the state (Dahl 1990). These areas host 
diverse, often rare, species and 32% of the state’s listed 
species are wetland-dependent (Wisconsin DNR 2005). 
Wetlands are sensitive to changes in hydrology and ele-
vated temperatures; climate change alters the timing 
and availability of water with serious consequences for 
wetland composition and structure (Burkett and Kusler 
2000, Winter 2000). In the northern portion of the state, 
projected increases in annual precipitation are modest 
at 2.5-5 cm (1-2 in, B1 emission scenario; Kucharik et al. 
2010b) and slightly increase 5-7.6 cm (2-3 in) under inten-
sive greenhouse gas emission scenarios (A2 emission 
scenario, Kucharik et al. 2010b). Under all emission sce-
narios, summer precipitation is projected to experience 
no change or decrease (Kucharik et al. 2010b); in summer, 
average temperatures are projected to rise 2.8°-5.6° C (5°-
10° F, Kucharik et al. 2010b). The result is faster evapora-
tion of water and the rapid drying of our wetlands. With 
declining water levels and poor vegetation quality, many 
wetland-dependent species will no longer thrive in these 
areas. How climate change will alter the hydrological 
cycle of our wetlands and lakes is the subject of many 
research projects in our region. As hydrological projec-
tions become available, they will inform our assessment 
of climate impacts on wetland-dependent wildlife. 

Black Tern
The black tern is a small waterbird that breeds in wet-
lands of the northern U.S. and winters along the Gulf 
Coast of the U.S. and in the coastal areas of Central and 

South America. Black terns form breeding colonies in 
large wetlands, preferring shallow marshes with open 
water vegetation, and will abandon these wetlands 
when the vegetation is not suitable for nesting (Heath et 
al. 2009). Once common and found more widely across 
the state, the species is now in steep decline. Terns have 
largely disappeared from many small wetlands and 
have become more concentrated into a few suitable large 
wetland complexes (Matteson and Mossman 2000). The 
decline is likely attributable to the conversion of wet-
lands to agricultural and urban development and the 
spread of invasive plants (Heath et al. 2009). Black tern is 
now listed as a species of greatest conservation need in 
Wisconsin (Wisconsin DNR 2005). Because of changes in 
precipitation, climate change may accelerate the decline 
of this species.

Black terns build precarious nests–small, shallow 
cups on floating vegetation–to hold three eggs (Heath 
et al. 2009). As a result, nests are vulnerable to flooding. 
Loss to flooding is a common occurrence and reflects 
spring precipitation patterns (Gilbert and Servello 2005). 
In a study of black terns in Wisconsin, weather (storms 
and flooding) was “clearly the single most important… 
cause” of nest failure (Shealer et al. 2006). The impacts on 
a colony depend on the frequency and intensity of heavy 
precipitation events and climate change is increasing the 
number of such events. For example, the number of 5-cm 
(2-in) precipitation events will increase by up to four 
days/decade across the range of the species in Wiscon-
sin (Kucharik et al. 2010b); the Northern Lake Michigan 
Coastal and Superior Coastal Plains ecological landscape 
units are projected to receive the greatest increases. Mod-
erate precipitation events can result in loss of more than 
50% of nests (Gilbert and Servello 2005) and heavy pre-
cipitation may result in complete nest loss. Historically 
populations accommodated such events, but the increase 
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in the frequency of heavy rainfall events diminishes the 
ability of our declining population to rebound from 
major reproductive failures. 

Like most waterbirds, black terns are susceptible to 
the paralytic disease, avian botulism (Friend and Fran-
son 1999). The bacterium produces a toxin that birds may 
directly or indirectly (from prey) ingest. Shallow water, 
fluctuations in water level, and high ambient tempera-
tures promote bacterial growth (Rocke and Samuel 1999). 
Under such conditions, outbreaks of the disease may 
occur, resulting in mass mortality of tens of thousands 
of waterbirds (Friend et al. 2001). The risk of outbreak for 
one form, type C, is high from July through September, 
coinciding with the tern’s breeding season in Wisconsin 
(Marion et al. 1983). Botulism outbreaks are increasing in 
frequency in our region (Lafrancois et al. 2010) and many 
anticipate this pattern to continue under projected cli-
mate conditions. By mid-century, summer precipitation 
in the tern’s range will experience no changes to a modest 
decline of 1.27 cm (0.5 in, Kucharik et al. 2010b). However, 
the average summer temperature in the area will increase 
1.7°-2.8° C (3°-5° F, Kucharik et al. 2010b). The result is 
warmer, shallower waters that favor bacterial growth. 

Common Loon
The common loon (Gavia immer, Figure 6) is a large, 
migratory waterbird that nests on inland lakes in north-
ern Wisconsin and winters on the ocean coasts of South 
Carolina south through the Gulf of Mexico. In the breed-
ing season, loons strongly prefer water bodies with mod-
erate to deep lake depth, complex shorelines, and high 
water clarity (Meyer 2006, Found et al. 2008). Although 
the total population of common loons breeding in Wis-
consin is currently stable or slowly increasing (Grear et 
al. 2009), their distribution, formerly statewide, is now 
primarily restricted to northern counties. Development 
of lakeshores for housing and agriculture reduced avail-
able nesting habitat and decreased water clarity on many 
historic breeding territories. Climate change will alter 
the hydrological, chemical, and physical properties of 
inland lakes important for breeding common loons in 
northern Wisconsin, with potentially negative implica-
tions. Common loons are the most southerly nesting of 
five Gavia species breeding in the northern hemisphere – 
ranging from the arctic (yellow-billed loon [G. adamsii] to 
78° N latitude) south to 44° N latitude (southern extent of 
breeding common loons). It is unknown whether current 
distribution is limited by critical temperature during 
breeding season or other factors.	

Climate projections of increased precipitation anom-
alies, namely drought, heavy rain events, and coastal 
storms, may reduce available habitat, nest success, and 
survival in upcoming years. Weather is one of the pri-
mary factors limiting reproductive success in common 
loons. Heavy floods and elevated water levels destroy 
nests; loons may renest, but when heavy rains occur in 
mid- to late June, loons have no time for a second nest-
ing attempt (McIntyre and Barr 1997). In Minnesota’s 
Voyageurs National Park, on Rainy, Namakan, and Kabe-
togoma Lakes, an average of 60-70% of common loon nests 

failed due to water level fluctuations (Reiser 1988) and in 
one year, flooding caused 53% of nest failures in New 
Hampshire (Taylor and Vogel, unpublished data). In the 
late 1990s in Wisconsin, many nests failed due to flood-
ing, but the current moderate-severe drought in north-
ern Wisconsin is altering nest success in the population. 
Because adults are not suited for movement on land, they 
nest within 0.9-1.8 m (3-6 ft) of the water’s edge. In some 
northern Wisconsin lakes, the water line has receded >6 m 
(20 ft) over the past five years (M. Meyer, Wisconsin  DNR, 
personal observation) and, consequently, suitable nesting 
sites are inaccessible. The drought in northern Wisconsin 
is the product of declining precipitation (15-20%) over the 
past 50 years (Kucharik et al. 2010b) and climate projec-
tions indicate more frequent and serve droughts (IPCC 
2007b). Both the increase in heavy precipitation events 
(3-5 days/decade, Kucharik et al. 2010b) in the common 
loon’s range and the increasing frequency of drought will 
likely reduce loon productivity in Wisconsin. 

During nesting, loons are vulnerable to parasitism by 
black flies (Simulium euryadminiculum). It is common to 
observe loons covered with feeding black flies and subse-
quent nest abandonment from the disturbance (McIntyre 
1988). The documented impacts of black flies on other 
bird species include decreased productivity (Bukacinski 
and Bukacinska 2000) and the transmission of disease 
(Hunter et al. 1997). Simulium annulus (Lundström) (junior 
synonym S. euryadminiculum Davies), is host-specific, 
and feeds exclusively on the common loon (Adler et al. 
2004, Weinandt 2007). The presence of swarming, biting 
black flies directly affects loon productivity and fitness. 
Weinandt (2007) found increased disease prevalence in 
loons with high blood mercury levels and indicated black 
flies could be the vector. During warm springs, black fly 
swarms peak in mid-late May in northern Wisconsin, 
coinciding with the peak of loon nest initiation. In such 
spring conditions, nest abandonment from black fly pre-
dation is most severe (M. Meyer, Wisconsin DNR, per-
sonal observation). Because of the close linkage between 
insect populations and temperature and precipitation 
patterns (Bale et al. 2002), changes in the timing and 
severity of black fly outbreaks are anticipated. 

Figure 6. Common loon.
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Wood Frog
The wood frog (Lithobates sylvaticus, Figure 7) is a small 
amphibian that is widely distributed across the north-
eastern U.S. and Canada. A unique adaptation, the abil-
ity to survive freezing of blood and tissues, permits the 
species to survive winter in the coldest regions of the 
continent. The wood frog is one of the first amphibians to 
emerge from hibernation for breeding, beginning within 
a few days of snowmelt (Waldman 1982). For survival, 
wood frogs require temporary ponds in close proxim-
ity to woodlands (Regosin et al. 2003, Porej et al. 2004); 
because of predation by fish, wood frogs are rarely found 
in permanent water bodies. The species is common in 
Wisconsin and widely distributed across the state. Given 
its wide distribution, dual habitat requirements, and sen-
sitivity to ambient conditions, the wood frog is a model 
organism for understanding climate impacts. Most juve-
nile wood frogs die in their first year of life (75%, Ritten-
house et al. 2008). Most wood frogs reach sexual matu-
rity at two years of age and few survive beyond their first 
breeding season (Berven 1990). In rare instances, a wood 
frog may survive to age four (Berven 1990). The result is 
a narrow breeding window for the average wood frog. 
For this reason, survival of juvenile wood frogs to repro-
duction is the most important factor regulating the size 
of a population (Berven 1990, Biek et al. 2002). A major 
cause of juvenile mortality is desiccation or deep freez-
ing (Rittenhouse et al. 2009). Wood frogs rely on soil 
burrows, leaf litter, and snow cover to buffer their bodies 
from these extreme ambient conditions (O’Connor et al. 
2006, Rittenhouse et al. 2008). In summer, moist soils and 
leaf litter protect against rapid water loss; in winter, snow 
cover provides thermal insulation from Wisconsin’s cold 
extremes. Given the frog’s reliance on ambient conditions 
for juvenile survival, we anticipate substantial changes 
in the wood frog population. For example, mortality of 
closely-monitored wood frogs was directly attributable 
to recent drought conditions in Missouri (Rittenhouse et 
al. 2009). Under future climate scenarios, drought con-
ditions are projected to increase in frequency, severity, 
and spatial extent (IPCC 2007b, Dai 2010) with serious 
ramifications for amphibians (McMenamin et al. 2008). 
Although it is difficult to predict the location or timing 
of upcoming droughts, recent history gives us some 
information. From the 1950s to 2006, precipitation in the 
northern portion of the state declined 15-20% percent 
(Kucharik et al. 2010b). This decline is one of the main 
contributors to the prolonged moderate-severe drought 

recently experienced across northern Wisconsin. Wood 
frog dispersal distances are generally less than 1,600 m 
(Berven and Grudzien 1990), therefore they cannot move 
away from widespread drought conditions. For wood 
frogs in the northern region of the state, the result is a 
high probability of death due to water loss, particularly 
in hot summers. Drought conditions will also alter the 
number and condition of breeding sites for wood frogs. 
Because there is minimal exchange between local wood 
frog populations, the result will likely be the loss of small 
isolated populations with no opportunity for recoloniza-
tion (Hecnar and McCloskey 1996).

It is also important to note that drought is one of many 
factors that we anticipate will alter the distribution and 
abundance of wood frogs under climate change. Chang-
ing water levels and periodicity, from high temperatures 
and precipitation fluxes, will “tax [wood frogs] beyond 
their capacity to adapt, especially in smaller, more 
ephemeral pools” (Brooks 2004); they will be unable to 
reproduce successfully. Moreover, under “unseasonable 
and prolonged high temperatures” there may be mass 
mortality of wood frog embryos (Zweifel 1977). In addi-
tion, disease is an important consideration for global 
amphibian populations, especially since changes in tem-
perature may increase the prevalence and incidence of 
numerous amphibian diseases (Harvell et al. 2002); for 
example, growth of the chytrid fungus (Batrachochytrium 
dendrobatidis), which is associated with global extinction 
of amphibian species, is regulated by temperature and 
moisture (Pounds et al. 2006). Accurate predictions for 
future populations require careful consideration of these 
and other factors likely to influence the survival and 
reproduction of Wisconsin wood frogs. 

Grassland-Dependent Wildlife
Prairies are one of the most extensively altered systems 
due to Native American management practices and 
subsequent settlement and development of agriculture 
by Europeans (Samson and Knopf 1994, Johnson 1996, 
Askins et al. 2007). The large-scale conversion of prai-
rie for cropland is the leading cause of prairie loss, and 
the native prairie ecosystem is one of the most endan-
gered ecosystems in North America (Samson and Knopf 

1994, Noss et al. 1995, Samson and Knopf 1996, Samson 
et al. 2004, Askins et al. 2007). In Wisconsin only 0.5% of 
original prairie remains, fragmented into small patches 
(Henderson and Sample 1995). Along with the loss of the 
original prairie ecosystem came changes in the associ-
ated flora and fauna. For example, grassland birds have 
declined more than most other bird groups in the past 
40 years (Droege and Sauer 1994, Knopf 1994, Sauer et al. 

Figure 7. Wood frog.
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Plate 1. Change in winter (a) and 
summer (b) average temperature (°F) 
from 1950 to 2006 (adapted from 
Kucharik et al. 2010a, b).

a. Winter

b. Summer

Color Plates
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Plate 2. Change in the length of the 
growing season in days from 1950 
to 2006 (adapted from Kucharik et 
al. 2010a, b).

Plate 3. Change in annual average 
precipitation (inches) from 1950 to 
2006 (adapted from Kucharik et al. 
2010a, b).
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Plate 4. Global climate predictions based on 
three scenarios (adapted from IPCC 2007).

Plate 5. Projected change in winter (a) and 
summer (b) average temperature (°F) from 1980 
to 2055 (adapted from Kucharik et al. 2010a, b).
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Plate 7. Projections of (a) snowfall, (b) snow depth, and 
(c) snow cover (in and cm) for Wisconsin for the mid-21st 

century (A2 scenario, redrawn from Notaro et al. 2011).

Plate 6. Projected change in (a) winter average pre-
cipitation (in) and (b) frequency of nights below 0° F 
per year from 1980 to 2055 (adapted from Kucharik 
et al. 2010a, b).
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2003). These changes continue as the grass-based agricul-
ture that initially replaced prairie changes and becomes 
dominated by intensively farmed row crops. Currently, 
planted or surrogate grasslands dominate the remain-
ing eastern grassland systems (Warner 1994, Askins et 
al. 2007). These surrogate grasslands are important for 
the survival of grassland-dependent fauna (Sample and 
Mossman 1997, North American Bird Conservation Ini-
tiative 2009); however, even the surrogate grasslands 
are disappearing from the landscape. Between 1982 and 
2002, more than 10 million acres of pasture were lost 
(Natural Resources Conservation Service 2004). In addi-
tion, between 2010 and 2012, Wisconsin could lose up to 
83% (>300,000 acres) of its grasslands protected under 
the Conservation Reserve Program (U.S. Department of 
Agriculture 2012). Conservation of the grassland system 
and its associated flora and fauna in Wisconsin depends 
heavily on management practices implemented on pri-
vately owned lands within the agricultural landscape 
(Sample et al. 2003). Because of this, the effects of climate 
change on the grassland system are inextricably linked 
to changes in the agricultural system. Changes in cur-
rent land use, particularly for bioenergy development, 
may result in the loss or gain of grasslands and are an 
emerging conservation issue (e.g., Fargione et al. 2008, 
Fargione et al. 2009, North American Bird Conservation 
Initiative 2009). Such changes in land use may constrain 
the suite of climate change adaptation strategies avail-
able to grassland managers.

Greater Prairie-Chicken
The greater prairie-chicken (Tympanuchus cupido, Figure 
8) is a large, formerly hunted, gamefowl. Currently, the 
greater prairie-chicken is extirpated or nearing extirpa-
tion in 15 states and Canadian provinces (Schroeder and 
Robb 1993). Once abundant in Wisconsin, the conversion 
of mid-tall grass prairie to cropland and forest regenera-
tion led to a dramatic population decline; the small popu-
lation of approximately 700 individuals is now restricted 
to the central region of the state. The prairie-chicken is 
“especially vulnerable” to climate change (North Ameri-
can Bird Conservation Initiative 2010). Limited dispersal 
ability, current land use (i.e. intensive agriculture and 
increased amounts of woodland and development in the 
landscape), and the projected conversion of grasslands 
for bioenergy crops (Tilman et al. 2009; Fargione et al. 
2009) compromise the Wisconsin prairie-chicken pop-
ulation’s ability to respond to novel conditions and/or 
shift its distribution. Furthermore, reduced connectivity 
within the Wisconsin population could lead to losses in 
genetic variability, individual fitness, and a consequent 
reduction in the ability to cope with additional stress-
ors, as previously occurred in Illinois (Warnke 2004). 
The primary management strategies to sustain prai-
rie-chicken populations in the state focus on protection/
restoration of habitat and maintenance of genetic diver-
sity. Given the species’ sensitivity to weather extremes 
(Flanders-Wanner et al. 2004) and current conservation 
status, the impacts of climate change on the greater prai-
rie-chicken requires careful consideration. 

On average, prairie-chickens live less than two years 
and less than half of the juveniles survive their first year 
(Schroeder and Robb 1993). Like the wood frog, survival 
of juveniles to reproductive age is the most important 
factor regulating the size of a population (Fefferman and 
Reed 2006). Although predation is the primary source of 
mortality for juveniles (Bergerud 1988a), survival in the 
first year is sensitive to rainfall and ambient temperature 
(Shelford and Yeatter 1955). In the early breeding season, 
heavy rain may drown or chill young birds (Horak and 
Applegate 1998). By mid-century, climate projections 
indicate more heavy rainfall events in central Wisconsin 
(+2 days/decade of 2 in [5 cm] precipitation events; A1B 
emission scenario, Kucharik et al. 2010b). In addition to 
heavy rainfall events, heat stress in the first 10 days after 
hatch may result in high juvenile losses (Flanders-Wan-
ner et al. 2004). Also by mid-century, prairie-chickens 
breeding in Wisconsin will experience five to eight more 
days of temperatures >38° C (100° F, A1B emission sce-
nario, Kucharik et al. 2010b). Although they are long-rec-
ognized sources of mortality for prairie-chickens, 
these moderate increases in temperature pose a serious 
challenge to conservation efforts. Slight but consistent 
increases in juvenile mortality may result in rapid, large 
declines in the population (Fefferman and Reed 2006). 

Although greater prairie-chickens initially expanded 
their range after Euro-American settlement due to the 
expansion of grass-based agriculture into the logged and 
burned-over lands in northern Wisconsin (Henderson 
and Sample 1995), given the intensity of current land use 
and reforestation that has occurred, it is unlikely that the 
greater prairie-chicken will be able to shift its geographic 
distribution to more suitable climatic conditions. In Wis-
consin, prairie-chicken dispersal is poor (Halfmann et 
al. 2001); moreover, they require open spaces for move-
ment and will not disperse through extensive wood-
lands. Their requirement of large, contiguous grassland 
landscapes with management areas of at least 4,600 ha in 
size (Hamerstom et al. 1957) further limits their capacity 
to adapt to short-term (i.e. land-use changes) and long-
term (i.e. climate) stressors.

It is important to note that changes in the composi-
tion, configuration, and management of both public and 
private lands will continue to impact the Wisconsin prai-
rie-chicken population. Grasslands are essential habitat 

Figure 8. Greater prairie-chicken.
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for greater prairie-chicken in Wisconsin (Hamerstrom 
1939), required for reproduction, foraging, and preda-
tor avoidance. Prairie-chickens select large, high-qual-
ity grassland areas with suitable vegetation for cover 
(Kirsch 1974, Niemuth 2000, 2003); croplands are also 
used for foraging (Svedarsky et al. 2003). Society’s need to 
meet food production, alternative fuel, and conservation 
demands will shift agricultural land use (Tilman et al. 
2009); the result will be changes in the distribution and 
abundance of wildlife populations (Fargione et al. 2009). 
Given its requirement of large areas of grassland for 
survival and reproduction, the greater prairie-chicken 
acts as an umbrella species for the conservation of other 
native grassland-dependent birds in central Wisconsin 
(Poiani et al. 2001); when the habitat requirements of the 
prairie-chicken are met, a suite of grassland-obligate spe-
cies such as eastern meadowlark (Sturnella magna) and 
bobolink (Dolichonyx oryzivorus) (Sample and Mossman 
1997) will likely be protected. 

Karner Blue Butterfly
Karner blue butterfly (Lycaeides melissa samuelis, Figure 
9) is a small, federally and state endangered butterfly 
found in the eastern and midwestern U.S.; in Wiscon-
sin, the species is found in the central and northwestern 
regions of the state. Wisconsin is home to the world’s 
largest populations of Karner blue butterflies (e.g., Nece-
dah National Wildlife Refuge, Wisconsin DNR 2010). 
The Karner blue butterfly is found in grassland and bar-
rens habitats (Swengel 1991). Because one plant, the wild 
lupine (Lupinus perennis), is the sole larval (i.e. caterpillar) 
food source, it is an essential component of the landscape 
for the species. In our region, loss of grassland vegeta-
tion from land conversion and fire suppression led to the 
decline of the Karner blue butterfly (Grundel et al. 1998a). 
Although far lower in abundance than in historic times, 
the Wisconsin population is arguably the most viable in 
the world. Observed and projected changes in tempera-
ture and precipitation threaten this stability. Because of 
its endangered status and importance to the global popu-
lation, the Karner blue butterfly in Wisconsin is an appro-
priate subject to consider potential climate impacts.

Karner blue butterfly is a bivoltine butterfly, repro-
ducing in two bouts in April and June; eggs that hatch 
in April transition from larvae to adults which lay the 
eggs that hatch in June. Adults live for only a few days, 
but the final set of eggs, laid by adults of the June hatch, 
must survive the winter to hatch the next April. The 
survival of eggs and larvae are central to population 
persistence (Fuller 2008) and as noted earlier, lupine is 
essential to larval survival. Karner blue butterflies prefer 
landscapes with a mixture of open grasslands and some 
forest growth (Grundel et al. 1998b); open areas contain 
more lupine, but lupine in moderate forest cover is of 
higher quality (Grundel et al. 1998a). The larval stage of 
the butterfly is sensitive to both the availability and qual-
ity of lupine. The emergence of wild lupine is linked to 
ambient temperature (Pavlovic and Grundel 2008), and 
high temperatures advance the senescence (i.e. seasonal 
aging) of wild lupine, reducing its nutritional quality  

(Grundel 1998a). Low precipitation or drought condi-
tions also reduce lupine availability and quality. There 
is a clear link between lupine quality and Karner blue 
larval survival as a diet of poor quality lupine consid-
erably reduces larval survival (Grundel et al. 1998b, 
Lane and Andow 2003). The availability of high quality 
lupine throughout the breeding season is a concern for 
managers of Karner blue butterfly, particularly for the 
eggs hatching in June. In mid-late summer, drought con-
ditions lead to little or poor quality lupine for the sec-
ond reproductive bout. Such conditions are implicated 
in large Karner blue butterfly declines across its range 
(Grundel et al. 1998a). From the 1950s to 2006, precipita-
tion in the northern portion of the state declined 15-20% 
(Kucharik et al. 2010b). This precipitation decline is one 
of the main contributors to the prolonged moderate-se-
vere drought across northern Wisconsin and may be the 
source of declining productivity in the Karner blue pop-
ulations in the northern part of the state (e.g., Crex Mead-
ows in northwest Wisconsin).

In addition to increases in larval mortality, increases 
in adult mortality are predicted. Adults exhibit heat 
stress at 35.6°-36.8° C (Lane 1999), reducing foraging 
activity. By the end of the century, butterfly populations 
in northern Wisconsin may experience an additional 
2-9 days of temperatures 38° C (>100° F, Kucharik et al. 
2010b); in the central region, climate projections indicate 
greater increases, 2-13 days >38° C (Kucharik et al. 2010b). 
Karner blue butterflies, like many of the species already 
mentioned, are not considered good dispersers, moving 
no more than 2 km between sites (U.S. Fish and Wildlife 
Service 2003). Moreover, suitable habitats should be less 
than 300 m apart to facilitate movement (Knutson et al. 
1999). Because they are poor dispersers in a fragmented 
landscape, we do not anticipate a shift in climate niche 
for the Karner blue butterfly; rather population declines 
are likely under future climate conditions. 

Bullsnake
The bullsnake (Pituophis catenifer sayi) is a large, non-ven-
omous snake found in the open bluffs, sand prairies, oak 
savannas, and pine/oak barrens of western Wisconsin. 
The species is listed as a species of greatest conserva-
tion need (Wisconsin DNR 2005) and protected wild 
animal (s. NR 19.001(14), Wis. Admin. Code) in the state. 
Although we provided detailed examples of possible 

Figure 9. Karner blue butterfly.
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effects of climate change on other grassland species, 
the bullsnake is emblematic of a challenge to this effort; 
there is little information on which to assess impacts due 
to climate change. Many animals, particularly reptiles, 
amphibians, and invertebrates are not common research 

subjects. If they are the subjects of research, often it is 
restricted in scope, working to locate and identify hab-
itat preferences of the species. For this reason, there 
is a limited ability to anticipate the impacts of climate 
change on data-poor species. 

Adaptation Strategies
Climate change introduces new and unparalleled chal-
lenges to wildlife and land managers, namely high 
uncertainty of future conditions. Furthermore, our 
understanding of the indirect effects of climate change 
is limited. Climate change is not “well-bounded, clearly 
defined, relatively simple, and generally linear” (Holling 
and Meffe 1996), and natural resource management that 
assumes a static system “will need to alter fundamen-
tally to face the challenge” (Brooke 2008). This requires 
a reassessment of our wildlife conservation and land 
management practices: protected areas (e.g., Halpin 1997, 
Araujo et al. 2004), invasive species management (Bierwa-
gen et al. 2008, Pyke et al. 2008), restoration (Harris et al. 
2006), monitoring (Lee et al. 2008), and natural resource 
extraction (Noss 2001). The development of species-spe-
cific adaptation strategies requires a detailed understand-
ing of the direct and indirect impacts of climate change 
and other stressors on the distribution and abundance 
of populations. It also requires some understanding of 
the relative benefits of multiple management options. 
Because this assessment process is in its infancy, we do 
not yet have detailed, species-specific recommendations. 
In the following section, we discuss broad wildlife and 
land management principles demonstrated to be benefi-
cial to wildlife health and diversity. 

The prevailing question is: how does one manage for 
climate change? A concise description of the task is “not 
to prevent change. It is to keep rates, scales, and intensi-
ties of change in ecosystems within the historic range of 
variability for those systems—or, at least, to come close” 
(Noss 2001). Disturbance to ecosystems is not a new con-
cept for natural resource managers. Invasive species, 
land conversion, and pollution, are among a suite of fac-
tors that threaten the structure and function of ecosys-
tems. Although the scale of climate change is unlike any 
other threat, we have decades of management experience 
to draw upon in anticipation of negative impacts. Owing 
to the work of many academics, federal and state govern-
ments, and nongovernmental organizations, particularly 
in the last 3-6 years, we have some guidance on a man-
agement framework in light of climate change. 

Drawing upon this body of work and the disciplines 
of natural resource management, conservation biology, 
and restoration ecology, the following land protection 
and management principles are important to consider 
for wildlife management in an era of climate change.

Land Protection
How will climate change alter the conservation value 
of our reserves, and should we alter how we select pro-
tected areas to accommodate climate change? Although 
there is no unanimous recommendation on the process, 

experts convey the importance of “protect[ing] more 
land rapidly” but due to financial constraints this pro-
cess “must be guided by targeted, well-informed strat-
egies likely to maximize effectiveness in the face of cli-
mate change” (Heller and Zavaleta 2009). The following 
three principles support this goal. 

Representation and Replication. Multiple examples 
of a habitat type or multiple populations of a species 
across a reserve system guards against extinction, partic-
ularly in regions subject to drastic change (Margules et 
al. 1988); this approach “reduces the risk of any one type 
being totally lost [due to a major disturbance event]” and 
“maximize[s] the probability that— across species and 
habitats— there will be sufficient survival and recov-
ery” (West et al. 2006). This is particularly important for 
depressed species, like the Karner blue butterfly, where 
one anomalous event, such as the present drought, could 
eliminate a local population. 

Connectivity. The ability of individuals to move from 
one protected area to another enhances population via-
bility. A corridor is a strip of habitat that connects two or 
more larger blocks of habitats to facilitate animal move-
ment between the blocks (see review in Beier and Noss 
1998). As a conservation tool, corridors are beneficial to 
wildlife. For species that are poor dispersers, like the 
wood frog, this offers some opportunity to move to more 
suitable habitats. 

Functional Importance. Keystone species are import-
ant to the continued function of an ecosystem. When 
more than one species can fulfill this role, this redun-
dancy of purpose buffers against change and provides 
opportunities for adaptation (Walker 1995). Given lim-
ited resources, managers may prioritize management for 
those species with an important role in the ecosystem 
(i.e. keystone species) with a focus on functional redun-
dancy in the system (Walker 1995). 

Habitat Management
How should we manage for wildlife under a changing 
climate? Although there is no single answer to the ques-
tion, “through proper stewardship, protected habitats 
can be maintained at the highest level of natural resil-
ience to change” (Halpin 1997). The following five prin-
ciples are best practices towards the goal of stewardship 
for ecological resilience.

Adaptive and Strategic Management. Our knowledge 
of the system of interest is always incomplete and ecosys-
tems respond to changes in complex ways. In response, 
natural resource management, including management 
of wildlife habitats, should be flexible and responsive 
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(Williams et al. 2009). For example, in the management of 
deer harvest, managers will need to respond to changes 
in climate conditions and disease outbreaks to better 
manage abundance. Fortunately there are a variety of 
decision-making tools that incorporate learning into 
management practice and effectively reduce uncertainty.

Formal ‘adaptive management’ is one frequently cited 
tool in which predictive models based on our current 
knowledge are tested using well-planned experiments. 
This type of management is best suited for situations in 
which both uncertainty and controllability, or our ability 
to implement management planning, are high (Williams 
et al. 2009). However, natural resource management is 
commonly limited by only partial controllability and the 
formal adaptive management process is unlikely to suc-
ceed (Allen and Gunderson 2011). For example, adaptive 
management is not the appropriate tool if the system can-
not be modeled, monitoring cannot be implemented, and 
management will not be adjusted in light of new infor-
mation (Williams et al. 2009). Despite these difficulties, 
other tools are available that can be used in a strategic 
decision-making framework that address the additional 
constraints on management (e.g., scenario planning, Wil-
liams et al. 2009). Clearly, successful habitat management 
under climate change will require strategic and adaptive 
planning, and this should be carefully considered before 
proceeding with ‘business as usual’ management actions 
(Mawdsley et al. 2009).

Cumulative and Synergistic Threats. Currently, habi-
tat loss/degradation and invasive species are the primary 
threats to biodiversity (Wilcove et al. 1998); additional 
broad threats include pollution, overexploitation, and 
disease. Sala et al. (2000) estimate that, in order of impor-
tance, land-use change, climate change, nitrogen depo-
sition, species introductions, and change in atmospheric 
carbon dioxide concentration will impact global biodi-
versity by 2100. The maintenance of biological diversity 
and ecosystem function will “require increasing human 
involvement” (Vitousek et al. 1997) and reduction of 
non-climate threats should be a major component of 
management activities. For species like the black tern, 
reducing wetland loss would help buffer the species from 
future declines. 

Approximate Natural Disturbance Regimes. Bio-
diversity and its corollary, ecological resilience, are the 
products of disturbance on the landscape (Connell 1978). 
For optimum biodiversity, management practices should 
mimic natural disturbance regimes of ecosystems, but 
“it can be difficult to adequately define the historical fre-
quency, magnitude, and extent of natural disturbances, 
and then more difficult to mimic them” (Meffe et al. 
2006). In this context, the management objective should 
be to create disturbances that approximate the naturally 
occurring pattern (Meffe et al. 2006, Lindenmayer et al. 
2008). For grassland-dependent species, this is particu-
larly important to maintain habitat quality (Figure 10). 

Private-Public Partnerships. In agricultural regions, 
and in other fragmented landscapes in general, private 
lands are of increasing importance to wildlife. Local 
communities “must have a stake in conservation and 
management” and partnership of government agencies 
with local users is “essential” (Berkes 1997). Engaging 
the public, with “cooperation, consensus, and inclusion” 
in the management of wildlife habitats is a “surer road 
to success” (Meffe et al. 2006). For example, with species 
like the common loon, working with private landowners 
who have significant control over shoreline development 
practices will likely improve the prospects for the species 
under climate change.
Education and Outreach. From volunteer time to sup-

port for both increased funding and passage of conser-
vation legislation, the capacity of natural resource man-
agers depends upon the general public. The successful 
inclusion of citizens in natural resource management 
requires a measure of ecological literacy; the result is 
more informed decision-making and likely, more sup-
port for management plans (Grumbine 1994). J. Millar, 
who studies the relationship between science and the 
public, notes: “there’s a lot of work to be done for us to tell 
people what we do, why we do it, and why it’s import-
ant” (Gross 2006). Building a stronger relationship with 
the public is critical for establishing a collective critical 
mass of ecological knowledge in the community. 

Management-Intensive Options
In some instances, managers can assume an even more 
active role in species conservation. Assisted colonization 
and ex situ conservation (e.g., zoos, sanctuaries) are addi-
tional options in cases where the survival of a species 
in question is severely threatened; this is in sharp con-
trast to a focus on preserving or maintaining ecosystem 
function. Management-intensive options require precise 
knowledge of the species and substantial resources— 
often both are in limited supply. 

Research and Monitoring for  
Decision Making
Assessing the risks to Wisconsin’s wildlife from climate 
change and generating effective climate change adap-
tation strategies is an incredibly complex task. Towards 
either goal, we must adopt a strategy for making short 
and long-term management decisions that integrates 

Figure 10. Prescribed burning is used to maintain native grass-
lands in the Roche-a-Cri Fishery Area.
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high-quality scientific research with comprehensive, 
inter-agency planning and implementation efforts. The 
absence of a strong, scientifically based foundation for 
risk assessment and adaptation will limit our capacity to 
respond to future environmental conditions with high 
confidence in our decisions. It is because of this that 
strategic and adaptive management is more likely to be 
successful in the future than reliance on even long-prac-
ticed approaches that have been successful in the past 
(Inkley et al. 2004). It is also important that research and 
monitoring efforts are well planned and address man-
agement objectives (Yoccoz et al. 2001). Not all informa-
tion has equal value; information and learning activities 
that directly inform management action are most likely 
to be important for decision-making (Runge et al. 2011). 

Furthermore, it is increasingly apparent that successful 
adaptation occurs when policy makers, managers, and 
stakeholders participate in the learning process (as in 
Williams et al.’s 2009 recommendations to the Depart-
ment of the Interior). 

The Wisconsin Initiative on Climate Change Impacts 
(http://www.wicci.wisc.edu) offers an opportunity to 
develop a strategic, adaptive vision whereby manage-
ment decisions benefit from high-quality science and 
monitoring efforts. As our scientific understanding 
increases over time, we will work with other scientists, 
policymakers, and natural resource managers to identify 
gaps in our understanding, facilitate joint learning, and 
incorporate new knowledge into planning and imple-
mentation efforts. 

Literature Cited
Adler, P., D. Currie, and D. Wood.  2004.  The Black Flies (Sim-

uliidae) of North America. Comstock Publishing Associates, 
Ithaca, NY.

Allen, C.D. and D.D. Breshears.  1998.  Drought-induced shift 
of a forest-woodland ecotone: rapid landscape response 
to climate variation. Proceedings of the National Academy of 
Sciences 95:14839-14842.

Allen, C.R. and L.H. Gunderson.  2011.  Pathology and failure in 
the design and implementation of adaptive management. 
Journal of Environmental Management 92:1379-1384.

Askins, R.A., F. Chavez-Ramirez, B.C. Dale, C.A. Haas, J.A. Her-
kert, F.L. Knopf, and P.D. Vickery.  2007.  Conservation 
of grassland birds in North America: understanding eco-
logical processes in different regions. Ornithological Mono-
graphs 64:1-46.

Araújo, M., M. Cabeza, W. Thuiller, L. Hannah, and P. Wil-
liams.  2004.  Would climate change drive species out 
of reserves? An assessment of existing reserve-selection 
methods. Global Change Biology 10:1618–1626.

Bale, J.S., G.J. Masters, I.D. Hodkinson, C. Awmack, T.M. Beze-
mer, V.K. Brown, J. Butterfield, A. Buse, J.C. Coulson, J. 
Farrar, J.E.G. Good, R. Harrington, S. Hartley, T.H. Jones, 
R.L. Lindroth, M.C. Press, I. Symrnioudis, A.D. Watt, and 
J.B. Whittaker.  2002.  Herbivory in global climate change 
research: direct effects of rising temperature on insect 
herbivores. Global Change Biology 8:1-16.

Bartelt, G., J. Pardee, and K. Thiede.  2003.  Environmental Impact 
Statement on Rules to Eradicate Chronic Wasting Disease in 
Wisconsin’s Free-ranging White-tailed Deer Herd. Wisconsin 
Department of Natural Resources, Madison, WI.

Beier, P. and R. Noss.  1998.  Do habitat corridors provide con-
nectivity? Conservation Biology 12:1241–1252.

Bergerud, A.  1988a.  Population ecology of North Ameri-
can grouse. Pages 578-685 In A.T. Bergerund and M.W. 
Gratson (eds.). Adaptive Strategies and Population Ecology 
of Northern Grouse. Volume 2. University of Minnesota 
Press, Minneapolis, MN.

Berkes, F.  1997.  New and not-so-new directions in the use of 
the commons: co-management. Common Property Digest 
42:5-7.

Berven, K.A.  1990.  Factors affecting population fluctuations in 
larval and adult stages of the wood frog (Rana sylvatica). 
Ecology 71:1599-1608.

Berven, K.A. and T.A. Grudzien.  1990.  Dispersal in the wood 
frog (Rana sylvatica) - implications for genetic popula-
tion-structure. Evolution 44:2047-2056.

Biek, R., W.C. Funk, B.A. Maxell, and L.S. Mills.  2002.  What is 
missing in amphibian decline research: insights from eco-
logical sensitivity analysis. Conservation Biology 16:728-
734.

Bierwagen, B., R. Thomas, and A. Kane.  2008.  Capacity of man-
agement plans for aquatic invasive species to integrate 
climate change. Conservation Biology 22:568–574.

Bishop, R.C.  2002.  The economic effects in 2002 of chronic 
wasting disease (CWD) in Wisconsin. Staff Paper No. 450. 
Department of Agricultural and Applied Economics, Uni-
versity of Wisconsin-Madison. Available online at www.
aae.wisc.edu/pubs/sps/pdf/stpap450.pdf.

Blaustein, A.R. and D.B. Wake.  1990.  Declining amphibian pop-
ulations - a global phenomenon. Trends in Ecology & Evo-
lution 5:203-204.

Blaustein, A.R., D.B. Wake, and W.P. Sousa.  1994.  Amphibian 
declines: judging stability, persistence, and susceptibility 
of populations to local and global extinctions. Conserva-
tion Biology 8:60-71. 

Blehert, D.S., A.C. Hicks, M. Behr, C.U. Meteyer, B.M. Berlows-
ki-Zier, E.L. Buckles, J.T.H. Coleman, S.R. Darling, A. 
Gargas, R. Niver, J.C. Okoniewski, R.J. Rudd, and W.B. 
Stone.  2009.  Bat white-nose syndrome: an emerging fun-
gal pathogen? Science 323:227-227.

Blumthaler, M. and W. Ambach.  1990.  Indication of increasing 
solar ultraviolet-B radiation flux in alpine regions. Science 
248:206-208.

Both, C., S. Bouwhuis, C.M. Lessells, and M.E. Visser.  2006.  Cli-
mate change and population declines in a long-distance 
migratory bird. Nature 441:81-83.

Bradley, N.L., A.C. Leopold, J. Ross, and W. Huffaker.  1999.  
Phenological changes reflect climate change in Wiscon-
sin. Proceedings of the National Academy of Sciences 96:9701-
9704.



20

Breshears, D.D., N.S. Cobb, P.M. Rich, K.P. Price, C.D. Allen, 
R.G. Balice, W.H. Romme, J.H. Kastens, M.L. Floyd, J. Bel-
nap, J.J. Anderson, O.B. Myers, and C.W. Meyer.  2005.  
Regional vegetation die-off in response to global-change-
type drought. Proceedings of the National Academy of Sci-
ences 102:15144-15148.

Brooke, C.  2008.  Conservation and adaptation to climate change. 
Conservation Biology 22:1471-1476.

Brooks, R.T.  2004.  Weather-related effects on woodland vernal 
pool hydrology and hydroperiod. Wetlands 24:104-114.

Bukacinski, D. and M. Bukacinska.  2000.  The impact of mass 
outbreaks of black flies (Simuliidae) on the parental 
behaviour and breeding output of colonial common gulls 
(Larus canus). Annales Zoologici Fennici 37:43-49.

Bull, E.L. and T.W. Heater.  2001.  Survival, causes of mortality, 
and reproduction in the American marten in northeastern 
Oregon. Northwestern Naturalist 82:1-6.

Burger, J.  1982.  An overview of proximate factors affect-
ing reproductive success in colonial birds: concluding 
remarks and summary of panel discussion. Colonial 
Waterbirds 5:58-65.

Burkett, V. and J. Kusler.  2000.  Climate change: potential 
impacts and interactions in wetlands of the United States. 
Journal of the American Water Resources Association 36:313-
320.

Buskirk, S.W., S.C. Forrest, M.G. Raphael, and H.J. Harlow.  
1989.  Winter resting site ecology of marten in the Central 
Rocky Mountains. Journal of Wildlife Management 53:191-
196.

Buskirk, S.W., H.J. Harlow, and S.C. Forrest.  1988.  Temperature 
regulation in American marten (Martes americana) in win-
ter. National Geographic Research 4:208-218.

Carpenter, S.R., N.F. Caraco, D.L. Correll, R.W. Howarth, A.N. 
Sharpley, and V.H. Smith.  1998.  Nonpoint pollution of 
surface waters with phosphorous and nitrogen. Ecological 
Applications 8:559-568. 

Connell, J.  1978.  Diversity in tropical rain forests and coral 
reefs. Science 199:1302-1310.

Côté, S.D., T.P. Rooney, J.P. Tremblay, C. Dussault, and D.M. 
Waller.  2004.  Ecological impacts of deer overabun-
dance. Annual Review of Ecology, Evolution, and Systematics 
35:113–147.

Craven, S. and T. Van Deelen.  2008.  Deer as both a cause and 
reflection of ecological change. Pages 273-286 In D.M. 
Waller and T.P. Rooney (eds.). The Vanishing Present: Wis-
consin’s Changing Lands, Waters, and Wildlife. University of 
Chicago Press, Chicago, IL.

Curtis, J.T.  1959. The Vegetation of Wisconsin: An Ordination of 
Plant Communities. University of Wisconsin Press, Mad-
ison, WI.

Czech, B., P.R. Krausman, and P.K. Devers.  2000.  Economic 
associations among causes of species endangerment in 
the United States. Bioscience 50:593-601.

Dahl, T.E.  1990.  Wetlands Losses in the United States 1780s to 
1980s. U.S. Fish and Wildlife Service, Department of the 
Interior, Washington, DC.

Dai, A.  2010.  Drought under global warming: a review. Wiley 
Interdisciplinary Reviews: Climate Change 2:45-65.

DelGiudice, G.D.  1998.  Surplus killing of white-tailed deer by 
wolves in northcentral Minnesota. Journal of Mammalogy 
79:227-235.

DelGiudice, G.D., J. Fieberg, M.R. Riggs, M. Carstensen Powell, 
and W. Pan.  2006.  A long-term age-specific survival anal-
ysis of female white-tailed deer. Journal of Wildlife Manage-
ment 70:1556-1568.

Droege, S. and J.R. Sauer.  1994.  Are more North American spe-
cies decreasing than increasing? Pages 297-306 In E. J.M. 
Hagemeijer and T.J. Verstrael (eds.). Bird Numbers, 1992: 
Distribution, Monitoring and Ecological Aspects. Proceed-
ings of the 12th International Conference of IBCC and 
EOAC, Noordwijkerhout, Netherlands. Statistics Neth-
erlands, Voorburg/Heerlen and SOVON, Beek-Ubbergen.

Fargione, J., J. Hill, D. Tilman, S. Polasky, and P. Hawthorne.  
2008.  Land clearing and the biofuel carbon debt. Science 
319:1235-1238.

Fargione, J.E., T.R. Cooper, D.J. Flaspohler, J. Hill, C. Lehman, T. 
McCoy, S. McLeod, E.J. Nelson, K.S. Oberhauser, and D. 
Tilman.  2009.  Bioenergy and wildlife: threats and oppor-
tunities for grassland conservation. Bioscience 59:767-777.

Feder, M.E.  1983.  Integrating the ecology and physiology of 
plethodontid salamanders. Herpetologica 39:291-310.

Feder, M. and F. Pough.  1975.  Temperature selection by the 
red-backed salamander, Plethodon c. cinereus (Caudata: 
Plethodontidae). Comparative Biochemistry and Physiology 
50:91.

Fefferman, N.H. and J.M. Reed.  2006.  A vital rate sensitivity 
analysis for nonstable age distributions and short-term 
planning. Journal of Wildlife Management 70:649-656.

Flanders-Wanner, B., G. White, and L. McDaniel.  2004.  Weather 
and prairie grouse: dealing with effects beyond our con-
trol. Wildlife Society Bulletin 32: 22-34.

Flynn, R.W. and T.V. Schumacher.  2009.  Temporal changes 
in population dynamics of American martens. Journal of 
Wildlife Management 73:1269-1281.

Foster, D., G. Motzkin, J. O’Keefe, E. Boose, D. Orwig, J. Fuller, 
and B. Hall.  2004.  The environmental and human his-
tory of New England. Pages 43-100 In D.R. Foster and J.D. 
Aber (eds.). Forests in Time: The Environmental Consequence 
of 1,000 Years of Change in New England. Yale University 
Press, New Haven, CT.

Found, C., S. Webb, and M. Boyce.  2008.  Selection of lake hab-
itats by waterbirds in the boreal transition zone of north-
eastern Alberta. Canadian Journal of Zoology 86:277-285.

Friend M. and J.C. Franson.  1999.  Field Manual of Wildlife Dis-
eases: General Field Procedures and Diseases of Birds. Bio-
logical Resources Division Information and Technology 
Report 1999–001. U.S. Geological Survey, Department of 
the Interior, Washington, DC.

Friend, M., R.G. McLean, and F.J. Dein.  2001.  Disease emer-
gence in birds: challenges for the twenty-first century. 
Auk 118:290-303.

Fuller, S.G.  2008.  Population dynamics of the endangered 
Karner blue butterfly (Lycaeides melissa samuelis Nabokov). 
MS Thesis. State University of New York, Syracuse, NY. 
164 pp.

Gilbert, A.T. and F. Servello.  2005.  Water level dynamics in wet-
lands and nesting success of black terns in Maine. Water-
birds 28:181-187.



21

Gilbert, J.H., P.A. Zollner, A.K. Green, J.L. Wright, and W.H. 
Karasov.  2006.  Seasonal field metabolic rates of Amer-
ican martens in Wisconsin. American Midland Naturalist 
162:327-334.

Gray, R. and L. Brown.  2005.  Decline of northern cricket frogs 
(Acris crepitans). Pages 47-54 In M.J. Lannoo (ed.). Amphib-
ian Declines: The Conservation Status of U.S. Amphibians. 
University of California Press, Berkeley, CA.

Grear, J.S., M.W. Meyer, J.H. Cooley, Jr., A. Kuhn, W.H. Piper, 
M.G. Mitro, H.S. Vogel, K.M. Taylor, K.P. Kenow, S.M. 
Craig, and D.E. Nacci.  2009.  Population growth and 
demography of Common Loons in the northern United 
States. Journal of Wildlife Management 73(7):1108-1115.

Griffin, D.  1997.  Wisconsin’s vegetation history and the bal-
ancing of nature. Pages 95-112 In R.C. Ostergren and T.R. 
Vale (eds.). Wisconsin Land and Life. University of Wiscon-
sin Press, Madison, WI.

Groom, M.J.  2006.  Threats to biodiversity. Chapter 3 In M.J. 
Groom, G.K. Meffe, and C.R. Carroll (eds.). Principles of 
Conservation Biology. Third ed. Sinauer Associates, Sun-
derland, MA.

Gross, L.  2006.  Scientific illiteracy and the partisan takeover of 
biology. PLoS Biology 4(5):167.

Grumbine, R.E.  1994.  What is ecosystem management? Conser-
vation Biology 8:27-38. 

Grundel, R., N.B. Pavlovic, and C.L. Sulzman.  1998a.  Habitat  
use by the endangered Karner blue butterfly in oak 
woodlands: the influence of canopy cover. Biological Con-
servation 85:47-53.
1998b.  The effect of canopy cover and seasonal change on 
host plant quality for the endangered Karner blue butter-
fly (Lycaeides melissa samuelis). Oecologia 114:243-250.

Halfmann, D.H., J.E. Toepfer, and M.W. Blondin.  2001.  Natal 
dispersal of greater prairie-chickens in Wisconsin. Pages 
32-33 In R.E. Horton (ed.). Proceedings of the Twenty-fourth 
Prairie Grouse Technical Conference. Woodward, OK.

Halpin, P.  1997.  Global climate change and natural-area pro-
tection: management responses and research directions. 
Ecological Applications 7:828–843.

Hamerstrom, F.  1939.  A study of Wisconsin prairie chicken and 
sharp-tailed grouse. The Wilson Bulletin 2:105-120.

Hamerstrom, F.N., Jr., O.E. Mattson, and F. Hamerstrom.  1957.  
A guide to prairie chicken management. Technical Bulle-
tin (15). Wisconsin Conservation Department, Madison, 
WI.

Harris, J., R. Hobbs, and J. Aronson.  2006.  Ecological restoration 
and global climate change. Restoration Ecology 14:170–176.

Harvell, C.D., C.E. Mitchell, J.R. Ward, S. Altizer, A.P. Dobson,  
R.S. Ostfeld, and M.D. Samuel.  2002.  Climate warming 
and disease risks for terrestrial and marine biota. Science 
296:2158-2162.

Hay, R.  1998.  Blanchard’s cricket frogs in Wisconsin: a status 
report. Pages 79-82 In M.J. Lannoo (ed.). The Status and 
Conservation of Midwestern Amphibians. University of Iowa 
Press, Iowa City, IA.

Heath, S.R., E.H. Dunn, and D.J. Agro.  2009.  Black Tern (Chlido-
nias niger). In A. Poole (ed.). The Birds of North America 
Online. Cornell Lab of Ornithology, Ithaca, NY. Available 
online at http://bna.birds.cornell.edu/bna/species/147.

Heatwole, H.  1962.  Environmental factors influencing local 
distribution and activity of the salamander, Plethodon 
cinereus. Ecology 43:460-472.

Hecnar, S.J., and R.T. McCloskey.  1996.  Regional dynamics and 
the status of amphibians. Ecology 77:2091-2097.

Heller, N. and E. Zavaleta.  2009.  Biodiversity management in 
the face of climate change: a review of 22 years of recom-
mendations. Biological Conservation 142:14-32.

Henderson, R. and D. Sample.  1995.  Grassland communities. 
Pages 116-129 In J. Gomoll, S. Holtz, R. Isenring, M. Jesko, 
L. Komai, B. Les, and W. McCown (eds.). Wisconsin’s Bio-
diversity as a Management Issue. Wisconsin Department of 
Natural Resources, Madison, WI. 

Holling, C.S. and G.K. Meffe.  1996.  Command and control and 
the pathology of natural resource management. Conserva-
tion Biology 10:328-37.

Horak, G. and R. Applegate.  1998.  Greater prairie chicken man-
agement. Kansas School Naturalist 45:3-15.

Hughes, L.  2000.  Biological consequences of global warming: is 
the signal already apparent? Trends in Ecology & Evolution 
15:56-61.

Hunter, D., C. Rohner, and D. Currie.  1997.  Mortality in fledg-
ling great horned owls from black fly hematophaga and 
leucocytozoonosis. Journal of Wildlife Diseases 33:486-491.

Inkley, D.B., M.G. Anderson, A.R. Blaustein, V.R. Burkett, B. Fel-
zer, B. Griffith, J. Price, and T.L. Root.  2004.  Global Climate 
Change and Wildlife in North America. Technical Review 
04-2. The Wildlife Society, Bethesda, MD.

Intergovernmental Panel on Climate Change (IPCC).  2007a.  
Climate Change 2007: Impacts, Adaptation and Vulnerability. 
Contribution of Working Group II to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, UK. 
2007b. Climate Change 2007: Synthesis Report. Contribu-
tion of Working Groups I, II and III to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, UK.

Johnson, D.H.  1996.  Management of northern prairies and 
wetlands for the conservation of neotropical migratory 
birds. Pages 53-67 In F.R. Thompson, III (ed.). Manage-
ment of Midwestern Landscapes for the Conservation of 
Neotropical Migratory Birds. General Technical Report 
NC-187. North Central Forest Experiment Station, U.S. 
Forest Service, Department of Agriculture, St. Paul, MN. 

Kausrud, K.L., A. Mysterud, H. Steen, J.O. Vik, E. Ostbye, B. 
Cazelles, E. Framstad, A.M. Eikeset, I. Mysterud, T. Sol-
hoy, and N.C. Stenseth.  2008.  Linking climate change to 
lemming cycles. Nature 456:93-97.

Kearns, S.K.  2008.  Nonnative terrestrial species invasions. 
Pages 439-452 In D.M. Waller and T.P. Rooney (eds.). The 
Vanishing Present: Wisconsin’s Changing Lands, Waters, and 
Wildlife. University of Chicago Press, Chicago, IL.

Kiesecker, J.M., A.R. Blaustein, and L.K. Belden.  2001.  Com-
plex causes of amphibian population declines. Nature 
410:681-684.

Kirsch, L.  1974.  Habitat management considerations for prairie 
chickens. Wildlife Society Bulletin 2:124-129.

Knopf, F.L.  1994.  Avian assemblages on altered grasslands. 
Studies in Avian Biology 15:247-257.



22

Knutson, R.L., J.R. Kwilosz, and R. Grundel.  1999.  Movement 
patterns and population characteristics of the Karner blue 
butterfly (Lycaeides melissa samuelis) at Indiana Dunes 
National Lakeshore. Natural Areas Journal 19:109-120.

Krohn, W., C. Hoving, D. Harrison, D. Phillips, and H. Frost.  
2004.  Martes foot-loading and snowfall patterns in east-
ern North America: implications to broad-scale distribu-
tions and interactions of mesocarnivores. Pages 115−131 
In D.J. Harrison, A.K. Fuller, and G. Proulx (eds.). Martens 
and Fishers (Martes) in Human-Altered Environments: An 
International Perspective. Springer, New York, NY.

Kucharik, C.J., S.P. Serbin, S. Varus, E.J., Hopkins, and M.M. 
Motew.  2010a.  Patterns of climate change across Wiscon-
sin from 1950 to 2006. Physical Geography 31:1-28.

Kucharik, C.J., D.J. Vimont, K. Holman, E. Hopkins, D. Lorenz. 
M. Notaro, S. Vavrus, and J. Young.  2010b.  Wisconsin 
Initiative on Climate Change Impacts Climate Working 
Group Report: Climate Change in Wisconsin. Agronomy 
Department, Atmospheric and Oceanic Sciences Depart-
ment, Nelson Institute for Environmental Studies, and 
Wisconsin State Climatology Office, University of Wis-
consin-Madison, Madison, WI. Available online at http://
www.wicci.wisc.edu/report/Climate.pdf.

Lafrancois B.M., S.C. Riley, D.S. Blehert, and A.E. Ballmann.  
2010.  Links between type E botulism outbreaks, lake 
levels, and surface water temperatures in Lake Michigan, 
1963-2008. Journal of Great Lakes Research 37:86-91.

Lane, C.  1999.  Benefits of heterogeneous habitat: oviposition 
preference and immature performance of Lycaeides melissa 
samuelis Nabokov (Lepidoptera: Lycaenidae). Ph.D. Dis-
sertation. University of Minnesota, St. Paul, MN. 

Lane, C.P. and D.A. Andow.  2003.  Oak savanna subhabitat 
variation and the population biology of Lycaeides melissa 
samuelis (Lepidoptera: Lycaenidae). Annals of the Entomo-
logical Society of America 96:799-809.

Lee, H., D. Reusser, J. Olden, S. Smith, J. Graham, V. Burkett, 
J. Dukes, R. Piorkowski, and J. McPhedran.  2008.  Inte-
grated monitoring and information systems for managing 
aquatic invasive species in a changing climate. Conserva-
tion Biology 22:575–584.

Lenarz, M.S., M.E. Nelson, M.W. Schrage, and A.J. Edwards.  
2009.  Temperature mediated moose survival in north-
eastern Minnesota. Journal of Wildlife Management 73:503-
510.

Leopold, A.  1953.  Round River. Oxford University Press, New 
York, NY.

Lindenmayer, D., R.J. Hobbs, R. Montague-Drake, J. Alexandra, 
A. Bennett, M. Burgman, P. Cale, A. Calhoun, V. Cramer, 
P. Cullen, D. Driscoll, L. Fahrig, J. Fischer, J. Franklin, Y. 
Haila, M. Hunter, P. Gibbons, S. Lake, G. Luck, C. Mac-
Gregor, S. McIntyre, R. Mac Nally, A. Manning, J. Miller, 
H. Mooney, R. Noss, H. Possingham, D. Saunders, F. 
Schmiegelow, M. Scott, D. Simberloff, T. Sisk, G. Tabor, 
B. Walker, J. Wiens, J. Woinarski, and E. Zavaleta.  2008.  
A checklist for ecological management of landscapes for 
conservation. Ecology Letters 11:78-91.

Logan, J.A., J. Regniere, D.R. Gray, and A.S. Munson.  2007.  
Risk assessment in the face of a changing environment: 
gypsy moth and climate change in Utah. Ecological Appli-
cations 17:101-117.

Logan, J.A., J. Regniere, and J.A. Powell.  2003.  Assessing the 
impacts of global warming on forest pest dynamics. Fron-
tiers in Ecology and the Environment 1:130-137.

Marchand, P.J.  1982.  An index for evaluating the temperature 
stability of a subnivean environment. Journal of Wildlife 
Management 46:518-520.

Margules, C., A. Nicholls, and R. Pressey.  1988.  Selecting net-
works of reserves to maximize biological diversity. Bio-
logical Conservation 43:63-76. 

Marion, W.R., T.E. O’Meara, G.D. Riddle, and H.A. Berkhoff.  1983.  
Prevalence of Clostridium botulinum type C in substrates  
of phosphate-mine settling ponds and implications for 
epizootics of avian botulism. Journal of Wildlife Diseases 
19:302-307.

Marsh, D., K. Thakur, K. Bulka, and L. Clarke.  2004.  Disper-
sal and colonization through open fields by a terrestrial, 
woodland salamander. Ecology 85:3396-3405.

Matteson, S.W. and M.J. Mossman.  2000.  Changes in Wisconsin 
black tern populations, 1980-1997. Final report to Region 
3 Nongame Bird Conservation Program, U.S. Fish and 
Wildlife Service, Bloomington, MN. 14 pp.

Mautz, W.W.  1978.  Sledding on a bushy hillside: the fat cycle in 
deer. Wildlife Society Bulletin 6:88-90. 

Mawdsley, J.R., R. O’Malley, and D.S. Ojima.  2009.  A review of 
climate-change adaptation strategies for wildlife manage-
ment and biodiversity conservation. Conservation Biology 
23:1080-1089.

McCarty, J.P.  2001.  Review: ecological consequences of recent 
climate change. Conservation Biology 15:320-331. 

McIntyre, J.  1988.  The Common Loon: Spirit of Northern Lakes. 
University of Minnesota Press, Minneapolis, MN.

McIntyre, J. and J. Barr.  1997.  Common Loon (Gavia immer). 
No. 313 In A. Poole and F. Gill (eds.). The Birds of North 
America. Academy of Natural Sciences, Philadelphia, PA 
and American Ornithologists’ Union, Washington, DC.

McKenny, H.C., W.S. Keeton, and T.M. Donovan.  2006.  Effects  
of structural complexity enhancement on eastern red-
backed salamander (Plethodon cinereus) populations in 
northern hardwood forests. Forest Ecology and Manage-
ment 230:186-196.

McKinney, M.L. and J.L. Lockwood.  1999.  Biotic homogeni-
zation: a few winners replacing many losers in the next 
mass extinction. Trends in Ecology and Evolution 14:450-
453.

McMenamin, S.K., E.A. Hadly, and C.K. Wright.  2008.  Climatic 
change and wetland desiccation cause amphibian decline 
in Yellowstone National Park. Proceedings of the National 
Academy of Sciences 105:16988-16993.

Meffe, G.K., M.J. Groom, and C.R. Carroll.  2006.  Ecosystem 
approaches to conservation: responses to a complex 
world. Chapter 13 In M.J. Groom, G.K. Meffe, and C.R. 
Carroll (eds.).  Principles of Conservation Biology. Third ed. 
Sinauer Associates, Sunderland, MA.

Meyer, M.W.  2006.  Final Report: Evaluating the Impact of Mul-
tiple Stressors on Common Loon Population Demograph-
ics - An Integrated Laboratory and Field Approach. EPA 
STAR Grant Number: R829085. Wisconsin Department 
of Natural Resources, Madison, WI. Available online at 
http://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/
display.abstractDetail/abstract/1916/report/F.



23

Mladenoff, D.J., L.A. Shulte, and J. Bollinger.  2008.  Broad-scale 
change in the northern forests: from past to present. Pages 
61-74 In D.M. Waller and T.P. Rooney (eds.). The Vanishing 
Present: Wisconsin’s Changing Lands, Waters, and Wildlife. 
University of Chicago Press, Chicago, IL.

Moran, J.M. and E.J. Hopkins.  2002.  Wisconsin’s Weather and 
Climate. University of Wisconsin Press, Madison, WI.

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 deficiency, and climate influences 
on a declining moose population. Wildlife Monographs 
166:1-29.

Myers, N.  1987.  The extinction spasm impending: synergisms 
at work. Conservation Biology 1:14-21. 

Nakicenovic, N. and R. Swart (eds.).  2000.  Special Report on 
Emissions Scenarios: A Special Report of Working Group III of 
the Intergovernmental Panel on Climate Change. Cambridge 
University Press, Cambridge, UK.

National Research Council (NRC).  2010.  Advancing the Sci-
ence of Climate Change: America’s Climate Choices. Panel 
on Advancing the Science of Climate Change, Board on 
Atmospheric Sciences and Climate, Division on Earth and 
Life Studies, National Research Council, National Acade-
mies Press, Washington, DC.

Natural Resources Conservation Service (NRCS).  2004.  
National Resources Inventory, 2002 Annual NRI. Natu-
ral Resources Conservation Service, U.S. Department of 
Agriculture, Washington, DC. Available online at www.
nrcs.usda.gov/technical/NRI.

Niemuth, N.  2003.  Identifying landscapes for greater prairie- 
chicken translocation using habitat models and GIS: a 
case study. Wildlife Society Bulletin 31:145-155.

2000. Land use and vegetation associated with greater 
prairie-chicken leks in an agricultural landscape. Journal 
of Wildlife Management 64:278-286.

North American Bird Conservation Initiative, U.S. Committee.  
2009.  The State of the Birds, United States of America, 2009. 
U.S. Department of Interior, Washington, DC. 

2010.  The State of the Birds 2010 Report on Climate Change, 
United States of America. U.S. Department of the Interior, 
Washington, DC.

Noss, R.  2001.  Beyond Kyoto: forest management in a time of 
rapid climate change. Conservation Biology 15:578–590.

Noss, R., B. Csuti, and M.J. Groom.  2006.  Habitat fragmen-
tation. Chapter 7 In M.J. Groom, G.K. Meffe, and C.R. 
Carroll (eds.). Principles of Conservation Biology. Third ed. 
Sinauer Associates, Sunderland, MA.

Noss, R.F., E.T. LaRoe, III, and J.M. Scott.  1995.  Endangered Eco-
systems of the United States: A Preliminary Assessment of Loss 
and Degradation. Biological Report (28). National Biologi-
cal Service, U.S. Department of the Interior, Washington, 
DC. 

Notaro, M., D. Lorenz, D. Vimont, S. Vavrus, C. Kucharik, and 
K. Franz.  2011.  21st century Wisconsin snow projections 
based on an operational snow model driven by statisti-
cally downscaled climate data. International Journal of Cli-
matology 31:1615-1633.

O’Connor, M.P., A.E. Sieg, and A.E. Dunham.  2006.  Linking 
physiological effects on activity and resource use to pop-
ulation level phenomena. Integrative and Comparative Biol-
ogy 46:1093-1109.

Packauskas, R.J.  2005.  Hudsonian emerald dragonfly (Soma-
tochlora hudsonica): a technical conservation assessment. 
Rocky Mountain Region, U.S. Forest Service, Department 
of Agriculture. Available online at www.fs.fed.us/r2/
projects/scp/assessments/hudsonianemeralddragonfly.
pdf.

Parmesan, C. and G. Yohe.  2003.  A globally coherent finger-
print of climate change impacts across natural systems. 
Nature 421:37-42.

Pavlovic, N.B. and R. Grundel.  2008.  Reintroduction of wild 
lupine (Lupinus perennis L.) depends on variation in can-
opy, competition, and litter cover. Restoration Ecology 
17-807-817.

Pearson, R.G. and T.P. Dawson.  2003.  Predicting the impacts 
of climate change on the distribution of species: are bio-
climate envelope models useful? Global Ecology and Bioge-
ography 12:361-371.

Pimentel, D., L. Lach, R. Zuniga, and D. Morrison.  2000.  Envi-
ronmental and economic costs of nonindigenous species 
in the United States. Bioscience 50:53-65.

Poiani, K.A., M.D. Merrill, and K.A. Chapman.  2001.  Identify-
ing conservation-priority areas in a fragmented Minne-
sota landscape based on the umbrella species concept and 
selection of large patches of natural vegetation. Conserva-
tion Biology 15:513-522.

Porej, D., M. Micacchion, and T.E. Hetherington.  2004.  Core 
terrestrial habitat for conservation of local populations of 
salamanders and wood frogs in agricultural landscapes. 
Biological Conservation 120:399-409.

Pounds, J.A., M.R. Bustamante, L.A. Coloma, J.A. Consuegra, 
M.P.L. Fogden, P.N. Foster, E. La Marca, K.L. Masters, 
A. Merino-Viteri, R. Puschendorf, S.R. Ron, G.A. San-
chez-Azofeifa, C.J. Still, and B.E. Young.  2006.  Wide-
spread amphibian extinctions from epidemic disease 
driven by global warming. Nature 439:161-167.

Pyke, C., R. Thomas, R. Porter, J. Hellmann, J. Dukes, D. Lodge, 
and G. Chavarria.  2008.  Current practices and future 
opportunities for policy on climate change and invasive 
species. Conservation Biology 22:585–592.

Radeloff, V.C., R.B. Hammer, and S.I. Stewart.  2005.  Rural and 
suburban sprawl in the U.S. Midwest from 1940 to 2000 
and its relation to forest fragmentation. Conservation Biol-
ogy 19:793-805.

Rahel, F.J., B. Bierwagen, and Y. Taniguchi.  2008.  Managing 
aquatic species of conservation concern in the face of cli-
mate change and invasive species. Conservation Biology 
22:551-561.

Regosin, J.V., B.S. Windmiller, and J.M. Reed.  2003.  Terrestrial 
habitat use and winter densities of the wood frog (Rana 
sylvatica). Journal of Herpetology 37:390-394.

Reiser, M.H.  1988.  Effects of regulated lake levels on the repro-
ductive success, distribution and abundance of the aquatic 
bird community in Voyageurs National Park, Minnesota. 
National Park Service Research/Resources Management 
Report MWR-13. Midwest Regional Office, National Park 
Service, Omaha, NE.



24

Renecker, L.A. and R.J. Hudson.  1986.  Seasonal energy expen-
ditures and thermoregulatory responses of moose. Cana-
dian Journal of Zoology 64:322-327.

Rittenhouse, T.A.G., E.B. Harper, L.R. Rehard, and R.D. Sem-
litsch.   2008.  The role of microhabitats in the desiccation 
and survival of anurans in recently harvested oak-hick-
ory forest. Copeia 2008:807-814.

Rittenhouse, T.A.G., R.D. Semlitsch, and F.R. Thompson, III.  
2009.  Survival costs associated with wood frog breeding 
migrations: effects of timber harvest and drought. Ecology 
90:1620-1630.

Rocke, T.E. and M.D. Samuel.  1999.  Water and sediment char-
acteristics associated with avian botulism outbreaks in 
wetlands. Journal of Wildlife Management 63:1249-1260.

Root, T.L., J.T. Price, K.R. Hall, S.H. Schneider, C. Rosenzweig, 
and J.A. Pounds.  2003.  Fingerprints of global warming 
on wild animals and plants. Nature 421:57-60.

Ross, P.S. and L.S. Birnbaum.  2003.  Integrated human and eco-
logical risk assessment: a case study of persistent organic 
pollutants (POPs) in humans and wildlife. Human and 
Ecological Risk Assessment 9:303-324.

Runge, M.C., S.J. Converse, and J.E. Lyons.  2011.  Which uncer-
tainty? Using expert elicitation and expected value of 
information to design an adaptive program. Biological 
Conservation 144:1214-1223.

Sala, O., S. Chapin, J. Arnesto, E. Berlow, J. Bloomfield, R. Dirzo, 
E. Huber-Sanwald, L. Huenneke, R. Jackson, A. Kinzig, 
R. Leemans, D. Lodge, H. Mooney, M. Oesterheld, N. 
Poff, M. Sykes, B. Walker, M. Walker, and D. Wall.  2000.  
Global biodiversity scenarios for the year 2100. Science 
287:1770-1774.

Sample, D.W. and M.J. Mossman.  1997.  Managing Habitat for 
Grassland Birds: A Guide for Wisconsin. Wisconsin Depart-
ment of Natural Resources. Madison, WI.

2008. Two centuries of changes in grassland bird popu-
lations and their habitats in Wisconsin. Pages 301-330 In 
D.M. Waller and T. P. Rooney (eds.). The Vanishing Present: 
Wisconsin’s Changing Lands, Waters, and Wildlife. Univer-
sity of Chicago Press, Chicago, IL.

Sample, D.W., C.A. Ribic, and R.B. Renfrew.  2003.  Linking 
landscape management with the conservation of grass-
land birds in Wisconsin. Pages 359–385 In J.A. Bissonette 
and I. Storch (eds.). Landscape Ecology and Resource Man-
agement: Linking Theory with Practice. Island Press, Wash-
ington, DC.

Samson, F. and F. L. Knopf.  1994.  Prairie conservation in North 
America. BioScience 44:418-421.

Samson, F.B. and F.L. Knopf (eds.).  1996.  Prairie Conservation: 
Preserving North America’s Most Endangered Ecosystem. 
Island Press, Washington, DC.

Samson, F.B., F.L. Knopf, and W.R. Ostlie.  2004.  Great Plains 
ecosystems: past, present, and future. Wildlife Society Bul-
letin 32:6-15.

Sauer, J.R., J.E. Hines, and J. Fallon.  2003.  The North American 
Breeding Bird Survey, results and analysis, 1966-2002. 
Version 2003.1. Patuxent Wildlife Research Center, U.S. 
Geological Survey, Laurel, MD.

Schroeder, M.A. and L.A. Robb.  1993.  Greater Prairie-Chicken 
(Tympanuchus cupido). Pages 1-24 In A. Poole and F. Gill 
(eds.). The Birds of North America. No. 36. Academy of Nat-
ural Sciences, Philadelphia, PA and American Ornitholo-
gists’ Union, Washington, DC.

Shealer, D.A., J.M. Buzzell, and J.P. Heiar.  2006.  Effect of float-
ing nest platforms on the breeding performance of black 
terns. Journal of Field Ornithology 77:184-194.

Shelford, V. and R. Yeatter.  1955.  Some suggested relations of 
prairie chicken abundance to physical factors, especially 
rainfall and solar radiation. Journal of Wildlife Management 
19:233-242.

Sleeman, J.M., J.E. Howell, W.M. Knox, and P.J. Stenger.  2009.  
Incidence of hemorrhagic disease in white-tailed deer is 
associated with winter and summer climatic conditions. 
Ecohealth 6:11-15.

Solomon, S., G. Plattner, R. Knutti, and P. Friedlingstein.  2009.  
Irreversible climate change due to carbon dioxide emis-
sions. Proceedings of the National Academy of Sciences 
106:1704-1709.

Sturm, M., C. Racine, and K. Tape.  2001.  Climate change - 
increasing shrub abundance in the arctic. Nature 411:546-
547.

Svedarsky, W.D., J.E. Toepfer, R.L. Westemeier, and R.J. Robel.  
2003.  Effects of Management Practices on Grassland Birds: 
Greater Prairie-chicken. Northern Prairie Wildlife Research 
Center, Jamestown, ND.

Swanston, C., M. Janowiak, L. Iverson, L. Parker, D. Mladenoff, 
L. Brandt, P. Butler, M. St. Pierre, A. Prasad, S. Matthews, 
M. Peters, D. Higgins, and A. Dorland.  2011.  Ecosystem 
vulnerability assessment and synthesis: a report from the 
Climate Change Response Framework Project in north-
ern Wisconsin. General Technical Report NRS-82. North-
ern Research Station, U.S. Forest Service, Department of 
Agriculture, Newtown Square, PA.

Swengel, A.B.  1991.  Butterflies of southwestern Wisconsin. 
Madison Audubon Society, Madison, WI.

Tilman, D., R. Socolow, J.A. Foley, J. Hill, E. Larson, L. Lynd, 
S. Pacala, J. Reilly, T. Searchinger, C. Somerville, and R. 
Williams.  2009.  Beneficial biofuels-the food, energy, and 
environment trilemma. Science 325:270-271.

Tylianakis, J.M., R.K. Didham, J. Bascompte, and D.A. Wardle.  
2008.  Global change and species interactions in terrestrial 
ecosystems. Ecology Letters 11:1351-1363.

U.S. Department of Agriculture.  2012.  Conservation Reserve Pro-
gram, Statistics. Available online at www.fsa.usda.gov/
FSA/webapp?area=home&subject=copr&topic=rns-css.

U.S. Department of the Interior and U.S. Department of Com-
merce.  2006.  National Survey of Fishing, Hunting, and 
Wildlife-Associated Recreation. U.S. Fish and Wildlife Ser-
vice, Department of the Interior and U.S. Census Bureau, 
Department of Commerce, Washington, DC.

U.S. Fish and Wildlife Service.  2003.  Final Recovery Plan for the 
Karner Blue Butterfly (Lycaeides melissa samuelis). U.S. 
Fish and Wildlife Service, Fort Snelling, MN. Available 
online at www.fws.gov/midwest/Endangered/insects/
kbb/kbb-final-rp2.pdf.



25

Vander Zanden, M.J. and J.T. Maxted.  2008.  Forecasting species 
invasions in Wisconsin lakes and streams. Pages 423-438 
In D.M. Waller and T.P. Rooney (eds.). The Vanishing Pres-
ent: Wisconsin’s Changing Lands, Waters, and Wildlife. Uni-
versity of Chicago Press, Chicago, IL.

Veloz, S., J.W. Williams, D. Lorenz, M. Notaro, S. Vavrus, and 
V.J. Vimont.  2012.  Identifying climatic analogs for Wis-
consin under 21st-century climate-change scenarios. Cli-
matic Change 112(3/4):1037-1058.

Verme, L.J.  1968.  An index of winter weather severity for north-
ern deer. Journal of Wildlife Management 32:566-574.

Vitousek, P., H. Mooney, J. Lubchenco, and J. Melillo.  1997.  
Human domination of Earth’s ecosystems. Science 
277:494-499.

Vos, C.C., P. Berry, P. Opdam, H. Baveco, B. Nijhof, J. O’Han-
ley, C. Bell, and H. Kuipers.  2008.  Adapting landscapes 
to climate change: examples of climate-proof ecosystem 
networks and priority adaptation zones. Journal of Applied 
Ecology 45:1722-1731.

Waldman, B.  1982.  Adaptive significance of communal oviposi-
tion in wood frogs (Rana-sylvatica). Behavioral Ecology and 
Sociobiology 10:169-174.

Walker, B.  1995.  Conserving biological diversity through eco-
system resilience. Conservation Biology 9:747-752.

Walker, E.M.  1925.  The North American Dragonflies of the Genus 
Somatochlora (Replica, 1999). University of Toronto Press, 
Toronto, ON.

Walther, G.R., E. Post, P. Convey, A. Menzel, C. Parmesan, T. 
J.C. Beebee, J.M. Fromentin, O. Hoegh-Guldberg, and F. 
Bairlein.  2002.  Ecological responses to recent climate 
change. Nature 416:389-395.

Warner, R.E.  1994.  Agricultural land use and grassland habitat 
in Illinois: future shock for Midwestern birds. Conserva-
tion Biology 8:147-156.

Warnke, K.  2004.  Wisconsin Greater Prairie-Chicken Management 
Plan 2004-2014. Bureau of Wildlife Management, Wis-
consin Department of Natural Resources, Madison, WI. 
Available online at http://dnr.wi.gov/about/nrb/2011/
September/09-11-8B1.pdf.

Watkinson, A.R., J.A. Gill, and M. Hulme.  2004.  Flying in the 
face of climate change: a review of climate change, past, 
present and future. Ibis 146:4-10.

Weinandt, M.  2007.  Conservation implications of common loon 
(Gavia immer) parasites: black flies, haematozoans, and 
the loon immune response. MS Thesis. Michigan Techni-
cal University, Houghton, MI.

West, J.M., P.A. Marshall, R.V. Salm, and H.Z. Schuttenberg.  
2006.  Coral bleaching: managing for resilience in a chang-
ing world. Case Study 13.2. In M.J. Groom, G.K. Meffe, 
and C.R. Carroll (eds.). Principles of Conservation Biology. 
Third ed. Sinauer Associates, Sunderland, MA.

Wilcove, D.S., D. Rothstein, J. Dubow, A. Phillips, and E. Losos.  
1998.  Quantifying threats to imperiled species in the 
United States. Bioscience 48:607-615.

Williams, J.W. and S.T. Jackson.  2007.  Novel climates, no-an-
alog communities, and ecological surprises. Frontiers in 
Ecology & the Environment 5:475-482.

Williams, B.K., R.C. Szaro, and C.D. Shapiro.  2009.  Adaptive 
Management: The U.S. Department of the Interior Techni-
cal Guide. Adaptive Management Working Group, U.S. 
Department of the Interior, Washington, DC.

Wisconsin Department of Natural Resources (Wisconsin DNR).  
2005. Wisconsin’s Strategy for Wildlife Species of Greatest 
Conservation Need. Bureau of Endangered Resources, 
Wisconsin Department of Natural Resources, Madi-
son, WI. Available online at http://dnr.wi.gov/topic/ 
wildlifehabitat/actionplan.html.
2006. Ecological Landscapes of Wisconsin. Wisconsin 
Department of Natural Resources, Madison, WI. Avail-
able online at http://dnr.wi.gov/topic/landscapes/.
2010. Wisconsin Statewide Karner Blue Butterfly Habitat Con-
servation Plan. Wisconsin Department of Natural Resources, 
Madison, WI. Available online at http://dnr.wi.gov/topic/
ForestPlanning/hcpText.html.

Wisconsin Initiative on Climate Change Impacts (WICCI).  2011.  
Wisconsin’s Changing Climate: Impacts and Adaptation. Nel-
son Institute for Environmental Studies, University of 
Wisconsin-Madison and Wisconsin Department of Nat-
ural Resources, Madison, WI. Available online at www.
wicci.wisc.edu/report/2011_WICCI-Report.pdf.

Winter, T.C.  2000.  The vulnerability of wetlands to climate 
change: a hydrologic landscape perspective. Journal of the 
American Water Resources Association 36:305-311.

Yoccoz, N.G., J.D. Nichols, and T. Boulinier.  2001. Monitoring of 
biological diversity in space and time. Trends in Ecology & 
Evolution 16:446-453.

Yom-Tov, Y., S. Yom-Tov, and G. Jarrell.  2008.  Recent increase 
in body size of the American marten Martes americana in 
Alaska. Biological Journal of the Linnean Society 93(4):701-
707.

Zedler, J.B. and K.W. Potter.  2008.  Southern Wisconsin’s her-
baceous wetlands: their recent history and precarious 
future. Pages 193-210 In D.M. Waller and T.P. Rooney 
(eds.). The Vanishing Present: Wisconsin’s Changing Lands, 
Waters, and Wildlife. University of Chicago Press, Chi-
cago, IL.

Zhao, T. and M.D. Schwartz.  2003.  Examining the onset of 
spring in Wisconsin. Climate Research 24:59-70.

Zweifel, R.G.  1977.  Upper thermal tolerances of anuran 
embryos in relation to stage of development and breeding 
habits. American Museum Novitates 2617:1-21.



26

Appendix A. 
WICCI Wildlife Working Group Members 

University of Wisconsin-Madison
Scott Craven
Sara Gagné
Suzanne Hagell
Sara Hotchkiss
William Karasov
Olivia LeDee
David Mladenoff
Anna Pidgeon
Volker Radeloff
Timothy Van Deelen

University of Wisconsin-Stevens Point
Eric Anderson

Wisconsin Department of Natural Resources
Gerald Bartelt
Tara Bergeson
Owen Boyle
Avery Dorland
Karin Fassnacht
Scott Hull
Julie Langenberg
Ricky Lien
David MacFarland
Karl Martin
Mike Meyer
Matthew Mitro
Andy Paulios
David Sample
Rebecca Schroeder
Gregor Schuurman
William Vander Zouwen

U.S. Fish and Wildlife Service
Louise Clemency
Joel Trick
Jill Utrup

U.S. Forest Service
Deahn Donner-Wright
Matt St. Pierre

U.S. Geological Survey
Kevin Kenow
Christine Ribic
Michael Samuel

The Nature Conservancy
Nick Miller

Appendix B. 
Common and Scientific Names of Organisms 
Mentioned in Text

Mammals
moose (Alces americanus)
American marten (Martes americana)
fisher (Martes pennanti)
white-tailed deer (Odocoileus virginianus)
gray squirrel (Sciurus carolinensis)

Birds
Canada goose (Branta canadensis)
black tern (Chlidonias niger)
spruce grouse (Falcipennis canadensis)
bobolink (Dolichonyx oryzivorus)
yellow-billed loon (Gavia adamsii)
common loon (Gavia immer)
European starling (Sturnus vulgaris)
purple martin (Progne subis)
eastern meadowlark (Sturnella magna) 
greater prairie-chicken (Tympanuchus cupido)

Reptiles
bullsnake (Pituophis catenifer sayi)
Blanding’s turtle (Emydoidea blandingii)

Amphibians
northern cricket frog (Acris crepitans)
eastern red-backed salamander (Plethodon cinereus)
wood frog (Lithobates sylvaticus)

Insects and Other Invertebrates
emerald ash borer (Agrilus planipennis)
biting midges (Ceratopogonidae)
zebra mussel (Dreissena polymorpha)
bark beetle (Ips confusus)
Karner blue butterfly (Lycaeides melissa samuelis)
gypsy moth (Lymantria dispar)
black flies (Simulium euryadminiculum)
Hine’s emerald dragonfly (Somatochlora hineana)

Plants
wild lupine (Lupinus perennis)
Eurasian water-milfoil (Myriophyllum spicatum)
common buckthorn (Rhamnus cathartica)

Pathogens and Micro-organisms
chytrid fungus (Batrachochytrium dendrobatidis)
toxin-producing bacterium (Clostridium botulinum)
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