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The Great Plains region plays an important role in providing water and land resources and habitat for
wildlife and livestock, crops, energy production, and other critical ecosystem services to support ru-
ral livelihoods. The semiarid conditions of the region and tight coupling of livelihood enterprises with
ecosystem services creates a situation of increased sensitivity to climate changes and enhanced vulnera-
bility among the rural communities and Native American nations across the region. Recent climate con-
ditions associated with warming trends, and altered atmospheric flows have resulted in rapid onset of
drought conditions and other extreme weather events across the region that are changing seasonal pat-
terns of temperature and precipitation and warming trends. Projected climate changes provided in the
fourth US National Climate Assessment indicate that potential warming and variability of precipitation
will further increase drought and extreme weather events.

Recent research and assessment efforts of current and projected climate changes in the Great Plains
indicate that rural communities and ecosystems are becoming more vulnerable to changes associated
with warming trends, droughts, and increased variability in precipitation. These climate changes are hav-
ing differential impacts on ecosystem services that are critical to livelihood enterprises. Strategies for how
resource managers and the research community can better collaborate and more effectively codesign and
coproduce efforts to understand and to respond to these challenges are needed.

© 2021 The Society for Range Management. Published by Elsevier Inc. All rights reserved.
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Introduction grasslands, shrublands, and dryland agriculture (Fig. 1). Climate

change is affecting the natural resource base supporting enter-

The Great Plains (GP) region plays an important role in provid-
ing water and land resources and habitat for wildlife and livestock,
crops, energy production, and other critical ecosystem services
to support rural livelihoods. The land use coverage supporting
rural livelihoods is dominated by semiarid ecosystems, such as
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prises associated with ranching, crop agriculture, conservation, and
recreation (Ojima et al. 2015; Even and Ojima 2019). Reliance on
the availability of ecosystem services and other natural resources
in this semiarid region to support rural livelihoods forms a basis of
a social-ecological system that links climate change, availability of
ecosystem services, and socioeconomic and cultural characteristics
operating across the region. Recent and projected climate changes
across the GP are affecting drought events, extreme weather
patterns (e.g., ice storms, hot spells, out-of-season frost events),
flooding, and fire occurrences (Ojima et al. 2015).

The region’s socioeconomic system is characterized by ex-
tensive rural population density with a recent concentration of
population growth in urban areas. As of 2010, there were almost
42 million people (~13% of the total US population) living in the
nine US GP states, including Colorado (USDA Economic Research
Service 2012). The average population density over the region is
about 66 people per square mile, with a median of 10 people per
square mile (US Census Bureau 2010). Although the region’s overall
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Fig. 1. Land cover map of the Great Plains region of the United States (Ojima et al. 2015).

population has been increasing, the growth has not been equitable
across counties. Urban population numbers have grown to almost
33 million persons in 2010 (US Census Bureau 2010), whereas 39%
of the counties in the GP have declined in population from 1990
to 2010 (US Census Bureau 2010). Rural counties are much more
likely to lose population than those with urban development.
Native American tribes and communities also represent a crit-
ical population and cultural heritage in the GP. Native American
tribes number approximately 65, managing extensive land, water,
and wildlife resources. Reservation lands are often marginal and

less productive with limited access to fertile soils; inadequate
water resources, social services, and infrastructure; and limited
food security. There are about 450,000 persons claiming Native
American ethnicity according to the US census data (US Census
Bureau 2000, 2010).

The semiarid climate conditions and interannual variability
driven by synoptic-scale atmospheric flows contribute to the var-
ied weather patterns of the region. These conditions contribute to
droughts; changing seasonal climate patterns affecting snow melt;
altered seasonal stream flows; earlier green-up of the vegetation;
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Table 1

Average changes in temperature (units in °C) characteristics of the period 1986—2016 compared with a historical base period of 1901-1960 over the northern and southern

portions of the Great Plains. (Source USGCRP 2017.)

Great Plains region Change in annual average temperatures

Change in annual average maximum

Change in annual average minimum

temperatures temperatures
Northern Great Plains +0.94°C +0.92°C +0.96°C
Southern Great Plains +0.42°C +0.31°C +0.53°C

and extreme events such as fires, ice storms, and floods affect-
ing ecosystem services (e.g., forage and browse availability, soil
moisture, habitat, water availability) in time and space. Livelihood
strategies have evolved to the availability of ecosystem services
and variable weather patterns so that recent and projected climate
changes in the region result in greater uncertainty. The increased
weather variability and extreme events are also contributing to
enhanced vulnerability of rural communities (Marshall et al. 2014;
Shafer et al. 2014; Even and Ojima 2019) and Native American
communities across the region (Eiser et al. 2012; McNeeley 2017;
Jantarasami et al. 2018).

This paper describes recent atmospheric conditions contribut-
ing to climate changes affecting weather patterns of the region.
Future climate projections based on the US Fourth National
Climate Assessment (fourth NCA) report (USGCRP 2017) are pre-
sented to provide a perspective of how these changes will manifest
themselves into the future. The manner in which recent climate
changes affect droughts, fires, and extreme events is discussed.
Examples are provided of how natural resource managers are
responding to these climate changes. We conclude the paper with
a discussion of framing adaptation planning within a social ecolog-
ical system perspective that enables the development of adaptive
management strategies that incorporate aspects of adaptive ca-
pacity of a particular livelihood and to better target management
options.

Trends in Recent Climate Patterns and Controls Across the
Great Plains

Recent US National Climate Assessment reports (Kunkel et al
2013; USGCRP 2017) provide information on current trends of
weather and climate conditions across the United States and GP.
In addition to warming trends reported in the fourth NCA (Kunkel
et al. 2013; USGCRP 2017), certain features of the GP climatology
are changing and resulting in changes of weather patterns and ex-
treme events of the region (USGCRP 2017). These include changes
in the controls of arctic air mass flow across the northern hemi-
sphere with the warming of the arctic ocean; changes in snow
amounts and timing; and rapid warming of the atmosphere during
the growing season (Conant et al. 2018). The changes in various
climate controls are reflected in recent observations of extreme
weather events across the GP (Kunkel et al. 2013; Peterson et al.
2013; Conant et al. 2018; Kloesel et al. 2018).

Climate in the region is strongly connected to the topography
of the Rocky Mountains, influence of arctic jet stream, and water
vapor inputs from the Pacific Ocean and Gulf of Mexico (Rosenberg
1987; NOAA 2013). In addition, the expansive north-south extent
of the GP allows for a strong temperature gradient to exist that
gets warmer as one moves southward. From 1986 to 2016, the
northern GP has experienced a warming of about 0.9°C and the
southern GP has had an approximately 0.4°C increase in mean
annual temperatures (USGCRP 2017; Table 1).

Precipitation across the GP has a distinct west-to-east gradi-
ent with greater precipitation occurring annually as one travels
eastward (Rosenberg 1987; Shafer et al. 2014). Annual average
precipitation ranges from 200 mm in the west to approximately 1
100 mm in the east and southeastern portion of the region and is
highly variable from year to year. There has been a small overall

change in mean annual precipitation levels of the same time pe-
riod (1986—2016 period compared with the complete 20th century
record; USGCRP 2017). In addition, extreme weather events, such
as droughts, floods, tornadoes, hail, ice storms, heat waves, and
blizzards, in the GP are common. Also, along the southern extent
of the GP hurricanes occur.

Winter weather patterns across the GP are associated with
the arctic jet stream that, in combination with Pacific air masses,
determine the extent and amount of snowfall, occurrences of ice
storms, and cold temperature extremes (Rosenberg 1987; NOAA
2013). The arctic jet stream influences winter conditions over
the GP, bringing cold arctic air masses with the jet stream. The
exposure to the arctic jet stream dipping into South Dakota and
farther into Colorado and Kansas can lead to severe winter storms.
These can also lead to ice storms and, as experienced in Oklahoma,
snow transitioning to rain in the southern GP. These winter storms
have an extensive impact on livestock, transportation, power lines,
and human safety (Shafer et al. 2014; Ojima et al. 2015).

Overall, cold weather extremes in the region have become
less severe over the past century (USGCRP 2017). In the northern
portion of the GP the average coldest day temperature has risen
by 2.44°C and the southern portion by 1.81°C (USGCRP 2017,
extracted from Table 6.2). However, in the past decade severe
winter events have emerged due to the warming of arctic region
and the effect of the weakening of the polar vortex on the move-
ment of cold air masses into the interior of the North American
continent (Kolstad et al. 2010; Kretschmer et al. 2018). Over the
past decade these cold air excursions have resulted in extreme
cold temperatures throughout the GP.

The GP is also prone to extreme snowstorms, especially in
the northern and central portions of the region. For example, the
exposure to the jet stream dipping deeply into South Dakota and
as far south as Colorado and Kansas during the fall of 2013 led to a
heavy snowstorm, referred to as the 2013 Atlas Storm. As much as
a meter of snow fell between October 3 and 5 in the area adjacent
to the Black Hills of South Dakota (National Weather Service 2013).
The Atlas Storm was responsible for the loss of 1 000s of head of
cattle and other livestock. The early October timing of the storm
contributed to the heavy loss of cattle since the livestock had yet
to put on their heavy winter coats (NWS 2013).

The transition between spring and summer seasons can result
in turbulent weather patterns with increased moisture emerging
from the Gulf of Mexico and as cold air descends from the Rocky
Mountains, contributing to upslope snow dynamics in the spring
and monsoon-like rainfall in the summer. Growing season rainfall
and humidity levels are controlled by a complex set of factors,
which include the El Nino-Southern Oscillation dynamics, the
Pacific Decadal Oscillation (Chen et al. 2017), moisture flow from
the Gulf of Mexico (Higgins et al. 1997; Algarra et al. 2019),
and the GP lower-level jet (GPLL]) dynamics in connection with
mesoscale convective systems (MCS) that create stationary con-
vective systems, which tend to concentrate rainfall (Schumacher
and Johnson 2006; Squitieri and Gallus 2016). Recent studies have
found that large regions of the central United States are showing
upward trends in April-June MCS rainfall of approximately 20-40%
per decade from 1979 to 2014 (Feng et al. 2016). Analyses of the
spring and summer rainfall patterns are critical predictors of forage
production in rangelands across the region (Chen et al. 2019).
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During the spring to summer transition, unstable atmospheric
conditions may occur due to strong differences in moisture levels
and air temperatures in rather short periods of time that can
lead to extreme convective storms and tornados (Boustead et al.
2013; Chu et al. 2019). A variety of atmospheric conditions can
lead to these extreme storm and tornado events, including warm
dry air masses moving across the southwest, warm moist air
intrusions from the Gulf of Mexico, and the relatively cold air
mass associated with the arctic jet stream (Boustead et al. 2013;
Chu et al. 2019). In May 2007, nearly 95% of Greensburg, Kansas,
was completely destroyed by an EF5 tornado and 11 lives were
lost. The event was part of a larger-scale tornado outbreak over a
four-state region throughout the Plains.

Hurricanes and tropical storms penetrate the GP from the Gulf
of Mexico and Caribbean (USGCRP 2017; Kloestel et al. 2018).
The effects of hurricanes can extend well beyond the immediate
coastal areas, and the remnants of hurricanes will track north-
ward and westward into the interior of the GP. Such storms have
caused heavy rainfall events from interior Texas to as far north as
Nebraska (Knight and Davis 2009).

In addition to these intense convective systems and tornados,
heat accumulation in the plains is associated with high humidity
levels that can lead to heat-stress events. These events can be
lethal to people (McGeehin and Mirabelli 2001) and livestock
(Mader 2003). The heat wave and drought of the summer of 2011
across the southern portions of the GP region had major impacts
on human livelihoods, crops, livestock, water supplies, and wildlife
(Ojima et al. 2015).

Extreme rainfall events in the region can trigger flooding
events. These events have been associated with mesoscale convec-
tive systems (Schumacher and Johnson 2006; Danco and Martin
2018), which result in the concentration of rainfall over a partic-
ular region contributing to flooding conditions. An active GPLLJ
is responsible for moisture flow from the Gulf of Mexico into the
interior of the GP and accounts for > 50% of the precipitation
across the region (Schumacher and Johnson 2006; Danco and
Martin 2018). These conditions reflect the temporal characteristics
of episodic rainfall events associated with tropical depressions in
the Gulf of Mexico, nocturnal development of the GPLLJ, and high-
pressure blocking systems in the eastern United States (Higgins
et al. 1997; Lavers and Villarini 2013) resulting in high-intensity
rainfall events and flooding. These spring-time events can have a
larger regional impact, especially when spring snowmelt coincides
with frontal weather patterns providing rainfall across an area
with saturated soils. These conditions contributed to the 2011
floods along the Missouri River and 2019 flooding in the central
United States. During the past decade, a number of meteorological
events have contributed to the floods across the GP including early
snowmelt, precipitation on already saturated soil profiles, rain
on partially thawed soils with existing frozen soil layers near the
surface, and recent “bomb cyclones” delivering high levels of pre-
cipitation in an area (Higgins et al. 1997; Lavers and Villarini 2013).

Droughts are not uncommon in the GP, as noted by the 19th
century explorer Major Stephen H. Long in describing the region as
the “Great American Desert.” Droughts across the GP are frequent
events, and the region has experienced multiyear droughts in
the mid 1800s (Rosenberg 1987; Woodhouse et al. 2002). These
droughts are associated with high temperatures or by lack of
rainfall, or both, working in concert with each other (Rosenberg
1987; Woodhouse et al. 2010). Conditions that block moisture
from flowing up from the Gulf of Mexico can result in drought
conditions as in 2006 (Dong et al. 2011). The 2011 drought in Texas
and the southwest region of the GP was one of the most intense
droughts "in the recorded history available to NOAA (NOAA 2012).

Recent drought events (e.g., 2012, 2015, 2017) are presenting
novel features and challenges due to the rapid onset of drought

conditions in areas where soil moisture conditions appeared to be
suitable for forage production in previous years (McNeeley et al.
2017b; Gerken et al. 2018; Otkin et al. 2018). As the growing sea-
son progresses, air temperatures rapidly increase, leading to higher
levels of atmospheric evaporative demand and a rapid withdrawal
of soil moisture (Hobbins et al. 2016; Dewes et al. 2017; Hoell
et al. 2018; Otkin et al. 2018). These drought conditions occur
suddenly and are referred to as “flash droughts” (Hobbins et al.
2016). Due to the rapid onset and relatively good soil moisture
before the increased evaporative demand, these droughts are more
difficult to forecast with current long-term or seasonal forecasts
(Hobbins et al. 2016). The flash droughts during the past decade
(i.e., 2012 to present) have resulted in loss to cattle and dryland
cropland production.

Seasonal changes in warming trends in the late winter and
spring seasons are changing snow melt and stream flow from the
mountains and into the plains (Fassnacht et al. 2016; Gross et al.
2016; McNeeley 2017). For instance, in the northern GP average
runoff during the period between 2000 and 2010 displayed a
marked decrease, though precipitation levels were essentially
unchanged, suggesting that the increased growing season warming
resulted in an increase in evaporative demand reducing overall
runoff (Griffin and Friedman 2017; Martin et al. 2020).

Projected Climate Changes for the Great Plains

Analyses of projected climate changes have been conducted
with an ensemble of coupled atmosphere-ocean global circulation
models (AOGCMs) under the guidance of the Coupled Model
Inter-comparison Project Phase 5 (CMIP5; Hibbard et al. 2007;
Moss et al. 2008) for the Intergovernmental Panel on Climate
Change Fifth Assessment (IPCC 2013). Under the CMIP5 protocol,
various projected climate scenarios were simulated under specified
radiative forcing of the atmospheric using a number of AOGCMs
representing atmospheric warming levels at 45 W/m? and 8.5
W/m? (van Vuuren et al. 2011) and are denoted as RCP 4.5 and RCP
8.5, respectively. The Fourth US National Climate Assessment used
these model results for the United States to assess future projected
changes across regions and economic sectors in the United States
(USGCRP 2017). Climate change projections for the GP are derived
from a subset of CMIP models used by the AdaptWest Project
(Wang et al. 2016). Results of the changing climate on the GP in
the northern region and southern region are summarized here.

Warming trends throughout the region are expected to con-
tinue (Table 2). Consistent with observations of mean annual
temperature changes over the northern and southern tiers of the
GP, the north is projected to experience more warming over the
coming decades, ranging from 2.7°C to 3.5°C in the 2050s and
3.1°C to 5.4°C in the 2080s with the higher warming levels asso-
ciated with higher emission scenarios (RCP 8.5) (see Table 2). The
southern region is projected to have a similar changes in annual
temperatures, ranging 2.1°C to 2.9°C in the 2050s and rising to
2.6°C to 4.8°C in the 2080s (see Table 2). The lower change is
related to the higher baseline annual temperatures experienced in
the southern GP. Regional changes in mean annual temperature
projected over the northern and southern regions indicate similar
changes in annual warming trends (Fig. 2).

Projections of precipitation are highly variable across the region
though ensemble mean differences from historical mean annual
precipitation suggests a reduction in average annual precipitation
over both emission scenarios. Regional precipitation changes for
the northern region are projected to decrease slightly with a
decrease of 7.0-7.9 mm in the midcentury mean annual differ-
ence and a decrease of 7.5 mm with the RCP 4.5 scenario and
0.63-mm decrease with the RCP 8.5 scenario at the end of century
(Table 3). There appears to be west to east decline in precipitation,
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Table 2

Projected changes in annual average temperature (°C) for National Climate Assessment Great Plains regions, northern and southern portions. Changes are the difference
between the average for midcentury (2041-2070) or late-century (2071-2100) and the average for near-present (1981-2010) under the lower scenario (RCP4.5) and higher
scenario (RCP8.5). Values included in parentheses represent the highest and lowest values within the subregion at each time point (i.e., the highest and lowest values within
each subregional selection of the dataset). Estimates are derived from WorldClim and PRISM historical climate data and a 15-model subset of the CMIP5 model array selected
for their representativeness across the major model families of the CMIP process and interpolated 1-km gridded current and projected climate dataset, a publicly available

set of spatial rasters designed to highlight potential climate change in the North American continent (AdaptWest Project 2015).

RCP4.5

RCP8.5 RCP4.5 RCP8.5

Great Plains region Recent 30-yr normal
(1981-2010)
Great Plains North 8.67°C

Great Plains South 17.3°C

Midcentury
(2041-2070)
+2.68°C (1.11-2.68°C)
+2.06°C (0.85-2.70°C)

(2041-2070)

Midcentury Late century
(2071-2100)
+3.08°C (1.71-3.48°C)

+2.61°C (1.22-3.66°C)

Late century
(2071-2100)
+5.44°C (3.49-5.77°C)
+4.79°C (3.49-5.83°C)

13.34°C (2.08-3.44°C)
12.87°C (1.77-3.57°C)

Change in Mean Annual Temperature (C)
(Regional Mean Change Displayed on Maps)

2050s - RCP 4.5

Fig. 2. Projected mean annual temperature changes (°C) under RCP 4.5 and 8.5 for mid-century (i.e., 2035 to 2065) and end of century (i.e., 2070 to 2100) time period.
Values in each region represent the averaged change value derived from the 1km downscaled 15 model ensemble used in the Adaptwest project. (Available at: http:

//adaptwest.databasin/adaptwest-climatena; Wang et al. 2016).

with an increase in the western portion and a slight drying out in
the eastern portion (Fig. 3).

The southern portion of the GP is projected to have a decrease
in mean annual precipitation ranging from —29.6 to —47.9 mm,
RCP 4.5 and 8.5, respectively (see Table 3). Projections for the
southern region suggest more severe reductions in precipitation in
the eastern portion of the southern GP, with the southwest portion
of Texas projected to experience a slight increase in precipitation
(see Fig. 3).

Seasonal changes in precipitation vary between the northern
and southern portions of the GP (USGCRP 2017). The northern
GP are projected to be wetter in the winter and spring seasons
by 2100. The southern GP in winter and spring are projected to
have decreased seasonal precipitation levels. The summer and fall
seasons throughout the GP are projected to have less precipita-
tion. The southern GP is projected to experience approximately
5-15% less summer precipitation compared with the average
summer precipitation occurring during the period 1976—-2005
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Table 3

Mean annual precipitation (in mm) changes over northern and southern regions of the Great Plains. Changes are the difference between the annual average values for
midcentury (2041-2070) or late century (2071-2100) and the average for near-present (1981-2010) under the lower scenario (RCP4.5) and higher scenario (RCP8.5). Values
included in parentheses represent low and high values from within each subregion at each time point (i.e., the highest and lowest grid cell values for each selection of the
dataset). Estimates are derived from WorldClim and PRISM historical climate data and a 15-model subset of the CMIP5 model array selected for their representation across
the major model families of the CMIP process and interpolated to a 1-km grid. (Source: AdaptWest Project 2015.)

RCP4.5 RCP8.5 RCP4.5 RCP8.5
Great Plains region Recent 30-yr Midcentury Midcentury Late century Late century
normal
(1981-2010) (2041-2070) (2041-2070) (2071-2100) (2071-2100)
Great Plains North 508 mm —6.95 mm (—109 mm —7.82 mm (-108 to —7.53 mm (-116 to —0.63 mm (-104 to
to +182 mm) +190 mm) +192 mm) +232 mm)
Great Plains South 679 mm —22.42 mm (—141 to —33.69 mm (—168 to —26.09 mm (—144 to —46.61 mm (-209 to
+67 mm) +58 mm) +66 mm) +55 mm)

(USGCRP 2017). The summer reduction in precipitation and the
warmer projected temperatures in the region suggest higher
evaporative demand and a decrease soil moisture levels leading to
greater drought conditions (USGCRP 2017).

Projected impacts of these climate changes include an in-
crease in the number of extreme hot days by 2100 across the GP
(USGCRP 2017). In the northern region, where precipitation as
snow is important to soil moisture recharge and streamflow dy-
namics, the amount of precipitation falling as snow is projected to
be reduced by 25—40% by 2100 (USGCRP 2017; Conant et al. 2018).
Snowmelt is projected to occur earlier in the spring and result in
higher flow levels earlier in the water year. Water management
will be challenged by changes in earlier streamflow pattern and
warming trends in the growing season, which will lead to greater
evapotranspiration and soil moisture deficits (Ojima et al. 2015;
McNeeley et al. 2016).

Implications of Climate Change on Natural Resources
Management Strategies

Climate change is already impacting natural resources and
ecosystem services (e.g., land productivity, water availability,
seasonal dynamics of ecosystem and wildlife dynamics) and is
expected to continue to exacerbate these effects on ecosystems,
wildlife, other natural resources, and human livelihoods in the
GP region (Ojima et al. 2015; Conant et al. 2018; Kloesel et al.
2018). Recent climate change impacts include a reduction in the
snow season (e.g., later onset in the fall and earlier melt in spring)
changing the amount and timing of streamflow; reduced soil mois-
ture during the growing season; earlier green-up of vegetation;
an increase in evaporation (leading to evaporative stress on the
landscape and more frequent and severe drought conditions); and
an increase in extreme precipitation events leading to increased
risks of flooding and erosion (Ojima et al. 2015). These changing
weather conditions have contributed to droughts in 2000, 2012,
2015, and 2017; fire events in the GP during the 20 yr (Donovan
et al. 2017; Lindley et al. 2019); flooding and extreme storm events
across the GP; and pest outbreaks. These recent events provide
insights of how climate change may affect natural resources and
impact natural resource management that support livelihoods
across the region (Ojima et al. 2015; Conant et al. 2018; Kloesel
et al. 2018).

Although communities across the region have adapted to
regional climate conditions, the magnitude, speed, and increased
variability of weather events can exceed the coping capacity of
managers across sectors in the region (Shafer et al. 2014; Conant
et al. 2018). A series of climate impact and adaptation studies
provides insights into how various natural resource managers have
responded to recent drought events (Kachergis et al. 2014; Yung
et al. 2015; Derner and Augustine 2016; McNeeley et al. 2016;
Shafer et al. 2016; McNeeley et al. 2017a). These studies incorpo-
rated social-ecological system approaches that included enhanced

dialogue between researchers and managers that improved the
analysis of socioeconomic factors across a range of management
options. These approaches aided in the development of actionable
adaptation strategies across a variety of rural livelihood operations.
Social and institutional structures also influence decision making
and determine constraints or opportunities to adaptation planning
(Adger et al. 2005; West et al. 2009; Travis 2014). Institutional
responses to climate change are often best suited for mitigation of
emergency situations and isolated events rather than for slower-
onset, cumulative, or systemic climate-related problems leading to
disruption of ecosystem services (Adger 2006; Adger et al. 2005;
Travis 2014; Barnett et al. 2015).

In rural and Native American communities of the GP, many so-
cial services (e.g., school systems, Internet access, medical services,
delivery of drinking water) have been greatly diminished and
mechanisms to enable sufficient planning processes and imple-
mentation actions are lacking (Ojima et al. 2015; McNeeley 2017;
Jantatasami et al. 2018). Emerging efforts with US Department of
Agriculture, National Oceanic and Atmospheric Administration, and
Department of the Interior agencies are attempting to codevelop
adaptation plans in these rural and Native American communities
(Steiner et al. 2015; Shafer et al. 2016; McNeeley et al. 2017b;
Averyt et al. 2018; Hanberry et al. 2019).

The following examples associated with droughts, fires, and
flooding events are provided to illustrate the consequences of cli-
mate change effects on natural resources and ecosystem services
and to provide a perspective of the evolving management strate-
gies in response to changing weather patterns. These examples are
not meant to be comprehensive guides but rather representative
of actions taken for adaptation planning to these events.

Droughts

As indicated in the previous section, droughts are a natural oc-
currence across the GP; however, recent events and future projec-
tions of climate conditions indicate a more rapid onset of drought.
In addition, land use changes, reduced access to social services, de-
clining availability of groundwater resources, and changing climate
conditions are contributing to increased exposure and impacts
to droughts across the region (Steiner et al. 2015; Derner and
Augustine 2016; Hanberry et al. 2019). Communities across the
GP are faced with an aging and often less efficient infrastructure
for water management under drought conditions. Native American
communities are especially affected by recurring drought events
due to lack of clarity of water rights, the lack of federal support to
maintain and repair irrigation systems, and inadequate water man-
agement infrastructure on Native American reservations in the GP
(McNeeley 2017; McNeeley et al. 2017b; Jantarasami et al. 2018).

The rural livelihoods and conservation practices used to main-
tain livestock, wildlife, and natural resources in the region are also
being impacted by these droughts. The impact of the 2012 drought
indicated that cattle and wheat productivity were greatly reduced
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Fig. 3. Projected mean annual precipitation changes (°C) under RCP 4.5 and 8.5 for mid-century (i.e., 2035 to 2065) and end of century (i.e., 2070 to 2100) time period for
northern and southern Great Plains regions. . Values in each region represent the averaged change value derived from the 1km downscaled 15 model ensemble used in the
Adaptwest project. (Available at: http://adaptwest.databasin/adaptwest-climatena; Wang et al. 2016).

with up to 75% of the cattle inventory nationwide exposed to
the 2012 drought conditions (Rippey 2015). Wildlife were affected
by the drought 2012 in areas such as Wind Cave National Park,
Badlands National Park, and the Pine Ridge Reservation with loss
of buffalo and other wildlife due to reduced forage and surface
water resources (McNeeley et al. 2016).

Adapting to drought is a major regional challenge faced under
climate change, leading to various state and federal actions to sup-
port adaptation planning and capacity-building (Steiner et al. 2015;
Shafer et al. 2016; McNeeley et al. 2017a; Hanberry et al. 2019).
These state and federal agencies have undertaken supporting
research and engagement activities that have included integrated
research efforts and management planning exercises between
multiple agencies and entities (Steiner et al. 2015; McNeeley et al.
2016; McNeeley et al. 2017b; Beeton et al. 2019). For example,
a joint effort led by tribal water managers at the Wind River
Indian Reservation of Wyoming with partners from the USGS,

NOAA, US Department of Agriculture, and several universities
(i.e., Colorado State University, University of Colorado—Boulder,
University of Nebraska—Lincoln, and University of Wyoming) has
resulted in a management-focused project that combines social
science, physical science, and ecological impacts teams to evaluate
drought vulnerability and bring decision support tools for drought
preparedness (McNeeley et al. 2017a).

Even at the local level, various communities and sectors (e.g.,
agriculture, ranching, recreation) have begun to mitigate drought
impacts through improvements of water use efficiency (Even and
Ojima 2019), using healthy soil principles, destocking herd size
(Kachergis et al. 2014; Yung et al 2015; Shrum et al. 2018), forage
usage and storage management strategies (Yung et al. 2015, Shrum
et al. 2018), and cross sectoral or business cooperation and coor-
dination (Even and Ojima 2019). These adaptation efforts indicate
that ongoing engagement among managers, extension agents,
and researchers provides a useful framework for development
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of actionable drought-response strategies (Travis 2014; McNeeley
et al. 2016; Shafer et al. 2016; McNeeley et al. 2017b; Hanberry
et al. 2019).

Fires

The GP have evolved with fire and grazing over thousands of
years (Pyne 1982; Wright and Bailey 1982; Twidwell et al. 2013).
During the latter half of the 20th century, a reduced number
of large fire events occurred due to fire-suppression measures,
fragmentation of landscapes, woody encroachment, and conversion
of grasslands to croplands (Twidwell et al. 2013; Donovan et al.
2017). However, the number of large fire events has been observed
to increase markedly since 2000 (Steiner et al. 2015; Donovan
et al. 2017; Lindley et al. 2019). There appears to be a pattern of
oscillating wet and dry periods during the growing season, con-
tributing to production of fine fuels. This period is subsequently
followed by a dry period that dries these fuels, creating a highly
flammable condition (Lindley et al. 2019).

Recent efforts to enhance drought monitoring (Shafer et al.
2016) and use soil moisture monitoring information that serves as
a surrogate for fuel moisture conditions (Krueger et al. 2015) are
being developed to assist in fire preparedness. Rangeland experts
and USDA researchers have also developed an updated set of fire
management strategies (Walthall et al. 2012; Steiner et al. 2015).
Recommendations include building resilience among communities
through improved information exchange and monitoring; enhanc-
ing coordination efforts among federal, state, and local community
decision making networks with a focus on fire conditions; prudent
use of prescribed fires; and enhancing research and operations
collaborations to improve adaptive management practices to re-
duce fire risks and better manage fire events (Walthall et al. 2012;
Steiner et al. 2015; Twidwell et al. 2019). In addition, further analy-
sis of social-ecological system context of fire consequences and fire
response strategies has been suggested (Twidwell et al. 2019).

Floods and extreme storm events

As described earlier regarding extreme events (i.e., storms, tor-
nados, and flooding) in the GP, convergence of various atmospheric
flows from the arctic, Pacific, and Gulf of Mexico contribute to
these episodic and turbulent weather events (Kunkel et al. 2013;
USGCRP 2017; Wing et al. 2018). In addition to climate change
effects, a number of socioeconomic factors contribute to the
increased risk to these extreme events, such as aging infrastruc-
ture, increased population, reduced social capital in rural and
Native American communities (Steiner et al. 2015; McNeeley 2017;
Jantarasami et al. 2018).

Strategies are being implemented to deal with flooding events.
Nature-based flood plain modifications to reduce extreme flow
events are being incorporated into flood avoidance plans (Williams
et al. 2015; Jongman 2018). Development of combined green and
gray infrastructure strategies, in addition to restoring riparian
areas, is being incorporated into plans to create more resilient
watersheds (Jongman 2018).

Managing for change and to enhance resilience has emerged
as a necessity in dealing with climate change across the GP (West
et al. 2009). An example of this is demonstrated by the rebuilding
efforts following the devastating tornado that ravaged Greensburg,
Kansas in May 2007. The community decided to build a more
resilient community based on sustainability design principles and
undertook a number of townhall meetings and coordination with
federal programs to develop a long-term strategy in rebuilding this
rural community (https://www.huduser.gov/portal/periodicals/em/
winter15/highlight3.html). The effort has resulted in revising build-
ing codes so that many more buildings are now able to withstand

200 mph winds and are constructed according to the Leadership in
Energy and Environmental Design standards. However, unintended
effects to lower-income members of the community may have also
been experienced, and these households were not able to wait for
the reconstruction of the town or able to invest in the redesign
processes and have relocated elsewhere (O'Brien et al. 2012).

Advancement of coproduction of adaptation strategies

As climate change continues to affect natural resources in the
GP, enhanced engagement among researchers, managers, and land
owners in the region is needed to facilitate coproduction of action-
able adaptation strategies. Development of coproduced adaptive
management strategies can lead to more actionable climate re-
sponse strategies (Derner and Augustine 2016; Fernandez-Gimenez
et al. 2019; Hanberry et al. 2019). For example, the water man-
agement practices to deal with rapid onset of droughts and water
allocation among cropping, ranching, and conservation goals
described earlier in the drought section was a successful collabo-
rative effort including the Wind River Indian Reservation’s Office
of Tribal Water Engineer (McNeeley et al. 2017b). Driven by tribal
water manager needs, this engagement process supported the
development of information tools and drought condition maps to
better inform resource management decision related to ranching,
cropping, and wildlife management (McNeeley et al. 2016, 2017b).
Additional efforts have been undertaken to enhance localized
climate change information to national parks and to state wildlife
adaptation planning efforts to indicate potential climate shifts
impacting critical natural resources of interest (Lawrence and
Runyon 2019; Schuurman et al. 2019). These efforts provide oppor-
tunities for enhanced dialogue among land managers, researchers,
extension agents, and decision makers across multiple institutional
structures (Derner and Augustine 2016; Averyt et al. 2018; Even
and Ojima 2019; Hanberry et al. 2019; Kennedy et al. 2016).

As research related to climate change impacts is rapidly ad-
vancing, managers are often challenged by the speed of these
developments to incorporate these advances into their set of man-
agement tools. Likewise, research findings are often not useable
to the management community due to not fitting the information
needs of the management problem. Engagement with managers
and researchers is often needed to facilitate the translation of
these research tools into management tools. These efforts have
restructured the research agenda to codevelop research informa-
tion in a more usable form that managers can more readily use
(Dewes et al 2017; Peck et al 2019). Two examples of transition
of research developments into useable management information
codeveloped with managers and practitioners related to drought
forecasts and projection of forage production are provided.

The first example is the development and application of the
Evaporative Demand Drought Index (EDDI). EDDI is a real-time
drought monitoring tool that incorporates daily meteorological
data (Rangwala et al. 2015; Hobbins et al. 2016; Dewes et al.
2017). The tool serves as an indicator of both long-term drought
and “flash” drought, which occurs on the scale of a few weeks.
The tool’s short-term indicators can be used by irrigators, for
example, to track water needs on a day-to-day basis. Long-term
indicators (e.g., 6-month forecasts) can be used for predictions
such as wildfire risk (McEvoy et al. 2019). The transition from a
research method to a useable forecasting tool was enabled through
a set of numerous collaborations with water and natural resource
managers, ranching communities, and Native American commu-
nity leaders. EDDI is available on the Western Water Assessment
Climate Dashboard page.!

1 wwa.colorado.edu/climate/dashboard2.html.
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Another example is forage forecasts for use in adjusting stock-
ing rates in the GP. Forage production is a key ecosystem service
that supports wildlife and ranching activities across the GP. The
forecasting tool, Grass-Cast (Chen et al. 2019; Hartman et al
2020), provides growing season estimates of forage production
that enables ranchers to manage herd size at appropriate levels
(Peck et al. 2019).2

This forage forecasting tool was initially developed by Dr. W.
J. Parton at Colorado State University (Chen et al. 2019; Hartman
et al. 2020) and is being tested with rancher groups convened
by the USDA Northern Plains Climate Hub. Grass-Cast provides
projections of current growing season total grass production in
rangelands across the GP. The forecasts are based on remote
sensing estimates of aboveground net primary production and
growing season climate outlooks provided by NOAA through a
collaboration with the University of Nebraska. Forage estimates are
provided initially in late April, followed by weekly updates based
on a combination of observed weather conditions and seasonal
climate projections for the region. The forage production values
are generated using a grassland ecosystem model that has been
developed at Colorado State University, DayCent (Parton et al.
1998; Chen et al. 2019).

Various federal efforts are evolving with collaborations de-
veloping with state agencies, universities, commodity groups,
nongovernmental organization (NGO), and local operators (Steiner
et al. 2015; Averyt et al. 2018; Fernandez-Gimenez et al. 2019).
These efforts embrace collaborative engagement that more closely
aligns with local needs and includes these steps:

e Develop an effective two-way interaction between resource
managers and researchers for the codevelopment of usable
information and adaptation strategies.

Leverage existing resources through collaborative approaches
across partner members and other entities, including tribal,
federal, state, and NGO communities.

Develop value-added efforts that provide usable information
between resource managers and scientific communities.
Provide funding mechanisms to enable resource manager led
efforts to codevelop adaptation strategies with relevant part-
ners (e.g., access to Wildlife Conservation Society’s Climate
Adaptation Fund; BIA or EPA grants on tribal lands; USDA or
NOAA adaptation planning grants).

These engagement approaches would enable codevelopment
of actionable science to address natural resource issues emerging
to meet climate challenges. These efforts incorporate various
levels of coproduction in support of developing appropriate adap-
tive management strategies for specific land use management
needs. There is a general recognition that coproduction efforts
have large benefits associated with close collaboration between
the user and research communities in developing research that
meets their needs more directly (O'Brien et al. 2012; Yung et al.
2015; Fernandez et al. 2019). However, it is also recognized that
this engagement comes with an additional commitment of time,
resources, and partnership, which are often outside the normal
efforts of typical research efforts. So mechanisms are needed to
foster and sustain these partnerships and interactions between the
management and research entities.

Conclusions and Implications
Climate change continues to emerge as an issue that will chal-

lenge management operations and impact livelihoods in the GP.
Changing seasonal patterns of atmospheric flows and continued

2 http://grasscast.agsci.colostate.edu/.

warming of atmosphere will increase weather variability and
extremes and impact natural resources critical to key ecosystem
services for wildlife, conservation, agricultural, recreational, and
livelihood needs. Collaborative efforts between researchers and
management professionals are and will enhance development of
useful management options to emerging climate change impacts.
In addition, greater integration of social science approaches in the
analysis of climate change impacts and adaptation options of rural
livelihoods in the GP need to be supported.

Joint activities among various federal, state, and university
units across the GP are providing opportunities for enhanced
stakeholder dialogue, engagement on resource management issues,
and the codesign and coproduction of research activities to support
stakeholder and manager concerns more effectively. These efforts
are leading to improved “climate-smart” research-management
partnerships and the implementation of improved activities to
reduce climate sensitivity and risk, and they increase resiliency
to climate variability and change. These efforts are leading to the
development of strategies to better coordinate among local, state,
federal, and tribal agencies to provide a more comprehensive
information exchange between researchers and managers that can
be more readily used in adaptation planning, including analysis
of impacts and consequences to guide development of specific
strategies to cope with a changing climate.
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