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Abstract

North American grasslands are climate-vulnerable biomes that provide critical

ecosystem services and support biodiversity. However, grasslands are often not

included in climate policy and treaties, and they are underrepresented in eco-

logical climate-adaptation literature. We synthesized existing knowledge on

climate adaptation in North American grasslands to provide resources and

guidance for grassland managers facing increasing climate change impacts.

We leveraged data from a systematic review and solicited input from manage-

ment professionals at workshops to create a Grassland Adaptation Menu—a

referenced, hierarchical list of specific grassland management tactics nested

under broader climate adaptation strategies. Our review revealed that although

the number of published studies examining grassland-climate topics is increas-

ing, relatively few provide actionable recommendations for adaptation. Among

studies that did make recommendations, landscape-planning principles such

as conserving grasslands in future climate refugia and enhancing connectivity

were the most frequently recommended practice types, but there were also

suggestions for site-level management such as adjustments to fire and grazing,

improved seed sourcing and restoration practices, increased heterogeneity and

biodiversity, use of assisted migration, and management of microclimate con-

ditions. The Grassland Adaptation Menu incorporates eight general strategies

and 32 approaches in a structured format designed to help managers translate

concepts into actions.
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1 | INTRODUCTION

Grasslands currently occupy approximately 40% of the
world's land surface (Gibson, 2009; White et al., 2000). In
North America, grasslands are continentally distributed
and encompass a diversity of natural and planted habitats.
Globally, grassland biomes provide trillions of dollars in
ecosystem services that are both critical to the mainte-
nance of biodiversity and to sustaining human well-being
(Bengtsson et al., 2019; Liu et al., 2022; Zhao et al., 2020).
Key ecosystem services provided by grasslands include
food, fiber, and animal production (Jackson, 2022;
O'Mara, 2012; White et al., 2000), erosion control and soil
production (Saviozzi et al., 2001; Wu et al., 2020), water
quality and runoff reduction (Bengtsson et al., 2019; Zhao
et al., 2020), pollination services (Holland et al., 2017;
Sexton & Emery, 2020), and wildlife habitat and biodiver-
sity (Bernath-Plaisted, Correll, et al., 2023; Davidson
et al., 2012; Hanberry et al., 2021; Leipold et al., 2025;
Werling et al., 2014). Currently, grasslands store �30–35%
of the world's terrestrial carbon stock (Ahlström
et al., 2015; White et al., 2000) and, importantly, �90% of
carbon in grasslands is stored belowground in soil (Bai &
Cotrufo 2022), where it is protected from release during
disturbance events such as fire (Briske et al., 2024; Viglizzo
et al., 2019).

Despite their importance to ecosystem services, grass-
lands are threatened by many anthropogenic stressors
and are often undervalued for their conservation and eco-
system service benefits. Globally, grasslands have been
reduced to 26%–45% of historical extents (Hoekstra
et al., 2005), and most remaining grasslands are highly
fragmented (Augustine et al., 2021; Scholtz &
Twidwell, 2022). Grasslands also tend to receive less pro-
tection (Hoekstra et al., 2005) and policy attention
(Bardgett et al., 2021; Bengtsson et al., 2019) than for-
ested systems, and they are frequently left out of interna-
tional treaties and climate agreements (Gibson &
Newman, 2019). In North America, �50% of original
grasslands have been lost to threats including agricultural
expansion, energy development, woody encroachment,
urbanization, and deliberate afforestation (Briske
et al., 2024; Lark et al., 2015; Ott et al., 2021; van
Auken, 2009). This habitat loss has been exacerbated by
the degradation of many grasslands by invasive species,
fire suppression, and homogenization through grazing
practices (Bardgett et al., 2021; Fuhlendorf et al., 2012;
Grant et al., 2020; Ratajczak et al., 2016). Anthropogenic
climate change now presents a further threat to grassland
systems, and the biodiversity and services that they sup-
port (Gibson & Newman, 2019; Lavorel, 2019).

Global surface temperatures have increased on aver-
age by 1.1�C since the pre-industrial era, and greenhouse

gas emissions have continued to rise over the last decade,
increasing the likelihood that mean warming will exceed
2�C by mid-century (Calvin et al., 2023). Broadly, many
grassland regions in North America are projected to expe-
rience increased intensity and frequency of summer
droughts, elevated maximum temperatures, and an
increase in heavy precipitation events in some areas
(Calvin et al., 2023; Gibson & Newman, 2019). The Cen-
tral Grasslands form a tri-national region (Figure 1) that
contains the largest remaining grassland tracts in North
America and was once among the largest contiguous
grasslands on Earth (Scholtz & Twidwell, 2022). By 2040–
2070, northern parts of this region will experience
increases in average maximum temperature of at least
4�C (Figure 1a). Central and southern grassland regions
will likely see reduced precipitation, while many north-
ern areas will receive increased rainfall (Figure 1b). How-
ever, these precipitation gains may be offset by greater
evaporative water loss and moisture deficits (e.g., drier
soils due to high evaporation) throughout the Central
Grasslands region (Figure 1c). Grasslands may be espe-
cially vulnerable to increasing temperatures associated
with climate change because they lack the buffering
capacity of forest canopy to moderate microclimate
extremes (Suggitt et al., 2011), and because they often
(with the exception of montane grasslands) occur in areas
of little topographic relief, where the velocity of climate
change may be greater (Dobrowski et al., 2013; Loarie
et al., 2009).

Climate change may affect the ecology and function-
ing of grassland systems in numerous ways and will
likely create new management challenges, as well as
exacerbate existing ones (Gibson & Newman, 2019;
Lavorel, 2019). Changes in temperature extremes, as well
as the timing and intensity of precipitation, will funda-
mentally alter the productivity and phenology of grass-
land plants (Fraser, 2019), nutrient cycling, and
ecosystem processes (Henry, 2019). For example, elevated
temperatures and drought may reduce forage quality and
grazing capacity (Holechek et al., 2020), shift fire seasons
(Yurkonis et al., 2019), and reduce carbon sequestration
(Felton & Goldsmith, 2023). Greater climate variability
and occurrence of extreme events (particularly concern-
ing precipitation), elevated CO2 levels, and earlier grow-
ing seasons may favor the dominance of invasive species
and facilitate woody encroachment—invasive
species may be better able to capitalize on longer growing
seasons, and woody plants can put on biomass more rap-
idly with higher CO2 concentrations, and both groups
may also benefit from intense precipitation events
(Catford & Jones, 2019; Goodale & Wilsey, 2018;
Kulmatiski & Beard, 2013; Morgan et al., 2007). Increased
drought and evaporative water loss may also result in the
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drying of grassland-embedded wetlands and subsequent
loss of wetland habitat and ecosystem services (Londe
et al., 2024; Zhang et al., 2021), though strong regional
variability in these trends may also occur (Niemuth
et al., 2014). Finally, the management of grassland wild-
life and biodiversity will also be affected by climate
change, with many species experiencing range shifts and
losses (Wilsey et al., 2019), elevated demographic stress
and disease risk (Conrey et al., 2016; Poje et al., 2020),
altered movement patterns (Bateman et al., 2015), and
phenological mismatches (Freimuth et al., 2022).

Given these diverse challenges and the threats they
pose to the functioning of grassland ecosystems, there
may be a growing need for actionable management rec-
ommendations that can help grassland managers adapt
to a changing climate (Miller Hesed et al., 2023). Climate
adaptation can be defined as any adjustment to the man-
agement of systems intended to reduce the risks and
impacts of climate change (Handler et al., 2022;
Swanston et al., 2016). While there is an increasingly
wide array of broad principles available to managers to
help guide climate adaptation, information on specific
adaptation practices is often sparse, and many recom-
mendations made in the literature are not locally action-
able (Cady et al., 2023; Handler et al., 2022). In
particular, grassland biomes are underrepresented in the
literature (Cady et al., 2023; LeDee et al., 2021).

Our goal was to synthesize current recommendations
about climate adaptation in grassland ecosystems and
create an adaptation menu to address the unique and
pressing adaptation needs of North American grasslands.

There were three objectives involved in the development
of this menu: (1) Conduct a systematic literature review
to provide a synthesis of recommended climate adapta-
tion practices in grasslands and assess the current state of
research on this topic; (2) Combine recommendations
extracted from our review with expert opinion and input
from management professionals to produce a structured
Grassland Adaptation Menu; and (3) Demonstrate a real-
world application of the menu through a case study with
grassland managers.

2 | METHODS

2.1 | Systematic review

We used the ISI Web of Science (WOS) database (https://
www.webofscience.com/) to conduct a systematic litera-
ture review. To target articles that researched the effects
of climate change in North American grasslands or dis-
cussed topics broadly relevant to grassland climate adap-
tation, we constructed a search string using Boolean
operators. Our review was intended to synthesize litera-
ture from all North American grassland regions. We con-
structed our search to link key terms describing climate
change, habitat, and topics related to the ecological
response and management of grasslands (including resto-
ration). Thus, our search used the following structure on
WOS: TS = (first climate term OR second climate term)
AND TS = (first habitat term OR second habitat term…)
AND TS = (first ecological term OR second ecological

FIGURE 1 Projected changes between current climate normals and normals by 2040–2070 under a moderate emissions scenario for the

North American Central Grasslands region. The largest maximum temperature increases are projected to occur in the Northern Great Plains

(a). Mean summer precipitation may increase through much of the Northern Great Plains, while parts of the south and central plains will

become increasingly dry (b). Nearly the entire Central Grassland region will experience greater climatic moisture deficits (a measure of

evaporation potential and soil drying) likely resulting in more arid conditions (c). Climate data are generated from CMIP6 (ensemble models

for SSP245 emissions scenario) models and sourced from the AdaptWest Project (adaptwest.databasin.org). The Central Grasslands boundary

file is available from the US Fish and Wildlife Service at https://gis-fws.opendata.arcgis.com/datasets/fws::north-american-central-

grasslands/explore.
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term…). Using this structure, any article that contained at
least one term from each argument in any of the title,
abstract, or keywords would be returned. Our climate
terms included only “climate change” and “global warm-
ing” as we wanted to identify not simply articles that
related climate variables to grassland ecology
(e.g., temperature, precipitation), but rather those that
examined, discussed, or acknowledged the impacts of
change in these climate conditions on grasslands. Our
habitat terms included grassland, old field, parkland, pas-
ture, prairie, rangeland, and savanna as these are the
most widely used terms to describe grassland habitats in
North America. Finally, our ecological topic keywords
included terms describing possible response taxa
(e.g., plants, birds, invertebrates, etc.), grassland ecosys-
tem services (e.g., ecosystem functioning, hydrology, soil,
etc.), and grassland management/adaptation topics
(e.g., fire, grazing, invasive species, translocation, etc.).
Several preliminary searches were conducted to inform
discussion of early workshops (see Menu Development),
but the final search of these terms for which we present
results here was conducted on January 2, 2024. The full
search string exactly as entered in WOS is available in
Supporting Information, Appendix S1. WOS initially
returned 8423 records when we searched these terms.
Before abstract screening, we used WOS filters for coun-
try (selecting only Canada, Mexico, and USA) and record
type (removing books) leaving 4201 records (Figure S1).

The lead author screened abstracts of all remaining
records for relevance based on three criteria. First, if the
study was field-based, we ensured that data collection
occurred in North America (WOS country filters are often
not precise). Global datasets that included North America
were also included, as well as reviews on topics that
could be broadly applied to any grassland system. Sec-
ond, we confirmed that data collection occurred in grass-
land habitat or that the topic was focused on a grassland
system. We excluded studies that were focused on other
similar ecosystems, such as sagebrush. However, we
included studies of grassland-embedded wetlands, as
we felt these were highly relevant to the management of
grasslands in the Prairie Potholes and Playa Lakes
regions, for example. Finally, we assessed whether the
analysis or topic of the study explicitly addressed
the effect of climate change on some aspect of ecology or
management in grasslands. Thus, we excluded studies
that, for example, were concerned with climate change
projections in grassland regions but did not address any
kind of ecological response or context, studies that exam-
ined the relationship between climate and a grassland
response but said nothing about climate change or its
implications, and studies that were entirely agriculturally
focused (e.g., drought tolerance of crops, cattle weight

gain practices, etc.) but did not address any of the ecolog-
ical consequences associated with agricultural manage-
ment decisions.

Following abstract screening, the lead author and two
trained assistants extracted vote count (i.e., summarizing
the number of studies on given topics or making certain
recommendations etc.) data from all relevant records. We
extracted the following variables: publication year, coun-
try where data were collected (Canada, Mexico, or USA;
reviews and global studies were classified as “multiple”),
grassland topic in relation to climate change (fire, graz-
ing, human dimensions, invasive species, organismal
response, restoration, soil and nutrients, wetlands and
hydrology, woody encroachment, other, or multiple),
focal taxa (if the study was organismally focused; bird,
herpetofauna, invertebrate, mammal, plant, soil fauna, or
multiple), and grassland type (arid, grassland-embedded
wetland, Mediterranean, mixed-grass, old field, planted/
pasture, savanna, shortgrass, tallgrass, other, or multi-
ple). The “other” category included systems that were dif-
ficult to categorize or for which very few studies met the
criteria for our review, including coastal grasslands, mon-
tane and alpine grasslands, saltmarsh and fens, ecotones,
and various experimental settings. Finally, we assessed
whether each article had made what we considered to be
one or more coherent management recommendations
(see Textual Analysis section below) concerning climate
adaptation in grassland ecosystems and assigned each
record a binary “Yes” or “No.” We summarized vote
count data from all relevant studies to provide an over-
view of interest in the topic over time and breakdowns of
studies by grassland type, ecological/adaptation topic,
and taxonomic focus.

2.2 | Qualitative textual analysis and
extraction

A primary objective of our review was to extract manage-
ment recommendations for climate adaptation actions in
grassland ecosystems to include in the Grassland Adapta-
tion Menu. Thus, for each relevant article, we manually
scanned the discussion, conclusion, management impli-
cations, and relevant review sections for clear statements
about management in relation to climate change adapta-
tion. We extracted and stored relevant text passages for
each article, and articles could contain multiple recom-
mendations. We considered passages to be coherent rec-
ommendations if they clearly stated specific actions that
could be taken to achieve adaptation goals. However, we
excluded passages that were vague or provided insuffi-
cient detail and context to be actionable. For example,
many studies stated that their results had implications for
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climate change but did not provide specific details
describing how their findings could be applied. Similarly,
studies often called for additional research, made vague
statements about future implications, or discussed their
findings in the context of advancing theory or improving
certain types of models, but failed to connect these
advances to management. After all recommendation pas-
sages were compiled, we assigned each passage a practice
category so that we could summarize what types of rec-
ommendations are commonly made. These practice cate-
gories were not created a priori but rather were informed
by the types of recommendations that we frequently
observed during the review. Practice categories were
adjustments to grazing systems, adjustments to pre-
scribed fire, assisted migration, climate matching seeds,
conservation stocking rates, future habitat refugia and
connectivity, habitat heterogeneity, incentivizing conser-
vation actions, increasing biodiversity (including rich-
ness, functional diversity, and genetics), managing
invasive species, managing microclimate conditions,
managing woody encroachment, providing resources to
managers, restoring hydrology, soil amendments, and
other. Recommendations that fell into the “other”

category were often too system-specific to fit general cate-
gories or were recommended too rarely to be given a des-
ignated category.

2.3 | Menu development

We followed a similar approach to previously published
adaptation menus (e.g., Handler et al., 2022; Janowiak
et al., 2021; Schmitt et al., 2022; Staffen et al., 2019;
Swanston et al., 2016) in developing the Grassland Adap-
tation Menu. After completing our literature review, we
collated and synthesized both specific management rec-
ommendations extracted from textual analysis and
broader adaptation concepts gleaned from the literature
we reviewed into a tiered list of adaptation strategies,
approaches, and tactics (Figure 2). As in previous menus,
we used the terms strategy, approach, and tactic as
defined by Swanston et al. (2016). Strategies are defined
as broad adaptation responses that describe major man-
agement goals under climate change; approaches are
more detailed responses that consider how a strategy
could be applied in different instances; and tactics are

FIGURE 2 The tiered structure of the Grassland Adaptation Menu is intended to help managers move from broad concepts to specific

management actions. Strategies (yellow) represent broader adaptation responses to meet general management goals, approaches (green) are

more detailed ways to implement a strategy for a given site, species, or problem, and tactics (teal) are specific, prescriptive actions taken to

achieve adaptation goals in a particular instance.
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specific, prescriptive management actions taken to imple-
ment strategies and approaches.

Following the development of an initial draft menu,
we solicited input on the menu from management profes-
sionals by hosting three virtual manager workshops. The
first workshop was held in February 2021, and two subse-
quent events were held in August 2021 and February
2022. The first workshop was attended only by USDA
Forest Service staff, while subsequent workshops were
attended by management professionals from a diversity
of non-governmental organizations, as well as state and
federal natural resource agencies. We followed Handler
et al. (2022) in structuring our workshops, and partici-
pants were split into groups and asked to apply the Grass-
land Adaptation Menu in combination with the
Adaptation Workbook—a planning process developed by

the Northern Institute of Applied Climate Science
(NIACS), a collaborative, multi-institutional partnership
led by the USDA Forest Service—to real-life grassland
management projects. The Adaptation Workbook con-
sists of a structured five-step process that can be summa-
rized as: (1) Define management objectives; (2) Assess
vulnerability to climate change; (3) Evaluate objectives
given vulnerability; (4) Identify adaptation practices; and
(5) Monitor the effectiveness of management actions. It
was during this fourth step that participants were asked
to use the Grassland Adaptation Menu to identify strate-
gies, approaches, and tactics that were appropriate for
the management goals they had defined. Following these
breakout sessions, we brought participants back together
for a group discussion to receive general feedback and
comments on the draft menu. We revised the menu in

FIGURE 3 Summaries of vote-count data from a systematic review examining the effects of climate change on grassland management

in North America (n = 863). Interest in the topic has been increasing, but only a small proportion of studies made clear management

recommendations for grassland climate adaptation (a); studies have been conducted in a variety of grassland types in North America, with

tallgrass prairie receiving the most research attention (b); the studies in our review focused on a range of topics, and the most frequently

examined topic was the relationships between grassland organisms and climate variables (n = 373); among all studies, the taxonomic focus

was biased toward plants, while other taxa received less attention (c); the 10 most commonly identified grassland climate adaptation

practices (d).
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accordance with these comments using feedback from all
workshops. Example meeting agenda and workshop feed-
back forms are available in Supporting Information,
Appendix S2 and S3, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Literature review findings

Our systematic review of literature examining the effects
of climate change on North American grasslands and
their management identified 863 studies spanning the
years 1990–2023 (Figure 3a). Consistent with a recent
review on climate change in grasslands globally (Hager &
Newman, 2019), we found that interest in the topic
appears to have increased substantially over the last two
decades. Yet, only 23% of studies (Figure 3a) on grass-
lands and climate change included in our review made
management recommendations for climate adaptation.
These results may speak to a broader need for specificity
in management and increased awareness by researchers
of how conservation is delivered in a climate change con-
text (Cady et al., 2023; Heller & Zavaleta, 2009; LeDee
et al., 2021). Many of the studies identified in our review
made vague or general statements about climate change
but did not provide sufficient detail or specificity to
inform management, while others emphasized the gen-
eral importance of their work but made little attempt to
link results to management. However, there are many
reasons that researchers may choose not to provide
explicit management recommendations. For example,
some researchers associated with government agencies
may be prohibited from doing so, others may not wish to
be perceived as “telling managers what to do”, and others
still may be hesitant to make recommendations until
their work is replicated. These considerations are valid
and represent important nuances that inform our find-
ings. Still, we encourage authors of future work on cli-
mate change adaptation to provide clear interpretation of
how their work might apply to management when possi-
ble and appropriate. Doing so may ease the burden on
managers with limited time and research background
saving them from having to interpret complex results
themselves. Such information may also benefit
researchers seeking to provide synthesis for management
applications, and create decision tools like adaptation
menus, which rather than handing out top-down recom-
mendations are intended to provide managers with a
diversity of options to select from based on their own
assessment of needs (e.g., Swanston et al., 2016).

Our review also identified geographic and taxo-
nomic differences in the existing grassland climate-

change literature that highlight potential information
gaps. First, although we gathered studies from across
North America, including Canada, Mexico, and the
USA, as well as global datasets that included North
America, most existing studies (78%) we identified were
conducted in the USA (Figure 3a). Similarly, not all
grassland ecosystems were evenly represented in the lit-
erature, and the effects of climate change were most
studied in tallgrass prairie, accounting for 19% of stud-
ies (although studies examining multiple grassland
types were the most common), while systems like short-
grass prairie (which is geographically more extensive)
were more poorly represented at 4% (Figure 3b). The
proportion of studies that made recommendations was
generally similar by grassland type and averaged 23%,
but ranged from 3% to 37% (Figure 3b). Finally, among
all studies for which a focal taxon could be identified
(n = 668), 67% were focused on plants, while, for exam-
ple, 9%, 3%, and 2% examined climate change effects on
grassland birds, invertebrates, and mammals, respec-
tively (Figure 3c). Studies that focused on the manage-
ment of grassland herpetofauna under climate change
were almost completely absent from the literature. Fill-
ing these taxonomic knowledge gaps and increasing our
understanding of how climate change affects a diversity
of grassland species will be important for informed
adaptation planning, as species groups may have
unique needs and respond differently to both climate
and management practices.

The studies included in our review focused on a diver-
sity of climate adaptation topics in grasslands, and the
relationship between grassland organisms and climate
variables was the most common subject, while the effects
of climate on various management issues were less fre-
quently addressed (Figure 3c). The proportion of studies
that made recommendations varied widely among topics
(Figure 3c) and nearly all studies (85%) on grassland res-
toration under climate change made adaptation recom-
mendations, while by contrast, studies on soil and
nutrient cycling seldom did (12%). The studies that we
considered to provide coherent or clear adaptation guid-
ance (n = 203) collectively presented 335 recommenda-
tions, which we classified into practice categories
(Figure 3d). The most recommended practice types com-
prised landscape-level planning activities such as con-
serving grasslands in regions where climate is likely to
remain suitable for grassland species (Bateman
et al., 2020; Rana et al., 2025) and improving habitat con-
nectivity to facilitate range shifts and gene flow
(e.g., Perkins et al., 2019). Recommendations were also
made for site-level management. For example, alternative
grazing schemes to increase ecosystem services
(e.g., Döbert et al., 2021), enhancing resilience through
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TABLE 1 A tabular summary of strategies, approaches, and example tactics from the Grassland Adaptation Menu.

Adaptation strategies Adaptation approaches and example tactics

1. Restore and maintain the extent of
grasslands across the landscape

1.1 Conserve existing intact grasslands.
Example: prioritize grasslands based on conversion risk (Stephens et al., 2008)

1.2 Address major mechanisms of grassland conversion.
Example: regulate new energy leases on undeveloped grasslands and work with energy
companies to minimize impacts (Ott et al., 2021)

1.3 Create or maintain grassland habitats that include heterogeneity and redundancy in
site types and environmental conditions
Example: implement site-level management that promotes heterogeneity, such as
patch-burn grazing (Fuhlendorf et al., 2012)

1.4 Restore or establish grasslands in locations expected to remain suitable under
future climate conditions.
Example: incorporate climate priorities into government permanent cover programs
(Cunningham, 2022)

2. Increase landscape-scale resilience under
future climate conditions

2.1 Maintain or create movement corridors.
Example: use prairie strips to enhance grassland connectivity through agricultural
areas (Schulte et al., 2017)

2.2 Reduce fragmentation and create habitat steppingstones.
Example: consider landscape context when prioritizing conservation investment
(Herse et al., 2020)

2.3 Protect habitat along species range edges.
Example: focus conservation efforts on the northern edge of species distributions in
anticipation of range shifts (Nixon et al., 2016)

3. Maintain fundamental ecosystem
functioning

3.1 Maintain or restore nutrient cycling.
Example: apply soil amendments like biochar to increase soil organic matter and
productivity (Mayer & Silver, 2022)

3.2 Emulate natural disturbance processes from grazing.
Example: protect remaining native grazers such as prairie dogs (Haun et al., 2024)

3.3 Emulate natural disturbance processes from natural and indigenous fire.
Example: allow prescribed fire to burn with varying intensity to mimic wildfire and
create heterogeneity (Hill et al., 2017)

3.4 Maintain or restore hydrology.
Example: exclude cattle from riparian areas to prevent bank erosion and maintain
water quality (Krall et al., 2021)

3.5 Maintain pollination services.
Example: strengthen pollination networks by increasing floral diversity (Guzman
et al., 2021)

4. Increase biodiversity and heterogeneity in
grassland communities

4.1 Maintain or enhance genetic diversity of ecological communities.
Example: overseed grassland restorations with seed mixes from multiple collection
zones (Havens et al., 2015)

4.2 Maintain and restore a diversity of native plants and functional groups.
Example: diversify tame pasture and planted forage with greater functional diversity
(e.g., legume/grass mixes) and consider plant tolerances for future climate conditions
when selecting forage (Rojas-Downing et al., 2018)

4.3 Maintain and restore heterogenous vegetation structure.
Example: create refugia by leaving taller patches of vegetation unburned
(Steenvoorden et al., 2019)

4.4 Maintain or restore grassland-embedded wetland vegetation and hydrology.
Example: remove legacy sediments to control weedy and invasive species (Beas
et al., 2013)

5. Reduce the impacts of ecological and
climate stressors

5.1 Reduce the impact of climate on ecosystem functioning.
Example: restore grassland-embedded wetlands to regulate flooding and provide
moisture refuiga (Ferreira et al., 2023)

5.2 Reduce the impact of climate on grassland wildlife.
Example: maintain and deploy natural and artificial water sources for grassland
wildlife to mitigate drought (Rich et al., 2019)
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TABLE 1 (Continued)

Adaptation strategies Adaptation approaches and example tactics

5.3 Control woody encroachment.
Example: implement prescribed fire with higher intensities than natural fire regimes to
control invasions (Scholtz et al., 2022)

5.4 Control invasive species.
Example: manipulate timing and intensity of grazing to target invasive species (Firn
et al., 2013)

5.5 Promote beneficial management practices on agricultural lands.
Example: Support incentives to reduce or delay mowing and haying activities in
agricultural grasslands to avoid destroying grassland bird nests (Tews et al., 2013)

6. Adjust site-level management to align
with new climate conditions

6.1 Adjust the timing, frequency, and intensity of management actions (such as fire,
grazing, and mechanical treatments, etc.).
Example: adopt flexible burn schedules that can accommodate shifting fire windows
such as winter burns (Yurkonis et al., 2019)

6.2 Adjust planting and restoration practices to promote establishment of grassland
vegetation under climate change.
Example: create “safe sites” for seed establishment and enhance diversity by restoring
microtopography and stone cover (Biederman & Whisenant, 2011)

6.3 Adjust the management of grassland-embedded wetlands to account for changing
precipitation and hydroperiods.
Example: install infrastructure and vegetation features that control the flow of water
and sediments (e.g., one-rock dams, swales) (Pierce et al., 2012)

7. Facilitate transitions under climate
change

7.1 Promote climate-tolerant plant genotypes and facilitate community shifts to better
align with future climate conditions.
Example: facilitate transition of plant communities by seeding restorations with all climate-
viable species theoretically within dispersal distance (McKone & Hern�andez, 2021)

7.2 Engage in assisted migration to facilitate species range shifts.
Example: prioritize species for assisted migration based on expected range loss and
dispersal capability (Barber et al., 2016)

7.3 Convert non-grassland systems to grassland where climate can no longer support
current land use.
Example: identify locations where forest-ecotones are shifting to savanna and facilitate
this shift through prescribed burns (Kodero et al., 2024)

7.4 Identify where investment in grassland conservation is a poor use of resources.
Example: elect not to pursue adaptation where ecological value is low and
management costs are high (Bottrill et al., 2008)

8. Engage human communities in grassland
conservation and adaptation

8.1 Respect and incorporate indigenous knowledge and values in grassland
management.
Example: Partner with indigenous-led natural resources agencies to develop joint
adaptation practices and co-stewardship projects on issues of cultural importance to
indigenous peoples (Mucioki, 2024)

8.2 Invest in outreach and support for landowners and producers.
Example: explicitly include climate adaptation practices (e.g., payments for carbon
sequestration and pasture rest etc.) in programs and ensure that agency staff are
trained to advise landowners on climate topics (Wiener et al., 2020)

8.3 Develop and promote economic incentives for grassland climate adaptation on
private lands.
Example: create branding and markets for sustainably produced grassland products,
such as the Audubon Society's Bird Friendly Land label

8.4 Involve communities in management activities.
Example: engage communities in regional invasive species monitoring and prevention
campaigns (Goodwin et al., 2012)

Note: Strategies characterize broad goals for the management of grasslands in a climate change context, while approaches describe more specific ways a
strategy might be implemented for a given project or management site. Tactics are prescriptive practices nested under each approach and need not be limited

to the examples we provide. A full narrative version of the menu, including all example tactics and references, is available in Supporting Information,
Appendix S4.
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increased biodiversity (e.g., Catford et al., 2020), restoring
grasslands with seed mixes that are better matched to
future climate (e.g., Galatowitsch et al., 2009), conserva-
tion stocking as drought mitigation (e.g., Fritts
et al., 2018), and managing for heterogeneity

(e.g., Bachelet et al., 2011) and thermal diversity
(Patterson et al., 2020) were all consistently suggested.
We incorporated these types of practices, and many
others, into the Grassland Adaptation Menu presented
below.

FIGURE 4 Depictions of example adaptation tactics for each of the eight broad strategies (a–h) identified in the Grassland Adaptation

Menu. Artwork by V. Doebley at Wild Earth Lab.
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3.2 | Grassland adaptation menu and
practices

We developed a menu of strategies (overarching manage-
ment goals), approaches (more detailed responses for a
given project or site), and example tactics (specific man-
agement practices) intended to support managers in
implementing climate adaptation in North America's
grassland ecosystems. Like previously published adapta-
tion menus for other ecosystems (e.g., Handler
et al., 2022; Janowiak et al., 2021; Schmitt et al., 2022;
Staffen et al., 2019; Swanston et al., 2016), the Grassland
Adaptation Menu is hierarchical and designed to help
managers translate broad management goals into specific
actions (Figure 2). We created the menu using a synthetic
approach and combined data from a systematic review
and input from management professionals to create a
detailed list of adaptation practices tailored for grass-
lands. The resulting Grassland Adaptation Menu includes
eight general strategies (Table 1 and Figure 4) and 32 tar-
geted approaches (Table 1). We also provide 145 example
tactics to illustrate how adaptation strategies could be
implemented in specific contexts (Appendix S4). The ver-
sion of the menu found in Supporting Information,
Appendix S4 includes referenced narrative text for each
strategy, approach, and example tactic. Here, we present
a tabular summary of the menu (Table 1) and provide a
brief discussion of practices associated with each strategy.

Strategy 1. Restore and Maintain the Extent of Grass-
lands Across the Landscape. Despite the importance of cli-
mate change, habitat loss remains the greatest threat to
ecosystems and species globally (Caro et al., 2022). In the
Great Plains, roughly 6500 km2 of grassland are con-
verted to agriculture annually (WWF, 2024), and in the
USA more broadly, approximately 10,000 km2 of grass-
land are lost each year (NGBI, 2024). Climate change and
land-use change can have synergistic effects on species
and ecosystems (Northrup et al., 2019), and continued
investment in the conservation and restoration of grass-
lands is a prerequisite to any successful climate adapta-
tion. Targeting investments in large and intact grasslands
is one approach that may provide good returns, as not
only do these areas support high biodiversity and stable
metapopulation structures (Augustine et al., 2021;
Scholtz & Twidwell, 2022), but intact landscapes also dis-
play greater resilience to climate perturbations (Martin &
Watson, 2016). However, recent work suggests that often
these larger grasslands are at a lower risk of conversion
to begin with, and prioritizing mid-sized grasslands at
high risk and of high ecological value can be a more opti-
mal tactic in some cases (Barnes et al., 2024; Niemuth
et al., 2022; Olimb & Robinson, 2019). Identifying regions
where future climate is likely to be suitable for target

species (Grand et al., 2019; Rana et al., 2025), or prioritiz-
ing grasslands that support greater heterogeneity and
resilience, such as topographically complex areas
(Anderson et al., 2023; Duquette et al., 2022a), are also
tactics that can delineate climate-informed priorities. Mit-
igating future habitat conversion is also important. For
instance, as increased precipitation in some grassland
areas may incentivize future crop expansion (King
et al., 2018), removing crop-insurance subsidies for con-
verted native grasslands can help discourage conversion
(Lark, 2020). Proactive land-use planning around energy
leases is also critical, particularly as future solar expan-
sions throughout North America may drive massive land-
use shifts (Ott et al., 2021). Regulating where these leases
can go and incentivizing new installations in previously
disturbed landscapes (agricultural and urban areas, land-
fills, old lease sites) rather than intact native grassland
could help reduce habitat losses. Efforts to create prod-
ucts that identify where proper wind conditions and low-
habitat impact areas overlap may be helpful in conserva-
tion planning (Boggie et al., 2023). The U.S. Fish & Wild-
life Service has worked with energy companies to avoid
the placement of wind turbines on easement properties
by requiring protection of additional grasslands to offset
any losses.

Strategy 2. Increase Landscape-scale Resilience Under
Future Climate Conditions. Landscape-level processes
such as connectivity play an important role in climate
resilience (Anderson et al., 2023). However, North Amer-
ica's grasslands are highly fragmented (Augustine
et al., 2021; Wimberly et al., 2018). This fragmentation
may exacerbate climate change by inhibiting species
movements and range shifts (Bateman et al., 2015; Nixon
et al., 2016) and preventing gene flow of adaptive climate
phenotypes (Cullingham et al., 2023). For species with
good dispersal abilities, steppingstones may be sufficient,
while for others, structural corridors may be important
(Brudvig et al., 2009). In grasslands, structural connectiv-
ity (Figure 4b) can be improved through tactics such as
maintaining native vegetation buffers throughout ripar-
ian corridors (Cole et al., 2020), implementing prairie
strips in agricultural areas (Schulte et al., 2017), manag-
ing powerline rights-of-way for native vegetation
(Garfinkel et al., 2023), and using wildlife-friendly fenc-
ing to reduce ungulate movement barriers (Jones
et al., 2018). Alternatively, strategic investment in
patches that can serve as steppingstones between larger
grasslands can also be effective (Herrera et al., 2017;
Wimberly et al., 2018). Such steppingstones may even act
as climate refugia depending on their locations (Grand
et al., 2019), and these patches might buy time for species
to adapt or continue shifting their ranges (L et al., 2014).
Restoring grasslands through government incentive
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programs such as the Conservation Reserve Program
(CRP) may provide one mechanism to introduce addi-
tional grassland habitat patches on the landscape and
increase functional connectivity (Niemuth et al., 2021;
Spencer et al., 2017).

Strategy 3. Maintain Fundamental Ecosystem Func-
tioning in Grasslands. In general, North American grass-
lands today are highly degraded ecosystems (Augustine
et al., 2021; Bardgett et al., 2021; Samson et al., 2004),
and although they still provide many critical ecosystem
services, these services are sensitive to management deci-
sions (Sollenberger et al., 2019). Thus, a focus on main-
taining the fundamental functions of grasslands will
likely be compatible with current goals while helping to
increase resilience to future climate threats. For example,
transitioning from continuous to rotational and adaptive
multi-paddock (AMP) grazing systems can enhance soil
quality and carbon sequestration, particularly at lighter
stocking rates (Bai & Cotrufo 2022; Teague &
Kreuter, 2020; Zhou et al., 2017), and rest-rotation sys-
tems may also provide forage reserves for producers to
use during droughts (e.g., Raynor et al., 2022). In other
cases, soil amendments such as biochar may be appropri-
ate to mitigate reduced productivity and forage quality
from increases in temperature and CO2 concentrations
(Augustine et al., 2018; Mayer & Silver, 2022). Maintain-
ing grassland structure and function by emulating natu-
ral disturbances is another major focus of grassland
management. For example, increasing the frequency of
prescribed fire to match natural regimes (Ratajczak
et al., 2016) and conducting burns with higher intensities
(Scholtz et al., 2022) can help prevent ecosystem state
shifts from increasing woody encroachment. Intentional
management of grassland hydrology is also important,
and tactics like removing legacy drain tiles (Becker
et al., 2021; Biebighauser, 2007; Figure 4c), controlling
woody plant species with high water uptakes (Acharya
et al., 2017), and retaining agricultural wetlands on pri-
vate lands (Swartz et al., 2019) can help to sustain ecosys-
tem services in grassland-embedded wetlands under
increasing drought.

Strategy 4. Increase Biodiversity and Heterogeneity in
Grassland Communities. Biodiversity is known to promote
resilience and stability in grassland ecosystems (Tilman
et al., 2006; Wang et al., 2019) and, in a climate context,
biodiversity can be viewed as a portfolio effect by which
genetically and functionally diverse communities have
increased adaptive capacity under climate variability
(Catford et al., 2020; Cowles et al., 2016; Whitney
et al., 2019). The use of diverse seed mixes from multiple
climate zones, as well as the introduction of locally
adapted phenotypes from areas that better resemble future
climates across species' ranges, are widely recommended

tactics to increase biodiversity and drought tolerance in
grassland plant communities (Havens et al., 2015; Nolan
et al., 2023; Phillips-Mao et al., 2016). Similarly, the selec-
tion of plants with specific functional traits such as differ-
ent carbon pathways (e.g., C4 plants), nutrient cycling
roles (e.g., legumes), and leaf morphologies (e.g., narrow-
leafed species for drought) is often recommended (Craine
et al., 2013; Havrilla et al., 2023; Volaire et al., 2014;
Figure 4d). Managers may also seek to enhance grassland
biodiversity by managing for structural heterogeneity
through alternative fire and grazing schemes, variable
stocking rates, and variable burn intensities (Duquette
et al., 2022a; Duquette et al., 2022b; Hill et al., 2017;
Hovick et al., 2015).

Strategy 5. Reduce the Impacts of Ecological and Cli-
mate Stressors. Many grassland organisms are already
threatened by the loss of grasslands and various sources
of habitat degradation (e.g., Bernath-Plaisted, Correll,
et al., 2023; Hanberry et al., 2021). The increasing fre-
quency and intensity of extreme climate events will likely
compound these stressors and further threaten grassland
communities (Maresh Nelson et al., 2023; Murali
et al., 2023; Ratajczak et al., 2019). Managers can take
steps to lessen these impacts both by actively addressing
climate effects and reducing background stressors. For
example, increasing grassland-embedded wetlands on the
landscape to moderate precipitation extremes (Ferreira
et al., 2023), installing Zeedyk structures (e.g., simple
rock infrastructure) to reduce erosion and increase water
infiltration (e.g., Martyn et al., 2022; Norman
et al., 2022), and deploying artificial water sources for
wildlife (Rich et al., 2019) can help reduce the impacts of
severe drought. In the western USA, maintaining Playas
Lakes in grassland landscapes may contribute to aquifer
recharge (McKenna & Sala, 2018) and support biodiver-
sity (Haukos & Smith, 1994). The effects of extreme heat
can be reduced for some organisms by retaining taller
vegetation to support microclimate refuges through
enhanced shade and evaporative cooling (Bernath-
Plaisted et al., 2025; Bernath-Plaisted, Ribic, et al., 2023).
In some cases, management can also address grassland
phenology changes driven by climate change. For exam-
ple, seeding grassland sites with plants that have diverse
flowering phenologies may help to prevent timing mis-
matches for pollinators (Guzman et al., 2021; Figure 4e).
Finally, addressing other ecological stressors with man-
agement actions, such as fire and herbicide for woody
encroachment (Scholtz et al., 2018), targeted grazing to
reduce invasive plants (Firn et al., 2013), and reduced
pesticide use on agricultural lands to protect pollinators
and birds (Main et al., 2021; Stanton et al., 2018) can also
help species persist under increasingly challenging cli-
mate conditions.
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Strategy 6. Adjust Site-level Management to Align with
New Climate Conditions. Grasslands are disturbance-
maintained ecosystems, and they often require intensive
management (e.g., Samson et al., 2004). However, chang-
ing climate conditions could make it increasingly chal-
lenging to implement traditional management regimes.
Therefore, adaptive shifts in the timing, intensity, and
types of management activities may be required. For
example, in many regions, prescribed burns are typically
conducted during relatively cool and wet spring periods.
As springs become hotter and earlier, these activities may
need to shift to fall and even winter (Yurkonis
et al., 2019). Similarly, rangeland productivity and forage
quality may decline with increasing drought and CO2

levels, creating challenges for grazing (Holechek
et al., 2020). Thus, producers and managers may wish to
consider conservation stocking rates to avoid financial
risk and rangeland degradation during droughts (Briske
et al., 2015; Joyce et al., 2013; Figure 4f). The manage-
ment of grassland-embedded wetlands may also be
affected by climate change, and increased variability in
precipitation could alter hydroperiods in wetlands that
are important for waterfowl and amphibians. One tactic
managers can use to address this issue is to maintain wet-
lands of different sizes at grassland sites, as these may
have different hydroperiods (Tsai et al., 2007). Grassland
restoration practices may also need to change as seed
establishment becomes more difficult under greater cli-
mate variability (Lyons et al., 2023). Practices such as
restoring microtopography and stone cover to create
“safe-sites” for plant establishment (Biederman &
Whisenant, 2011), climate-informed seed sourcing
(Bower et al., 2014), and inoculating propagules with
beneficial microbes (Docherty & Gutknecht, 2019) could
help to foster better establishment. Finally, phenological
shifts associated with climate change could worsen exist-
ing management conflicts. For instance, mowing in agri-
cultural grasslands is a major source of nest mortality for
grassland birds (Tews et al., 2013), and earlier greening of
vegetation will increase the overlap of nesting and haying
activities—a conflict that may require management
adjustments to resolve (McGowan et al., 2021).

Strategy 7. Facilitate Transitions Under Climate
Change. It is generally accepted that many grassland spe-
cies in the Northern Hemisphere will shift their ranges
northward to track suitable climate space (e.g., Hovick
et al., 2016)—though not all species will (e.g., McCauley
et al., 2017). Managers can help facilitate such transitions
when appropriate, especially for species that may be lim-
ited by disjunct ranges or poor dispersal capability,
through approaches such as assisted migration
(Cullingham et al., 2023; McKone & Hern�andez, 2021).
Using procedures to identify species with high exposure

and poor dispersal can help managers to select priority
species for intervention (Barber et al., 2016). In grassland
plant communities, managers can also facilitate transi-
tions by observing native grassland species that perform
well under extreme droughts and supporting the expan-
sion of these species locally and regionally (Griffin-Nolan
et al., 2019; Figure 4g). In other cases, transitions will
occur at the ecosystem rather than species level.
Although some grasslands will be lost to woody
encroachment and sea-level rise (Crosby et al., 2016;
M. B. Jones, 2019; e.g., saltmarsh habitat), opportunities
for grassland conservation may also emerge. For
instance, there may be an incentive to return marginal
croplands to permanent cover as changing climate condi-
tions require increasing inputs for lower yields in some
regions (Lark et al., 2020). Finally, situations may arise
where the best decision is simply to avoid spending
resources on poor conservation investments. Managers
can use so-called conservation triage frameworks to
decide when it is better to allocate resources elsewhere
(Bottrill et al., 2008).

Strategy 8. Engage Human Communities in Grassland
Conservation Adaptation. There has always been a strong
connection between grasslands and human communities,
and many of the services that grasslands provide are cul-
tural and economic (Nowak-Olejnik et al., 2020; Zhao
et al., 2020). North American grasslands are working
landscapes, and they have played important roles in food
production in both pre-colonial and modern times
(O'Mara, 2012; Roos et al., 2018). In Canada and the
USA, 80% of remaining grasslands in the Great Plains are
privately managed (Bernath-Plaisted, Correll,
et al., 2023). Therefore, efforts to support private land-
owners in grassland management continue to be impor-
tant (Morgan et al., 2019), and there is an opportunity for
producers and landowners to benefit from carbon credit
exchanges that incentivize beneficial management prac-
tices for carbon sequestration (Schofield et al., 2024).
Grassbank strategies (e.g., forage reserve) that allow
emergency grazing by local producers during forage
shortfalls in exchange for conservation practices may also
be effective (Gripne, 2005). Indigenous tribes also engage
in grassland management, and several Tribal Nations
have already made climate adaptation plans involving
grasslands (e.g., https://cskt.org/climate/#work). Engag-
ing tribes in discussions about grassland climate adapta-
tion can help ensure that Indigenous Knowledge and
values are represented in management actions. Outside
of economic incentives and programs, human communi-
ties of all kinds can also be engaged to participate in
active management that supports climate adaptation. For
example, both woody encroachment and invasive species
challenges may be exacerbated by climate change, but
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communities can participate in local burn cooperatives
and regional invasive species monitoring and prevention
campaigns to combat these threats (Goodwin et al., 2012;
Twidwell et al., 2013; Figure 4h).

3.3 | Menu use

We developed the Grassland Adaptation menu to be flexi-
ble, and it can be used both for the management of local
sites and broader landscape planning, as it contains a mix
of approaches and example tactics that operate at differ-
ent spatial scales. The menu is intended to be used in
conjunction with a structured planning process, such as
the Adaptation Workbook (https://adaptationworkbook.
org/), but it can also stand on its own for some uses. The
menu has a well-defined hierarchical structure intended
to help managers bridge the gap between broad adapta-
tion goals and specific actions (Figure 2). Strategies are
the broadest tier of the menu and can be thought of as
statements of intent describing overarching management
goals (e.g., increase biodiversity and heterogeneity of
grassland communities). Approaches are more detailed
and describe methods for the implementation of a
broader strategy. For example, an approach to imple-
menting our example strategy of increasing grassland bio-
diversity could be to enhance functional diversity in
grassland restorations and plantings. Tactics, the final
tier of the menu, describe prescriptive management prac-
tices that can be taken to help achieve the management
goals identified in previous steps. For this example, over-
seeding restorations with high-diversity mixes could be
an appropriate tactic. Importantly, while strategies and
approaches are somewhat broad and apply to many situa-
tions, tactics can be very specific and need not be limited
to the examples we list. In many cases (such as in the
case study discussed below), managers will use the menu
structure to aid in articulating their own tactics. An
important limitation of this menu is that we were not
able to evaluate relative differences in evidence of effec-
tiveness among practices that are recommended in the
literature, or provide sufficient detail for managers to
implement all tactics without reference to additional
materials. Thus, we view the menu as a starting place
where managers can leverage a structured framework to
clearly articulate strategies and identify approaches and
tactics that may be suitable for their adaptation goals.

3.4 | Case study

To demonstrate the utility of the Grassland Adaptation
Menu, The Nature Conservancy (TNC) in MN, ND, and

SD agreed to use the menu and the Adaptation Work-
book in the development of a climate adaptation plan for
Samuel H. Ordway Prairie (local management; Figure 5a)
and the broader Leola Hills Conservation Area (regional
landscape planning; Figure 5b) in which it is located.
This area crosses the border of North and South Dakota,
USA, and is an example of high-quality Prairie Potholes
habitat with 64% native prairie cover comprising
�141,640 ha of grassland (Miller et al., 2022). Leola Hills
is also located within TNC's Resilient and Connected
Network, a designation identifying landscapes expected
to have high ecological value and resilience under a

FIGURE 5 The Nature Conservancy's Samuel H. Ordway

preserve (a) is located in the South Dakota portion of the

Leola Hills Conservation Area, as defined by the Nature

Conservancy (b). The preserve is a largely intact mixed-grass prairie

characteristic of the Prairie Potholes Region and provides habitat

for grassland birds, wetland-dependent birds, and pollinators, as

well as grazing capacity. Samuel H. Ordway served as a case study

for the Grassland Adaptation Menu, which was used to aid in

creating both local and regional climate adaptation plans for

Ordway and the Leola Hills Conservation Area. Photo by Nate

Powazki.
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changing climate (Anderson et al., 2023). Ordway Prairie
is representative of the Leola Hills Conservation Area,
and TNC included both regional and site-level priorities
in the adaptation plan they developed (Table 2). The
Leola Hills region is projected to experience increasing
annual temperatures over the coming decades with more
rapid increases in nighttime and winter temperatures.
Like much of the ecoregion, increased drought frequency
and severity as well as extreme precipitation events are
also predicted (Miller et al., 2022). Interactive maps of
projected temperature and precipitation changes under
various warming scenarios for the Leola Hills Conserva-
tion Area can be viewed on TNC's ArcGIS Dashboard.
The region is also experiencing high rates of conversion
of native grasslands, primarily to corn and soybeans,
which is in part an indirect effect of increased tempera-
ture and precipitation in the region (Lark et al., 2015).

TNC has previously established three main conserva-
tion priorities for Ordway Prairie and the Leola Hills
Conservation Area: (1) Managing ecosystems for biodi-
versity, (2) Improving and maintaining habitat connectiv-
ity, and (3) Supporting producers in improving rangeland
conditions and the economic viability of their operations
(Miller et al., 2022). The team used the Adaptation

Workbook to formally consider how these goals might be
affected by climate change and develop a climate adapta-
tion plan for both the Ordway site and the Leola Hills
region. They identified numerous potential challenges,
including increased risk of conversion to cropland with
longer growing seasons, loss of forage capacity
with increased drought, loss of water resources from dry-
ing wetlands, water quality issues associated with
increased sediments during extreme precipitation events,
increased dominance of invasive species with earlier
growing seasons, challenges to establishment of restora-
tions under climate change, increased rates of woody
encroachment, and narrowing windows for prescribed
fire. The TNC team selected approaches from the menu
that could help address such challenges and identified
tactics that would best achieve their goals (Table 2).
These included, for example, actions such as changing
their seed-sourcing practices in restorations for the
region, shifting the timing of burn schedules, and others.
This case study provides a good example of menu use
because it demonstrates the diversity of approaches and
tactics, the use of the tool for both local and regional
activities, and the flexibility for users to tailor it to their
needs.

TABLE 2 Example approaches and tactics selected by The Nature Conservancy staff in a case study application of the Grassland

Adaptation Menu for the Samuel H. Ordway preserve (local scale), a native mixed-grass prairie property located in the Leola Hills

Conservation Area (regional scale) in South and North Dakota, USA.

Climate challenges Scale Selected approaches Selected tactics

Increased risk of conversion of rangeland to
cropland with longer growing seasons

Regional Mitigate major
mechanisms of grassland
conversion (1.2)

Invest in establishing more grassland and
wetland easements (1.2.2)

Drier summers may inhibit establishment of
native plants in restorations

Local Maintain or enhance
genetic diversity of
ecological communities
(4.1)

Improve seed-sourcing practices to include
greater diversity of climate zones and
increase adaptive capacity (4.1.1)

Farm Bill policies (e.g., crop insurance) have
greater impact on producer decisions than
climate change

Regional Invest in outreach and
support for landowners
and producers (8.2)

Support mentoring programs for ranchers to
facilitate learning and adoption of
adaptation strategies (articulated by TNC)

Climate change and land-use changes may
threaten water quality through increased
agricultural runoff and sediments

Regional Maintain or restore
hydrology (3.4)

Use freshwater resilience maps and models
to prioritize easements and riparian buffers
(articulated by TNC)

Fewer burn days during the traditional spring
burn season and more extreme weather will
make prescribed fire difficult to implement

Local Adjust the timing,
frequency, and intensity
of management actions
(6.1)

Adopt more flexible burn schedules that
extend into other seasons, such as fall in this
case (6.1.1)

Precipitation increases may facilitate woody
encroachment

Local Emulate natural
disturbances with fire
(3.3)

Increase frequency and coverage of burns to
better control woody species (3.3.1)

Note: The Climate Challenges column describes challenges to management goals driven by climate change that The Nature Conservancy team sought to
address with the menu. The Scale column indicates what spatial scale example approaches and tactics were intended to address management at. The
parenthetical numbers refer to the indexing of approaches and tactics in the full menu found in Data S4.
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4 | CONCLUSION

North American grasslands are threatened both by past
and current agricultural conversion (Lark et al., 2015,
2020; WWF, 2024) and increasingly by future climate
change (Gibson & Newman, 2019). To maintain and
enhance the biodiversity and ecosystem services that
these biomes support, adaptation through active manage-
ment and conservation planning will likely be important
(Ansley et al., 2023; Miller Hesed et al., 2023;
Sollenberger et al., 2019). However, actionable manage-
ment recommendations for climate adaptation are often
difficult to identify, particularly for grassland ecosystems
(Cady et al., 2023). To assess the state of knowledge
regarding climate adaptation in North America's grass-
lands and synthesize existing guidance for grassland
managers, we conducted a systematic literature review of
adaptation practices in grasslands and developed a Grass-
land Adaptation Menu containing potential management
practices. The menu is a structured, hierarchical list of
broad strategies and more specific approaches designed
to help managers translate their adaptation goals into
prescriptive actions. The menu contains dozens of exam-
ple adaptation tactics targeted for grassland management
and discusses actions widely promoted in existing litera-
ture, such as protecting future habitat and enhancing
connectivity, adjusting grazing systems to increase het-
erogeneity and carbon sequestration, shifting the timing
and intensity of prescribed fire, restoring grassland-
embedded wetlands, improving seed-sourcing practices
to increase diversity and climate-zone representation,
assisted migration, managing microclimates to buffer
organisms from extremes, and many others. Our review
also revealed that, consistent with previous findings
(Cady et al., 2023; LeDee et al., 2021), many studies on
ecological-climate topics do not provide actionable man-
agement practices. As climate change becomes an
increasingly important focus of ecological management,
we draw attention to this issue in grasslands, and we sug-
gest that researchers and ecologists who publish on cli-
mate topics in grasslands could play a greater role in
helping managers to translate their findings into practice.
We argue that this might be better accomplished by tak-
ing care not only to describe quantitative results and the-
oretical advancements associated with relevant research
topics, but also by providing clear, plain language sur-
rounding the climate change context of findings and dis-
tillation of key management implications.
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