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Abstract
Addressing the impacts of climate change on terrestrial species requires knowledge of how climates will change, how species will respond, and
understanding the scope of actions that can be taken to help species and ecosystems adapt. Research in recent years has advanced knowledge
of how species are being impacted by changing climatic conditions, such as drought, fire, and sea-level rise. Documented responses include, for
example, shifts in phenologies, distributions, population dynamics, interspecific interactions, and disease dynamics. Many management
strategies have been proposed for addressing these changes and predicted impacts, including general principles such as practicing adaptive
management, fostering resilience and facilitation transformation, increasing landscape connectivity, and increasing the extent of reserve
networks. Many more system- and species-specific adaptation management actions have also been developed and implemented in a diversity
of landscapes and ecosystems to address the increasing impacts of climate change on biodiversity.
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Glossary
Adaptation actions that aim to prepare for or adjust to the current impacts of climate change as well as the expected impacts
in the future.
Adaptive management an iterative process of management and monitoring that treats management actions as experiments,
the results of which inform changes in management actions.
Assisted colonization the translocation of species outside of their native range to allow them to track changes in climate.
Climate refugia areas that will, as the climate changes, continue to have suitable climatic conditions for species that are
currently there or that exist in the surrounding landscape.
Co-benefits beneficial outcomes for human or natural systems of adaptation or strategies designed to address one or the
other system.
Mitigation actions designed to reduce the amount that the climate will change. These actions generally involve reducing
greenhouse-gas emissions and sequestering carbon dioxide (CO2).
Phenology the timing of recurring ecological events.
Resistance the ability of a system or species to remain largely unchanged in the face of climate change.
Resilience the ability of a system or species to return to its initial condition after perturbation by climate change.
Transformation allowing and/or facilitating transition to new conditions.

Key Points

• Climate change is affecting species and ecosystems in myriad ways.

• In addition to the more direct effects of increasing temperatures and changes in precipitation patterns, climate-driven
changes in extreme events, fire regimes, and sea level are also having profound impacts.

• Climate change is interacting with other stressors to biodiversity including land-use change and invasive species as well as
driving a host of human responses to climate change that can have additional impacts.

• Anticipating future climate impacts generally involves lessons learned from observations, experiments, and forecasting
using a combination of empirical and mechanistic models.

• In general, conservation of biodiversity in a changing climate requires understanding vulnerability, managing for process
over composition, and embracing adaptive management.

• Adaptation approaches for species and ecosystems include those that focus on resistance, resilience, and fostering
transitions.

Introduction

Species and ecosystems are significantly impacted by climate change. Recent climatic changes have resulted in clear shifts in species
distributions and the timing of ecological events (Parmesan, 2006). Range shifts and changes in phenology are the two most well-
documented biological effects of changing climate conditions, but there are myriad other ways in which changes in climate have
affected and will continue to affect terrestrial species and systems. Climate-induced forest mortality, for example, has been
documented on all plant-covered continents (Allen et al., 2010). Among other effects, climate change is altering population
processes, causing biome shifts and ecosystem transitions, and changing interspecific interactions.

The magnitude and rate of climatic changes projected for the coming century will provide continued and exacerbated chal-
lenges for many terrestrial species (IPCC, 2022). Tools developed in recent years have helped scientists, managers, and planners
anticipate the impacts of climate change on terrestrial species. These tools include, for example, modeling methods to forecast
potential impacts, experiments that offer insights into how species or ecological communities might respond to changing climate
conditions, and stepwise planning approaches to help conservation practitioners consider climate change in project design and
implementation (e.g., Game et al., 2011; Cross et al., 2012; Wilsey et al., 2013; Stein et al., 2014; Swanston et al., 2016).

Applying and further developing an understanding of how species and ecosystems will likely respond to future changes
remains critical for developing best management practices and policies to maintain populations, protect species, and sustain
ecosystem functions in a changing climate. Such approaches are generally referred to as adaptation strategies. The IPCC (2007)
defined adaptation as “the adjustment in natural or human systems in response to actual or expected climatic stimuli or their
effects, which moderates harm or exploits beneficial opportunities.” Many adaptation strategies have been proposed for terrestrial
ecological systems and species. In the past, the majority of these strategies were broad recommendations or general concepts, but
increasingly, they are becoming more specific and widely accepted practices implemented on the ground.

In the following sections, we provide an overview of some of the consequences of climate change and how they can be
anticipated, and a review of adaptation strategies that have been proposed for addressing these impacts.
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Anticipating Impacts

Changes in temperature and precipitation are becoming progressively more well documented and projections from global and
regional climate models continue to paint a picture of a warmer future with altered precipitation patterns (IPCC et al., 2021). These
changes have direct impacts on species and ecosystems. However, changes in climate also affect other earth-system processes that
in turn affect biodiversity. The sections below first summarize three of these climate-driven changes that are affecting biodiversity
(labeled here as climate-related drivers). The sections then go on to discuss impacts of both climate change and of these climate-
related drivers on biodiversity.

Climate Related Drivers

Extreme weather events
Increases in temperature have been accompanied by changes in the frequency and severity of extreme events such as floods,
heatwaves, and droughts. These extreme events are impacting species and ecosystems. As average temperatures increase and
average precipitation changes, extremes will push species and ecosystems past critical thresholds in some areas (Harris et al., 2018).
Although many challenges exist in predicting extreme weather events (Sillmann et al., 2017), there is high confidence that the
frequency and intensity of extreme heat and precipitation events will continue to increase (IPCC et al., 2021).

To date, much of the predictive modeling of species responses to climate change has focused on the effects of changes on long-term
means, but many ecological changes will be the result of extreme climatic and weather events. A growing body of evidence documents
the impacts of these heat waves, droughts, and floods on species and ecosystems. For example, a heat wave in Australia in 2011 resulted
in impacts across both marine and terrestrial environments and across taxonomic groups and trophic levels (Ruthrof et al., 2018).
Changes in extreme weather events are resulting in heat- and drought-induced tree mortality across the U.S., particularly in the western
U.S. (Clark et al., 2016). Drought also has negative impacts on the flora and fauna of grasslands (Peterson et al., 2021). The degree to
which grasslands are resistant or resilient to drought will likely vary with local climatic conditions and current biodiversity (Huang et al.,
2021). In a review of 519 studies exploring the effects of extreme events on ecological systems, Maxwell et al. (2019) found that the
majority resulted in negative impacts to plant and animal populations and that in 100 cases, populations declined by at least 25% with
31 cases of local extinction. Further, extreme events may exacerbate the impacts of other threats to species and ecosystems. For example,
extreme events may aid or accelerate invasions and impacts of invasive species (Diez et al., 2012).

Fire
Climate change is contributing to changes in fire regimes, which in turn have effects on populations, species, and the structures and
functions of ecosystems (Kelly et al., 2020). Climate change has already altered fire regimes by increasing fire severity and area burned,
and these impacts are projected to continue escalating in the future (Nitschke and Innes, 2008; Littell et al., 2009; Marlon et al., 2009).
Fire regimes and impacts are mediated by multiple factors including forest management, land use, and invasive species, in addition to
climate change-related increases in CO2 concentrations, warmer temperatures, and changes in precipitation and moisture. In the tropics
for example, increases in the prevalence of fire have been linked to increased drought (Brando et al., 2019). Projections of future fire risk
and changes in fire regimes are produced using both empirical (e.g., de Bem et al., 2018; Bjånes et al., 2021) and mechanistic models (e.
g., Emmett et al., 2021; Keane et al., 2022). These projections generally predict fire regimes that are significantly different from historical
conditions (Keane et al., 2008), including longer fire seasons, increased fire severity, shifts toward full crown-fires, and increases in the
area burned (Malevsky-Malevich et al., 2008; Nitschke and Innes, 2008; Podur and Wotton, 2010).

Increased fire severity alters community composition through the loss of non-vascular plants, shrubs, and drought-sensitive
species and the rapid species establishment that succeeds severe burns (Colombaroli et al., 2007; Bernhardt et al., 2011). Climatic
changes may also increase the fire-susceptibility of communities that have historically lacked fire regimes. Ignition in such newly
susceptible regions will further alter community composition (Malhi et al., 2009). Climate change is also impacting fire-adapted
systems. In some of these systems, decreased fire-return intervals are reducing recruitment and regeneration when fires re-occur
before the new trees can produce seed. Such changes are being seen in Russian and Canadian boreal forests, temperate Australian
forests, and U.S. subalpine zones (Kelly et al., 2020).

Studies have also begun to explore the potential future impacts of changing fire regimes on biodiversity. Depending on the
species and the nature of the change in the fire regime, some plants and animals may benefit whereas others will be negatively
impacted. Studies have used mechanistic models to project impacts on biological systems including bird habitat (Regos et al.,
2018), plants (Bonebrake et al., 2014; Emmett et al., 2021), and mammals (Barber et al., 2018). Recent advances in modeling
include incorporating interactions between fire and other drivers of change (e.g., Bonebrake et al., 2014; Keane et al., 2022) and
fire-vegetation feedbacks (e.g., Cochrane and Barber, 2009; Archibald et al., 2018).

Sea-level rise
Climate-change-driven sea-level rise has the potential to impact both terrestrial and nearshore ecosystems. One study predicted that,
of biodiverse islands around the world, those in the Caribbean, the Philippines, and Sunderland are likely to lose the most endemic
species due to sea-level rise (Bellard et al., 2014). Another study identified a hotspot of lichen diversity on the Atlantic Coastal Plain in
the eastern U.S. to be highly vulnerable to projected increases in sea level (Lendemer and Allen, 2014). Many efforts to predict coastal
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impacts of sea-level rise on ecosystems have focused on transitions. For example, Rilov et al. (2021) predicted that sea-level rise
would, in the absence of invasive rabbitfish, result in the transition of Mediterranean vermetid reefs to another diverse community, or
in the presence of rabbitfish, to less diverse algal turfs. Other work has projected the potential inland shift on mangrove communities
(Doyle et al., 2010) or the potential transition of tidal wetlands (e.g., Thorne et al., 2018a,b) found that 85% of studied tidal wetlands
along the west coast of the U.S. would likely transition to unvegetated states by 2110. Horizontal migration was limited by
development patterns and coastal topography. Only two of the fourteen wetlands studied were likely to be able to migrate inland.

Biodiversity Impacts

Range shifts
Climatic factors broadly determine species distributions, and therefore, climatic changes can cause associated changes in species
distributions or range shifts. Over the past century, both altitudinal and latitudinal range shifts in temperate- and tropical-
terrestrial species have accompanied climatic changes. As the climate changes, species expand their ranges to occupy previously
climatically unsuitable areas (Parmesan, 2006). Conversely, climatic changes may reduce the climatic suitability of species’ current
distributions resulting in range contractions through local population extinctions (Parmesan et al., 1999). The combination of
expansions into regions of newly suitable climate and contractions away from regions of unsuitable climate can result in overall
shifts in species ranges (Parmesan et al., 1999; Pearson and Dawson, 2003).

Range shifts have been documented for plants, insects, birds, mammals, amphibians, and reptiles in tropical, temperate, and
arctic regions. Overall, the magnitude and direction of these shifts have been consistent with climatic changes and tend to be
poleward or upward in elevation (Parmesan and Yohe, 2003; Chen et al., 2011; Freeman et al., 2018). Despite the general trend of
upward and poleward range shifts, distributional responses to climate change are largely individualistic, with some species
showing no change in their distributions despite warming and others showing shifts that are inconsistent with climatic changes
(Parmesan, 2006; Chen et al., 2011; Freeman et al., 2018). The variation in observed range shifts likely reflects the dependence on
climatic factors other than temperature (Rapacciuolo et al., 2014) and non-climatic factors that also influence species distributions
(Chen et al., 2011; Pacifici et al., 2020; Spence and Tingley, 2020). For example, precipitation change (Fei et al., 2017), land-use
change (Guo, Lenoir and Bonebrake, 2018), other habitat requirements (Matthews et al., 2010), proximity to source populations
(Melles et al., 2011), species interactions (Elliott, 2011), and species traits (Pacifici et al., 2020) can be important in shaping range
shifts. When range shifts are driven or accelerated by climate change, they can have wide-ranging impacts on both biological and
human communities by altering community composition, interspecific interactions, and ecosystem processes (Pecl et al., 2017;
Wallingford et al., 2020). Understanding both the positive and negative impacts of range shifts is important for protecting
biodiversity and sustaining ecosystem services (Wallingford et al., 2020; Henry and Sorte, 2022).

The many factors that interact with climate change to influence species distributions make projecting climate impacts on species
ranges challenging. Nonetheless, many studies have used predictive models to project the potential effects of climate change on species
distributions. Most of these studies have used correlative species distribution models (SDMs, also referred to as bioclimatic models or
niche models) that relate observed distributions of a species to current climate and use this relationship along with projections of future
climate from general circulation (or “global climate”) models to project future species distributions (Pearson and Dawson, 2003).
Correlative SDM projections can provide useful approximations of the magnitude and location of climate-induced changes to con-
tinental biodiversity, and projections have been made for a wide array of plants and animals in most regions of the world.

Despite the widespread use of correlative SDMs, there are known uncertainties associated with the projections they produce.
For example, projections are sensitive to the uncertainties associated with forecasts of future climate, the modeling techniques
employed (e.g., regression-based, machine learning, Bayesian), and the predictive variables evaluated. Disparate projections can be
summarized using ensembles of different types of species distribution models that incorporate projections from multiple climate
models (Buisson et al., 2010; Hao et al., 2019). Correlative SDMs generally do not incorporate the influence of non-climatic factors
(e.g., species interactions, dispersal potential, or habitat requirements), the potential for species to adapt to new climatic con-
ditions rather than move to regions of suitable climate, and the possibility that the current relationship between a species
distribution and the climate is not at equilibrium or may change under future climates (Pearson and Dawson, 2003; Dormann,
2007; Yates et al., 2010). Recent studies have addressed some of these limitations by incorporating biotic interactions (Fern et al.,
2019; Engelhardt et al., 2020), habitat factors such as vegetation (Carroll, 2010) and land-use change (Marshall et al., 2018),
species traits such as dispersal ability (Schloss et al., 2012; Monsimet et al., 2020), landscape connectivity (Monsimet et al., 2020),
community structure (Montesinos-Navarro et al., 2018), and evolutionary abilities (Bush et al., 2016) into predictive models. In
addition, joint species distribution models (such as the Hierarchical Modelling of Species Communities (HMSC) framework
(Ovaskainen et al., 2017; Tikhonov et al., 2020)) and generalized joint attribution models (GJAM) (Clark et al., 2017) were
developed to predict occurrences of multiple species simultaneously. Nonetheless, the lack of high-quality occurrence data or bias
associated with the available occurrence data can compromise predictions. One recently developed approach to addressing this
issue is integrating multiple data sources of occurrences (Pacifici et al., 2017; Fletcher et al., 2019).

Unlike correlative SDMs, which may implicitly include underlying mechanisms determining species’ distributions, process-
based models (also known as mechanistic SDMs) explicitly include the biophysical and/or demographic processes that drive
distributions. Process-based models characterize processes and project range shifts based on relevant climate and environmental
variables, species physiological tolerances, energy balance equations, morphological and behavioral traits, life history traits, and/or
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demographic data (Morin et al., 2008; Kearney and Porter, 2009; Storkey et al., 2014). Process-based models are expected to
provide better predictions outside of species’ current geographic and climatic ranges (Evans et al., 2016; Higgins et al., 2020).
However, they are often data intensive and can be more challenging and costly to apply. Therefore, it is also important to be aware
of the strengths and limitations of different types of process-based models when considering using them (Briscoe et al., 2019).

Transitions
Climate change has already resulted in ecosystem transitions and regime shifts (Harris et al., 2018), which are also projected to
continue and may be widespread. Paleoecological records from the last glacial-interglacial transition indicate that we are likely to
see transitions in terrestrial systems worldwide (Nolan et al., 2018). Such transitions are projected to be more prevalent in
Australia, New Zealand, Oceania, the Indo-Pacific region, tropical and temperate Africa, and mid-high northern latitudes (Nolan
et al., 2018). Recent and anticipated terrestrial transitions include shifts from forested to non-forested systems and shifts from
grasslands to shrublands and woodlands. For example, changes in climate have resulted in lower recruitment in low elevation dry
forests in western North America (Davis et al., 2019). Conversely, woody encroachment is occurring in some tundra and savanna
ecosystems (García Criado et al., 2020). Changes in precipitation and increased CO2 concentrations may be partially responsible
for woody encroachment (O’Connor et al., 2014).

Regime shifts are also occurring in marine systems. There are, for example, cases of oyster reefs transitioning into mangrove
forests (McClenachan et al., 2021) and salt marshes to mangroves (Krauss et al., 2011). Australian temperate kelp forests have
transitioned to seaweed turfs with faunas more representative of tropical waters (Wernberg et al., 2016). Following bleaching
events, some coral reefs have transitioned to macroalgae beds. One study found that coral reefs in deeper water with lower nutrient
content and higher densities of herbivorous fishes and younger corals were less likely to transition and instead tended to be more
resilient and more likely to bounce back after bleaching events (Graham et al., 2015).

Phenology
One of the most widely observed ecological effects of climate change is a shift in phenology—the seasonal timing of life history
events, such as flowering, egg hatching, migration, and senescence. For centuries, people have been observing phenology
for agricultural and religious reasons, as well as simply to record changing seasons. For example, grape harvest dates have been
tracked for the last 500 years across Europe (Menzel, 2005) and the appearance of spring cherry blossoms has been recorded since
the 15th century in Japan (Menzel and Dose, 2005). New tools and methods have emerged and advanced for quantifying
phenology, including enhanced datasets through remote sensing (e.g., Mayor et al., 2017; Piao et al., 2019) and crowd-sourcing
(e.g., Ettinger et al., 2022) and improved analytical approaches for dealing with idiosyncrasies of phenological data (Wolkovich
et al., 2021; e.g., Pearse et al., 2017). In general, these data suggest a shift in the seasonal timing of biological events as temperatures
have risen over the past century. Spring and summer events, including frog spawning, salmon migration, bird nesting, and leaf
unfolding, are occurring earlier, and the vegetative growing season has lengthened (Parmesan, 2006; Feehan et al., 2009; Thackeray
et al., 2010; Poloczanska et al., 2013). In many cases, the magnitude of these changes has been greater where more warming has
occurred, such as at higher elevations and latitudes (Parmesan, 2006; Feehan et al., 2009; Chmura et al., 2019).

Although there has been overall advancement in the timing of biological events, significant variation exists in patterns of
phenological shifts across species, trophic levels, ecosystems, and geographic locations. Of terrestrial organisms, plants have shown
the most rapid rate of change (0.58 days per year from 1976 to 2005), and vertebrates have shown the slowest (0.25 days per year)
(Thackeray et al., 2010). These varying rates of change have led to concerns that asynchronies, or “phenological mismatches,” may
develop between interacting species, such as predators and their prey or plants and their pollinators. Although some asynchronies
have been observed and may have led to reductions in fitness and population sizes (Forrest and Miller-Rushing, 2010; Miller-
Rushing et al., 2010; Mayor et al., 2017), there is not strong evidence for widespread increases in the prevalence of phenological
mismatch with climate change (Renner and Zohner, 2018; Kharouba and Wolkovich, 2020).

By combining quantified relationships between phenology and climate with future climate projections, researchers forecast
how future changes in climate will affect phenology and the consequences of these potential phenological shifts (Kingsolver and
Buckley, 2018; Asch, Stock and Sarmiento, 2019; MacDonald et al., 2020). These forecasts often project continued shifts toward
earlier arrival of spring events, particularly at high altitudes (Caffarra and Eccel, 2011). Forecasts suggest that climate-induced
phenological shifts can have major impacts on species interactions and communities, even when phenological mismatches do not
occur. For example, warming may lengthen the season of activity for multivoltine insects, leading to a greater number of
generations within a year and dramatic population increases (e.g., Tobin et al., 2008).

Accurate forecasting of future phenological shifts is difficult because our understanding is often based primarily on correlative
observational studies. In many cases, we do not have a mechanistic understanding of controls over phenology, and the degree to
which it is constrained by temperature. Even when extensive data and understanding are present, it may be problematic to project
future trends from past observations. For example, in the Tibetan Plateau, from 1982 to 2006, trends in spring vegetation
phenology initially advanced concurrent with warming patterns, but started retreating in the mid-1990s in spite of continued
warming (Yu et al., 2010). The authors concluded that warm winter conditions caused a delay in spring phases due to unmet
chilling requirements. Other studies have shown that such declines in advancement could instead be due to a slow-down in spring
warming (Sun et al., 2021) and experimental research highlights the importance of interactions between warming with other
changing conditions, such as precipitation (Ganjurjav et al., 2020).
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Further complicating forecasting, genetics and non-climatic cues such as photoperiod also affect phenology (Chmura et al.,
2019; Ettinger et al., 2021). Observational and experimental data have been biased towards terrestrial plants and our knowledge of
mechanisms behind observed trends in aquatic and marine systems and other organisms is limited. Even for comparatively well-
studied taxa, like plants and insects, there is a need to better link phenological shifts with physiological mechanisms and fitness to
both forecast and understand the implications of climate change-induced shifts (Chmura et al., 2019). Mechanistic studies that
determine these links, especially those that focus on mammals, amphibians, fungi, and other understudied organisms, are needed
to improve our ability to anticipate future phenological changes.

Population processes
Although projected range shifts provide a coarse view of how species will likely respond to climate change, they do not capture changes
occurring at finer spatial scales. For example, climate change affects population processes such as birth and death rates, individual growth
and reproductive capacity, life expectancy, immigration, and emigration. All of these processes affect short- and long-term changes in the
size and age-structure of populations, and determine whether populations increase, decrease, are able to establish in unoccupied regions, or
go extinct. By observing population sizes and demographic parameters through time and by modeling population dynamics using
observed vital rates, we have gained tremendous insight into climate-sensitive population processes.

Climate change affects population dynamics directly when changes in temperature, precipitation, or other climate factors alter
vital rates in a population. Diverse population responses have been observed and forecasted, with some populations increasing
due to climate change, others decreasing, and still others remaining essentially stable. Many insect populations, including those of
mosquitoes and some beetles, are expected to increase in a warmer world, often because reproductive success (specifically,
hatching and larva survival) is positively correlated with temperature (Jonsson et al., 2007; Estay et al., 2009; Morin and Comrie,
2010; Boggs, 2016). Other populations of insects such as California montane butterflies, and other organisms, including many
trees around the world and polar bears in the arctic, have experienced declines in abundance or increases in mortality associated
with recent climatic changes, including temperature and drought (Molnar et al., 2010; Anderegg et al., 2019; Halsch et al., 2021).
For some species (e.g., many reptiles and some fish), offspring sex is determined by temperature, so changes in climate can alter sex
ratios, which may decrease long-term population viability (Mitchell et al., 2010; Geffroy and Wedekind, 2020).

Climate change also indirectly affects population processes through interspecific interactions. Climate-sensitive dynamics in
one species may lead to altered population processes of another species. For example, in alpine areas of Colorado in the U.S., the
growing season has lengthened over the past 30 years, leading to declines in yellow-bellied marmot mortality, which has resulted
in increases in their population sizes (Ozgul et al., 2010).

Within communities and ecosystems, population-level responses to climate change vary greatly between and within species. For
example, forecasted temperature increases are expected to cause rising soil temperatures in much of the world, potentially differentially
affecting the longevity and dynamics of persistent soil seed banks of plants. In an arid region of Australia, some plant species showed
significantly greater germination after exposure to predicted increases in soil temperatures, whereas others experienced dramatic
decreases in seed viability (Ooi et al., 2009). Even within a species, population-level responses to climate change may differ. For
example, American beaver populations are predicted to expand modestly at their northern range limits as a result of climate change, but
population densities are likely to increase more dramatically in the interior portions of the beaver’s range (Jarema et al., 2009).

Even small alterations to vital rates due to climate change can have large consequences for population trajectories (McRae et al.,
2008). As computing power has increased, our capacity to model the effects of climate change on population dynamics has
improved, allowing advances such as propagating uncertainty with Bayesian modeling approaches. In recent years, studies have
combined climate forecasts of species distribution models with genetically informed population viability analyses (Byer et al.,
2020) and spatially explicit stochastic population models (Keith et al., 2008; Ooi et al., 2009; Mitchell et al., 2010). Such forecasts
are data intensive and computationally demanding, but they facilitate a better understanding of the ecological impacts of climate
change on populations.

Interspecific interactions
Climate change induced changes in geographic ranges, phenology, population dynamics, and species traits (e.g., morphological and
behavioral traits) can lead to altered interspecific interactions (e.g., intensifying, weakening or decoupling current interactions,
forming new interactions) and the formation of transient and novel communities (Blois et al., 2013; Rafferty, 2017; Gérard et al.,
2020). Interacting species, such as pollinators and the plants they pollinate, may have significant differences in their physiological
tolerances, life-history strategies, and dispersal abilities, and may respond to climate change differently. These differences, combined
with variability in exposure to climate change, can result in mismatches (e.g., spatial, temporal, and morphological mismatches) that
decouple even the strongest relationships. Also, range shifts can alter these species’ recipient communities by altering original
interactions and forming new interactions. Species’ individualistic responses to climate change and the variety of contexts in which
those responses occur (e.g., the original communities versus the recipient communities) make forecasting altered species interactions
challenging. To address that challenge, scientists often combine observational or experimental studies with modeling.

Climate change affects species interactions both within and across trophic levels (e.g., symbiosis, predation, pollination, para-
sitism, and competition). For example, climate change may intensify pathogen infection rates (Chaloner et al , 2021; Mora et al.,
2022), weaken mutualisms involving plants and pollinators, seed dispersers, soil bacteria, and fungi (Gérard et al., 2020; Keeler et al ,
2021), enhance herbivory, particularly by insects (Descombes et al., 2020; Hamann et al., 2021), as well as increase predation
(DeGregorio et al., 2015; Bastille-Rousseau et al., 2018; Peers et al., 2020). Altered interspecific interactions can have cascading
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consequences for communities and ecosystems such as modifying nutrient cycling, simplifying food webs, lowering primary pro-
ductivity, and decreasing biodiversity (Albert et al., 2020; Wallingford et al., 2020; Weiskopf et al., 2020). These changes can have
significant negative ramifications for important ecosystem services (e.g., provision of natural resources, carbon storage, natural pest
control, disease regulation, and climate regulation) as well as human wellbeing (Traill et al., 2010; Pecl et al., 2017). Therefore, it is
important to understand how different species and their interactions may respond to climate change in the future.

Although it is challenging to anticipate future effects of climate change on species interactions, scientists’ ability to do so is improving
with the development of various modeling approaches, advances in remote sensing technologies, and an expanded knowledge base
gained from monitoring programs of both observational and experimental studies (Piao et al., 2019; Hamann et al., 2021). One
relatively new approach is to combine data from observational or experimental studies with simulation approaches and climate
forecasting. For example, for interactions affected by behavioral responses (e.g., activity patterns) to climate change, field data of
predator-prey interactions between ratsnakes and bird nests were combined with spatially explicit agent-based simulation models to
predict changes in interactions with future climate change (DeGregorio et al., 2015). For interactions likely to be affected by dis-
tributional responses to climate change (e.g., spatial mismatch), correlative SDMs can be fit separately for interacting species to evaluate
the likelihood of spatial mismatch under future climates (e.g., mismatch of a monophagous butterfly and its larval host plant, Schweiger
et al., 2008). Joint species distribution models can be used to predict co-occurrences of multiple species simultaneously. Process-based
models that explicitly incorporate species interactions can also be used to forecast range shifts (Ponti et al., 2009).

Information on species traits can also be incorporated into models to improve predictions. For example, Schleuning et al.
(2020), proposed a trait-based framework to predict how plant-animal interactions will respond to climate change. First, traits of
interacting species can be incorporated into correlative SDMs or process-based models to improve forecasts of co-occurrences.
Second, matching traits (Bartomeus et al., 2016), combined with projected co-occurrences, can help predict the probability of
interactions and the risk of secondary extinctions in novel communities (Pichler et al., 2020). Third, dispersal traits and movement
models can be used to assess changes in seed dispersal. The trait-based approach requires information on species traits and their
potential changes under climate change. Although the development of modeling approaches is considerably helpful, monitoring
networks and observational and experimental studies are necessary to validate models and improve our understanding of species
interactions and their responses to climate change.

Interactions with other stressors
Invasive species
Invasive species are also experiencing changes in phenology and distributions, which may exacerbate the threats of climate change
to native species. Climatic changes are likely to result in increases in invasive species’ survival, abundance, and range expansions
relative to non-invasive species. Experiments and field observations provide evidence of the tendency for invasive species to
outcompete native species in a changing climate (Verlinden and Nijs, 2010; Willis et al., 2010). A meta-analysis of 361 species
suggests that non-native species benefit more from climate change than native species, especially in aquatic systems (Sorte et al.,
2013). One possible mechanism for this asymmetry is that invasive species have a higher propensity than native species to adjust
their phenology in accordance with climatic changes. The more adaptable phenologies of invasive species facilitate community
invasions and lead to increased abundance of invasive species (Willis et al., 2010). Moreover, characteristics common to invasive
species such as greater dispersal abilities, faster growth rates, short generation times, and broad climatic tolerances facilitate rapid
range expansion coinciding with changes in climatic conditions (Hellmann et al., 2008; Schweiger et al., 2010).

Bioclimatic models can forecast the extent of a species’ invasive potential in a changing climate by projecting the distribution of
suitable potential climate space for the invader. Forecasts of potential invasions from climate-change induced expansions comprise
most of the recent research on the interaction of invasive species and climate change. Generally, these models predict expansions
of the invaders’ ranges (Jarnevich and Stohlgren, 2009; Bradley et al., 2010). However, not all invasive species are projected to
experience climate-induced range expansions. For example, an analysis of invasive potential under climate change found that only
5 of 15 globally invasive ant species were poised to experience climate induced range expansions—the other 10 species were
predicted to experience range contractions (Bertelsmeier et al., 2015). Similarly, demography-based models of two invasive plant
species in the northeastern U.S. produced contrasting results, with one species projected to experience a range expansion and the
other a contraction. In regions where contractions are anticipated, forecasts can provide useful guidance for restoration of sites that
are no longer suitable for an existing invader (Bradley and Wilcove, 2009).

Climate-change induced range shifts of native species may challenge the traditional definitions of non-native and invasive
species as ranges expand beyond species’ historical distributions. Previously non-invasive species have the potential to become
invasive in a new region without the biological controls provided by interspecific interactions present in the previous community
(Hellmann et al., 2008). At the same time it should be noted that many species will be moving to track climate change and it
would be counter-productive to treat all climate-tracking species as invasives to be contained, excluded, or repelled (Urban, 2020).

Land-use change
Alongside climate change, changes in land use and corresponding habitat destruction are two of the greatest threats to biodiversity
(Hoffmann et al., 2010; Dawson et al., 2011). Studies that have explored the potential impacts of land-use changes associated with
emissions scenarios and representative concentration pathways have concluded that future land-use change alone will have
profound effects on biodiversity (Jantz et al., 2015; Powers and Jetz, 2019). The interaction between climate change and land use
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may exacerbate the impacts of both stressors on flora and fauna. Recent changes in climate have likely exacerbated the effects of
habitat loss and fragmentation in 18% of the world’s ecosystems (Segan et al., 2016).

Land use may limit species’ range expansions by inhibiting population establishment or impeding movement to climatically
suitable regions (Feeley and Silman, 2010). This inability to realize range expansions may result in reductions in range size and
decreases in species richness. Climate projections and associated response models can be used to assess potential interactions and
compounding impacts of land use and climate change. For example, Higgins (2007) used a process-based dynamic global
ecosystem model to forecast likely spatial shifts in climatic conditions currently associated with high species richness in northern
South America. They found that the climate niche is likely to shift from an area that is less impacted by human land uses to highly
modified landscapes that cannot support as many species, resulting in a reduction in overall richness. Other studies, however, have
highlighted interactions between projected climate change and land-use change that are likely to result in increases in local species
richness (e.g., Radinger et al., 2016).

Not only will land use inhibit range expansions, but land use may also cause distributional shifts (Gehrig-Fasel et al., 2007;
Hockey et al., 2011). These range shifts either augment climate-induced shifts or result in shifts inconsistent with the direction of
climatic changes. Climate projections can also be coupled with land-use projections to anticipate species responses to these
combined threats. For example, in Switzerland, the broad-scale changes forecasted in the distributions of non-vascular plants were
attributed to climate change whereas more local-scale changes were attributed to land-use change (Nobis et al., 2009). An
individual-based population model anticipated that projected land-use changes will have a larger impact on habitat quality than
climate change, but that climate change is still likely to impact the population dynamics of two bird species in the Willamette
National Forest (McRae et al., 2008).

Assessing how land-use change will continue to interact with climate change will require a better understanding of the
mechanisms of such interactions (Schulte to Bühne et al., 2021). For example, one study found a link between physiological
temperature tolerance and land use: lizards in more modified landscapes had lower temperature tolerances (Lopera et al., 2022).
Land use may also act as an additional driver of phenological advancement, through for example, urban heat island effects that
cause warmer temperatures, thus advancing phenology (Neil et al., 2010). Together, land-use change and climate change also lead
to increases in the prevalence of invasive species and diseases, further challenging floral and faunal communities (Crowl et al.,
2008; Patz et al., 2008). Modeling approaches that anticipate impacts will be important for proactive management to address these
potential compounding threats.

Disease and parasites
Diseases and parasites are specific instances of interspecific interactions that will likely be affected by climate change. The impacts of
climate change on terrestrial species (i.e., phenological changes, range shifts, and changes in population processes) also affect
parasites, diseases, disease vectors, the susceptibility of hosts and the interactions between all of these organisms. Therefore, climate
change has, and will continue to, both directly and indirectly affect the emergence and spread of parasites and disease (Canto et al.,
2009; Caminade et al., 2019). The impacts of climate change on parasites, diseases, vectors, and hosts are individualistic and
interactions between these impacts are complex (Lafferty, 2009; Thomas, 2020; Byers, 2021; Garrett et al., 2021). The frequency and
severity of parasite and disease outbreaks will likely increase in some environments and potentially decrease in others (Cohen et al.,
2020; Thomas, 2020). Changes in prevalence and severity of outbreaks have the potential to negatively impact plants and wildlife,
agriculture, and human health (Patz et al., 2007; Price et al., 2019; Trebicki, 2020; Chaloner et al., 2021).

Physiological tolerances to climatic conditions often determine disease and parasite distribution and abundance. Therefore, climate
change will directly impact diseases with free-living life stages and diseases that require ectothermic vectors or hosts (Patz et al., 2008;
Mas-Coma et al., 2009; Polley and Thompson, 2009). For example, the ability for parasites or disease vectors to overwinter requires a
specific range of climatic conditions (Garrett et al., 2006). An increase in temperature can result in increased survival of vectors and
parasites (Rose et al., 2016) or decreases in survival (Brown et al., 2022). Although climate change may lead to the extinction of some
parasites, it will lead to an increase in parasite richness in some climates (Carlson et al., 2017). Also, incubation time and the number of
generations per year for some vectors and parasites are sensitive to temperature and humidity, and therefore, outbreaks of diseases and
parasites will be impacted by climate change (Patz et al., 2008; Jaramillo et al., 2009). In general, higher precipitation and temperatures
correspond with higher disease transmission rates and higher diversity of diseases (Lafferty, 2009; Froeschke et al., 2010). However, the
responses of parasites and diseases to climatic changes are species-specific, and so the resultant impact on hosts may be positive,
negative, or neutral (Garrett et al., 2006). For example, for a single host species, multiple parasites responded differently to changes in
different climatic variables, resulting in no change to the fitness of the host species (Moller, 2010).

Because of the individualistic responses of parasites, diseases, vectors, and hosts to climate change and the complexity of the
interactions of these responses, forecasting the impact of parasites and disease is difficult. Despite these complexities, projections are
important to identify regions that are most susceptible to disease emergence or parasite outbreaks to facilitate proactive responses.
Process-based models are often used to forecast the response of diseases to climatic changes by modeling climatic tolerances for
survival, transmission, and reproduction (Rosenthal, 2009; Iwamura et al., 2020). For example, plague levels in black-tailed prairie
dogs are forecasted to decrease due to inhibited transmission from higher temperatures (Snall et al., 2009). Likewise, a simulation of
host-parasite dynamics forecast reduced transmission rates from stochastic events in regions of host expansion (Phillips et al., 2010).

Phenological changes will also impact disease and parasite transmission and abundance. For example, increases in the length of
flying seasons of disease vectors and parasites may increase disease transmission and the spread of the disease (Canto et al., 2009).
Conversely, phenological changes may also reduce the impact of parasites and disease by causing mismatches with hosts. Process-
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based models can also forecast phenological changes and the effects of those changes on population dynamics and pathogen-host
dynamics (Ogden et al., 2008).

As climates change, new regions may become climatically suitable for a parasite, disease, or disease vector. Diseases and
parasites may expand into these previously unsuitable, uninhabited regions. Species distribution models have been used to project
range shifts for diseases, parasites, vectors and hosts (Escobar and Craft, 2016). For example, species distribution models for a tick,
Rhipicephalus appendiculatus, and several host species forecasted overall range reductions for the tick and hosts, but an increase in
tick-host assemblages in certain regions (Olwoch and van Jaarsveld, 2009). Conversely, distribution modeling for the tick Ixodes
ricinus projected much overlap in the current and projected future range, although some significant northward and eastward
expansions in Europe (Alkishe et al., 2017).

As for all species, non-climatic factors such as dispersal limitations, land use, and interspecific interactions may limit climate-induced
range expansions (Lafferty, 2009; Cable et al., 2017). However, disease and parasite distributions may be even more sensitive to non-
climatic distributional determinants because of their complex interactions with vectors and hosts. Therefore, forecasts from species
distribution models may not be as effective as process-based models for anticipating the impacts of climate change on parasites and
diseases. For parasites and diseases in particular, host availability may influence range expansion (Lafferty, 2009; Rosenthal, 2009). For
example, if parasite or disease distributions are limited by host availability, distributional shifts of host species may correspondingly
cause shifts in disease and parasite distributions. Also, climate change increases the potential for host switching which may cause disease
outbreaks in previously unaffected species that may be difficult to anticipate (Brooks and Hoberg, 2007; Callaway, 2016; Cable et al.,
2017). Pest and disease control may also have a large influence on the distribution of a disease (Rosenthal, 2009). Diseases that affect
humans in particular are sensitive to non-climatic distributional determinants due to public health programs, which are often influ-
enced by socioeconomic distributions (Rosenthal, 2009). The extensive influence of non-climatic factors on the distributions of diseases
and parasites may overwhelm the impact of climate change making impacts somewhat difficult to forecast.

Human responses to climate change
People are responding to climate change in many ways. In general, these responses can be classified as either mitigation or
adaptation. Mitigation actions reduce the amount that the climate will change by preventing or reducing emissions of heat-trapping
gasses into the atmosphere or by sequestering carbon from the atmosphere. Such actions include, for example, efforts to improve
energy efficiency and fuel economy, switching to cleaner energy power such as solar or wind, or implementing nature-based solutions
—proven ways of increasing carbon sequestration and reducing greenhouse gas emissions through conservation, restoration, and
improved management practices in forest, wetland, and grassland biomes (Griscom et al., 2017; Seddon et al., 2020).

Adaptation actions aim to prepare for or adjust to the current impacts of climate change as well as the expected impacts in the
future (IPCC, 2014). Examples of conservation adaptation—efforts to help species and ecosystems adapt to the accumulating
impacts of climate change—include restoring riparian areas to reduce stream temperatures, changing forest management practices
to address more frequent and intense fires, and even moving populations or species to more suitable climates. Both types of
responses can have positive and negative impacts on non-human species and ecosystems. Anticipating these responses and their
ecological impacts will be critical for conserving biodiversity into the future (Watson, 2014).

Although both nature-based solutions and technological mitigation approaches can have both positive and negative impacts on
biodiversity (Smith et al. 2022), nature-based solutions such as reforestation, avoided forest conversion, coastal wetland restoration,
and conservation agriculture tend to generally have positive potential impacts on biodiversity (Griscom et al., 2017; Fargione et al.,
2018). Furthermore, nature-based solutions can be designed in such a way as to have positive biodiversity outcomes (Smith et al.,
2022). Conversely, many technological and engineering-based solutions tend to have negative direct impacts on species and
ecosystems. For example, solar and wind renewable energy installations can have impacts associated with their construction and
operation with effects on physiology, behavior, and mortality rates (Agha et al., 2020) as well as habitat. Effects and evidence vary by
region. Thus, the design of and placement of installations and infrastructure will be critical for reducing impacts.

Many human adaptation efforts in response to climate change can be seen as a response to a change in the provision of ecosystem
services. Through impacts on species, communities, and ecosystems, climate change will alter the goods and services provided by the
earth’s ecosystems. Ecosystem services include a wide array of benefits that people derive from ecosystems including provisioning,
regulating, cultural, and supporting services. Provisioning services are those that deliver products that humans use (e.g., water, food,
fiber for clothes and shelter). Regulating services are those that control the states and rates of physical and biotic systems and
processes in ways that are beneficial to humans (e.g., the reduction of storm-surge damage by mangrove forests, flood control by
riparian systems, and carbon sequestration and storage by plants). Cultural services increase societal and spiritual wellbeing (e.g., the
provision of recreational amenities, spiritual experiences, aesthetics, and human health). Supporting services are those that assist in
the provision of all other services such as nutrient and water cycling, pollination, and nitrogen fixation.

There are many ways in which climate change will alter the quantity or quality of the four different types of services. For example,
shifts in species distributions have the potential to directly affect the provision of many food resources, particularly for human
communities that rely on wild-caught foods (Pinsky et al., 2013). Climate change will also affect regulating services, which will impact
the ability to grow specific crops in particular locations (Lobell and Asner, 2003; Lobell and Field, 2007; Battisti and Naylor, 2009) as
well as the quantity and quality of water for drinking and irrigation (Vörösmarty et al., 2000). Changes in regulating services are also
affecting where people can safely live with communities displaced annually due to flooding, sea-level rise, fire, and other impacts.
Although some of these displacements are the result of direct climate impacts, many are due, at least in part, to regulating services that
have been compromised or surpassed. Changes in phenology, pollinator communities, soil microbial communities, the distribution of
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pests and pathogens, and invasive species all have the potential to alter supporting services for food production. Changes in microbial
communities also have the potential to alter nutrient cycling, water purification, and timber and other fiber production.

Understanding how people will adapt to climate change will be a critical step in developing adaptation strategies for species
and systems. For example, climate impacts such as reduced crop production, flooding, and inundation from sea-level rise are
already causing human migrations and will likely continue to do so into the future (IPCC, 2022). Such migrations will likely result
in conflicts between humans and terrestrial species, particularly in developing countries. These migrations and conflicts will further
displace some terrestrial species and potentially provide opportunities for others.

Studies have begun to project the potential effects of climate change on specific ecosystem services (e.g., Hayhoe et al., 2004; Schröter
et al., 2005; Metzger et al., 2008; Mina et al., 2017; Alcamo et al., 2005). Many of the methods and models that are used to assess and
measure ecosystem services can be used to determine the impacts of climate change on those services (Kareiva et al., 2011). Estimating the
human response to these changes in services requires going beyond the ecosystem service model projections and forecasting human
migrations, land-use changes, water use, and other human actions. These predictions can, like the projections of ecological responses, be
derived from predictive models or based on historical patterns or the results of surveys and other socio-economic studies.

Adaptation

Below, we discuss some of the general concepts and principles that apply to climate-change adaptation. We then provide examples
of more specific adaptation strategies for protecting terrestrial species in a changing climate.

General Concepts and Principles

Many of the commonly recommended climate change adaptation strategies for species and ecological systems tend to be general
concepts for altering the way we manage species and systems. These concepts include assessing vulnerability, considering current
and future climate in the design and implementation of projects, carefully selecting resistance, resilience, and/or transformational
strategies, managing for process over composition, employing adaptive management, and, lastly, continuing to value connectivity
and area protection to support adaptation.

Vulnerability
Climate change adaptation is deeply tied to the concept of vulnerability—the extent to which a species, ecosystem, or area is likely to
be harmed as a result of climate change and associated stresses (Brooke, 2008). Vulnerability is generally defined as a function of
three components: sensitivity, exposure, and adaptive capacity (IPCC et al., 2007; Dawson et al., 2011). Sensitivity refers to innate
characteristics of an organism or ecosystem (e.g., tolerance to changes in temperature) that predispose a species to be more or less
susceptible to climate change. Exposure refers to the amount of change either in climate or in climate-driven factors that a species or
system will face. Adaptive capacity is a measure of the ability of a species or system to respond in a way that reduces the impacts of or
takes advantage of climate change. The IPCC fifth assessment report (IPCC, 2014) presented an alternative framework that uses risk,
instead of vulnerability, as the overall measure of concern. Risk is defined as a function of hazard, vulnerability, and exposure. The
definition of vulnerability and exposure in this framework is different from the ones mentioned previously. The framework described
in the IPCC fifth assessment report has been used less often in the field of conservation (Foden et al., 2019).

Accessing climate-related vulnerability (following the IPCC et al. (2007) definitions) or some of its three components
(i.e., sensitivity, exposure, adaptive capacity) can help inform the identification, prioritization, and implementation steps of
adaptation and conservation planning (Foden and Young, 2016; Prober et al., 2019). Climate change vulnerability assessment is a
rapidly growing field. Various vulnerability assessment approaches (e.g., attribute or trait-based, model-based, and combine
approaches) have been developed and implemented (Foden et al., 2019). Some vulnerability assessment approaches may not
follow the framework of the three components strictly, and some focus on only one or two of the three components rather than
computing an overall vulnerability score (e.g., Case et al., 2015; Thurman et al., 2020).

Climate change vulnerability assessments have been conducted for a wide range of targets including individual species (Foden et al.,
2013; Ameca et al., 2019), species groups (Choe et al., 2017), ecological communities (Comer et al., 2012), and ecosystems (Thorne, Choe,
et al., 2018; Pokhriyal et al., 2020). The most common outcome of a climate change vulnerability assessment is an assigned ordinal
vulnerability level (e.g., low, moderate, high vulnerability) per assessment unit such as a species. There are several sources of uncertainty in
vulnerability assessments including the lack of data (e.g., species trait data, occurrence data), measurement and estimation errors, and
uncertainties associated with modeling processes (e.g., from projections based on climate models or species distribution models). The
definition and operationalization of sensitivity and adaptive capacity can vary across assessment approaches and the difficulties in
differentiating between these two vulnerability components are well recognized. Therefore, it is important to understand and validate
vulnerability assessment approaches, particularly when outputs will be used to inform adaptation (Foden et al., 2019).

5Ws: What, when, where, why, and who
Climate change poses risks to traditional biodiversity conservation efforts if practitioners assume that the future climate will be
similar to that of the past or present. For example, more frequent and intense disturbances, such as wildfire or drought-induced
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tree mortality, can threaten initiatives that are designed to enhance habitat for forest-dependent species. Overlooking such climate-
related risks can result in failed conservation investments and negative outcomes for people, biodiversity, and ecosystem integrity
as well as lead to carbon-sink reversal. National climate commitments under the Paris Agreement likely put the world on track to
warm around 2.71C (4.51F) above preindustrial levels by the end of the century (United Nations Environment Programme, 2021),
the urgency for effective adaptation is mounting world-wide.

There is no one-size-fits-all approach to address every climate adaptation challenge. Tools for designing, managing, and
evaluating adaptation efforts are becoming more prolific and increasingly critical for effective implementation. Planning
approaches generally rely on a cycle of steps to define purpose and scope, assess climate impacts and vulnerabilities, review/revise
goals, identify and evaluate possible actions, implement priority actions, assess effectiveness, and then iterate to incorporate
emerging information. Technical guidelines and formal planning processes serve to ensure the quality of projects. However, their
inherent complexity, cost, and time required can make them inaccessible or daunting, especially to small or local conservation
organizations and agencies.

A tractable, rapid assessment (Box 1) enables practitioners and funders to use the “what, when, where, why, and who”—or the
“5Ws”—of climate-informed action as a tool in project design and implementation (Oakes et al., 2021). The “what,” for example,
means considering whether climate variability and projected changes will require taking new actions or modifying existing actions.
The “when” asks project planners and managers to consider whether climate change influences the timing of actions, such as
planting at different times of year in forest restoration. The “where” requires evaluating whether planned locations for conservation
action are the best places in light of projected climate impacts. In watershed restoration, for example, a traditional conservation
approach might be to restore streams that are considered prime habitat for native fish. However, warming stream temperatures
could create unsuitable conditions in those streams. A climate-informed, adaptive approach would include prioritizing restoration
in basins that are more likely to sustain suitable stream temperatures in the future even though more restoration might be needed
to improve other aspects of habitat quality. The “why” requires managers and planners to reconsider project goals in light of
projected climatic changes and the “who” asks practitioners and funders to reconsider who is involved and who benefits.

Resistance, resilience, and transformation
Conservation practices have often focused on resisting changes and maintaining historical or current conditions. However, ever-
increasing impacts from climate change have highlighted the critical need to help ecosystems become more resilient or to facilitate
or drive transitions towards new, more climate-adapted ecological conditions.

There are different approaches to managing systems in the face of climate change. The most commonly applied and, arguably,
useful typologies have categorized conservation adaptation actions on a change continuum ranging from resistance to transfor-
mation (Peterson St-Laurent et al., 2021). This continuum typically involves three categories: (1) resisting changes in order to

Box 1 Brief guide to a rapid-assessment approach using the 5Ws to help define project goals, consider climate risks, and
brainstorm climate-informed actions (reproduced with permission from Oakeset al., 2021).

Step 1 – Gather and examine the best-available information on current and projected climate change and its effects on nature and/
or people that are the focus of the local planning effort.
Step 2 – Consider how changes in climate could impact the effectiveness of traditional actions at meeting goals and any ways in
which those actions and goals may need to be modified to be more effective in a changing climate. Walk through the full suite of
questions with respect to what, where, when, why to make actions climate-informed:

• WHAT (modifying tactics)– Are there ways that traditional actions need to be modified to be effective at achieving goals
under a changing climate? Are there new actions that will be needed to achieve goals, or address new or exa-
cerbated challenges caused by climate change?

• WHERE (working in strategic locations)– Are there particularly strategic places or sites to prioritize in implementation,
given potential climate change impacts (e.g., work in places that are more or less likely to be impacted, or places
where the chances of successful outcomes may be greatest)?

• WHEN (shifting the timing and urgency) – Do the effects of changing climate increase the urgency of actions that are
already being implemented? Would such climate-informed actions need to occur at different times of the year to be
effective as the climate changes?

• WHY (embracing forward-looking goals) – Even with modifications in actions, is there a need to adjust the project goals to
be more realistic or feasible as the climate changes (e.g., focus on different targets, or strive for different objectives)?

• WHO (reshaping project leadership, values, and stakeholder involvement)—Who leads design and implementation, and
who needs to be involved for actions to be accepted, effective, enduring, and reflective of the needs and diverse
values of people and communities? Does climate change affect who benefits or should benefit from actions? Who
might be harmed by actions or bear costs?

Step 3 – Document any changes to project goals and design, after taking climate change into account. If after asking the above
questions you do not feel that modifications to current goals and actions are needed, document the logic of how current actions will
be adequate to achieve goals even as the climate changes.

652 Climate Change: Anticipating and Adapting to the Impacts on Terrestrial Species

Author's personal copy



maintain current conditions (Resistance); (2) improving the capacity of a system to return to desired conditions after disturbance
(Resilience); (3) allowing and/or facilitating the transition to new conditions (Transformation) (Stein et al., 2013; Fisichelli et al.,
2016; Clifford et al., 2020).

Systems that are resilient to climate change should be able to re-establish ecosystem functions and processes after a disturbance
and avoid a transition to a new state as climates change. However, the meaning of the term is often still unclear in many contexts
(Dudney et al., 2018; Walker, 2020). Some scholars (e.g., Fisichelli et al., 2016) urge practitioners to move beyond its usage,
arguing that “resilience” has become increasingly vague with meanings ranging from resisting changes, to absorbing changes, and
even to allowing for transformative changes through self-organization. However, it has been an attractive concept, because, if
successful, it allows continued delivery of ecosystem services and, possibly, the persistence of plant and animal populations.

Other similar terminologies also exist. For example, North American researchers and agencies have proposed the Resist, Accept,
or Direct (RAD) framework (Thompson et al., 2021; Schuurman et al., 2022). This RAD framework focuses on resource managers’
actions and includes a middle category of allowing changes to occur without interference. By contrast, Resistance, Resilience,
Transformation (R-R-T) focuses more on a combination of actions and primary objectives, in an effort to respond to, and cope
with, changes occurring as a result of climate change.

Peterson St. Laurent et al. (2021) developed a 6-point scale to better distinguish between these concepts (Fig. 1). Ranging from
active resistance to accelerated transformation, the R-R-T continuum represents progressively greater acceptance of changes in
ecosystem structure and function. Examples on one end of the continuum include eradicating non-native species in specific
ecosystems as “Active Resistance.” On the other end, using assisted migration to move species outside of their current or historical
range falls into the category of “Accelerated Transformation” (Table 1).

When applying the R-R-T scale to a case study of 104 adaptation projects in the United States funded between 2011 and 2019,
researchers found a trend that involved an increasing use of transformational practices, which varied across ecosystems. Though
approaches like species translocation have been controversial in conservation history (Hagerman et al., 2010; Hagerman et al.,
2010), practitioners are more commonly turning to such novel actions in response to the direct and indirect impacts—as well as
potential impacts—of changing climatic conditions (Fig. 2).

Managing for process over composition
Because changes in climate are driving shifts in phenology, populations, and distributions, managing for particular assemblages of
species may not be reasonable. Such shifts may also result in systems that are more resilient to climate change. Many have
suggested that these climate-change-induced shifts necessitate a move from managing for particular species and communities to
managing for ecosystem processes, often with shifting baselines (Harris et al., 2006; Heller and Zavaleta, 2009; Hobbs et al., 2009).
Others have proposed that climate-smart management should use a rates-focused framework to consider rates of change for
ecological processes, including strategies to both slow and accelerate these rates in order to reduce mismatch among climate and
ecological rates of change (Williams et al., 2021). Managing for ecosystem function or ecological rate of change requires a forward-
looking approach, sometimes incorporating new species introductions.

Adaptive management
Adaptive management is an iterative process of management and monitoring in which management actions are treated as
experiments (Holling, 1978; Walters and Hilborn, 1978). The outcomes of these experiments are used to inform the next round of
management actions, which are again treated as experiments. Adaptive management was conceived for managing uncertain
systems, making it potentially a highly useful approach to dealing with climate change (Arvai et al., 2006). To address climate
change, adaptive management approaches tend to have four basic steps that can be iteratively repeated (Kareiva et al., 2008). The
first step involves assessing the potential impacts of climate change on the system in question. In the second step, management
actions, in the form of experiments with testable hypotheses or predictions, are designed to address one more of these potential
impacts. The third step involves monitoring the system for climatic changes and system responses. Finally, the results of the
monitoring can be used to evaluate the effectiveness of the management actions and to redesign them as necessary, before the four
steps are repeated. A challenge of implementing adaptive management approaches for tackling climate change is that the time
required to complete activities from planning to implementation and monitoring might be outpaced by rates of climate change
and associated ecological responses on the ground (Morelli et al., 2016; Balantic et al., 2021).

Connectivity
Range-shifts have occurred in the past as species have responded to historical changes in climate. However, during these periods of
historical climate change, species movements were not hindered by anthropogenic barriers. Fragmentation of habitat, roads, and
other barriers can inhibit species movement or survival in regions of or between newly suitable climates. Not surprisingly,
increasing landscape connectivity is one of the most commonly recommended adaptation approaches for addressing climate
impacts on biodiversity (Heller and Zavaleta, 2009; McLaughlin et al., 2022).

In the past, suggested strategies for improving connectivity to address climate change have been somewhat general—e.g.,
placing new reserves between existing reserves, creating a system of stepping-stone reserves, or adding reserves in close proximity to
existing reserves (Lawler, 2009; Mawdsley et al., 2009). Researchers have recently developed more sophisticated approaches to
connecting landscapes to address climate change, which can be grouped into four categories (Littlefield et al., 2019). One set of
approaches uses projected climatic trajectories or climate analogs to define corridors and movement routes; for example, mapping
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potential movement corridors that connect current climate conditions to their future analogs (Littlefield et al., 2019). A second set
of approaches uses projected shifts in species distributions to identify potential routes for species to move from current to future
suitable (Williams et al., 2005; Lawler et al., 2013; Alagador et al., 2014). A third group of approaches maps corridors based on
current climatic gradients; these include mapping routes that go from warmer to cooler areas (Nuñez et al., 2013; McGuire et al.,
2016), follow riparian corridors (Krosby et al., 2018), or track elevational or latitudinal gradients (Anderson et al., 2016). Finally, a
fourth set of approaches attempts to connect combinations of geophysical features, such as land facets or geophysical settings to
define corridors (Brost and Beier, 2012).

Although it is important to identify potential movement corridors, increasing the permeability of the landscape is also critical
(Franklin and Lindenmayer, 2009). It may be possible to manage lands to facilitate species’ movements in response to climate
change through transformational adaptation strategies. For example, selective harvest or retention cuts, tree-planting, and rota-
tional grazing may provide habitat to facilitate range expansions (Kohm and Franklin, 1997; Manning et al., 2009). It is possible to
prioritize areas for these incentives and management actions using similar approaches that are used for reserve selection and the
siting of protected areas.

Protected areas: Reserve selection and design
By providing species with refuge from many threats, protected areas have the potential to increase the resilience of species and
populations to climate change (Hunter et al., 2010). However, climate change brings into question the ability of currently
protected lands to provide for the biodiversity of the future. Typically, reserve boundaries are static and reserve networks are
designed based on current biodiversity. As species’ ranges shift with a changing climate, some species may lose protection as their
ranges shift out of reserve boundaries while others may move into reserves (Peters and Darling, 1985). Reserves across the globe
are anticipated to experience changes in biodiversity composition and several species may lose protection entirely from the current
reserve network (Araújo et al., 2004; Hole et al., 2009). One adaptation response that aims to provide protection for anticipated
climate-induced changes in species distributions has been to augment the reserve network by adding reserves to increase the total
area protected across a landscape.

Several general rules of thumb have been proposed for addressing climate change in the reserve selection (i.e., the placement of
new reserves) and reserve design (i.e., the size and shape of reserves) processes. Most simply, many have suggested increasing the

Fig. 1 Resistance-Resilience-Transformation (R-R-T) Scale with definitions. The R-R-T scale is a six-point continuous interval scale representing a
continuum spanning from actively resisting changes to accelerating transformation towards new, more climate-adapted conditions. Reprinted from
Peterson St-Laurent, G., Oakes, L.E., Cross, M. and Hagerman, S. (2021). R-R-T (resistance–resilience–transformation) typology reveals differential
conservation approaches across ecosystems and time. Communications Biology 4 (1), 1–9. https://doi.org/10.1038/s42003-020-01556-2.
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total area protected and increasing the size of existing reserves. All else being equal, larger reserves will be more likely to maintain
populations of species as climates change by providing the space to facilitate within-reserve range shifts. Thus, designating larger
reserves or designating buffer zones around reserves may help to protect more species for longer periods of time in a changing
climate (Peters and Darling, 1985). Similarly, reserves that span strong environmental gradients will also provide more oppor-
tunities for within-reserve range shifts by providing future niches at different elevations as the climate changes. Strategies for the
placement of new reserves include placing reserves at the elevational or poleward range-limit of key species (Peters and Darling,
1985), at major transitions between vegetation formations (Halpin, 1997), or at the core of species environmental distributions
(Araújo et al., 2004). Yet another simple suggestion involves increasing the redundancy in the reserve system. Protecting the same
species in multiple places provides multiple opportunities for the species to weather or adapt to climate change.

Others have suggested more sophisticated methods for identifying the best places for new protected areas to address climate change.
For example, projected shifts in species distributions can be used to identify areas that are likely to protect species today as well as into
the future under multiple climate-change scenarios (Hannah et al., 2007; Vos et al., 2008; Stralberg et al., 2018). The increase in
specificity potentially makes this approach more effective for the targeted species. However, it incorporates higher levels of uncertainty
inherent in forecasting future climatic changes and the biotic responses to those changes. For example, the most-often applied approach
for forecasting species range shifts, species distribution or niche modeling, is likely better suited to describe general patterns and trends
in range shifts than to identify particular locations for protecting specific species in the future (Pearson and Dawson, 2003).

Another approach to locating reserves to address climate change involves selecting areas that protect the underlying envir-
onmental gradients that largely determine patterns of biodiversity at broader scales, but that will likely remain stable as the climate
changes (Lawler et al., 2015). It has been argued that protecting these underlying gradients essentially protects the stage on which
biodiversity will play out as climates change. Some proposed strategies based on abiotic features focus on selecting sites that span
elevational gradients or that represent heterogeneity in soils (Peters and Darling, 1985). Others have stressed geologic variability in
a reserve network (Anderson and Ferree, 2010; Anderson et al., 2014), preserving a range of current climatic conditions—with the
assumption that future climates may change, but that many climatic gradients will be preserved (Pyke and Fischer, 2005) and
conserving the regional diversity of land facets, or unique combinations of abiotic conditions (i.e., topographic and edaphic
features Beier and Brost, 2010).

Other abiotic-based strategies aim to protect areas projected to serve as climate refugia. Researchers have defined climate refugia
in multiple ways (Ashcroft, 2010; Morelli et al., 2016). Most, however, defined climate refugia either as places where the climate
will change less than in the surrounding landscape and thus species may be able to remain as the climate changes or places that
will have suitable climates for species in the future and thus places to which species might move as the climate changes. Refugia

Table 1 Examples of adaptation actions and their primary objective for the six categories of the “R-R-T scale”

Categories Examples of actions Primary objective

1. Active
Resistance

Eradicate non-native species in grassland or forest ecosystems. Actively prevent changes in species composition.
Install and manage water control structures to maintain historical water
levels in a coastal impoundment.

Actively resist rising sea levels.

2. Passive
Resistance

Create or expand protected areas in climate refugia. Passively maintain current ecosystems.
Purchase conservation easements to protect a species that is endangered
by climate change.

Passively protect species in their historical habitat.

3. Resilience Reconnect previously existing corridors to allow the migration
of specific species.

Enhance the ability of species to persist as climate
changes by removing barriers to movement and
dispersal

Restore streams by reintroducing beaver. Increase resilience of stream functions to natural
disturbances such as floods and droughts.

4. Autonomous
Transformation

Connect relatively warmer and colder aquatic areas. Create opportunities for species movements to seek
cold water refugia.

Apply forestry techniques designed to increase native species diversity. Increase chances that some species will thrive as
climate changes.

5. Directed
Transformation

Use assisted migration by planting with seeds gathered in a warmer
part of a species’ current range (aka assisted gene flow).

Drive transition towards climate-adapted genetic
composition of species or populations.

Use climate-informed forestry to direct future species composition
(e.g., post-harvest planting using drought-resistant native species).

Drive transition towards more climate-adapted
native species compositions.

6. Accelerated
Transformation

Use assisted migration to move a species outside of its current
or historical range (aka assisted range expansion).

Accelerate climate-driven species transition.

Restore riparian ecosystems by inoculating soils with non-native inoculant
materials that are adapted to warmer and drier conditions.

Accelerate transition towards more climate-adapted
ecosystem functions.

Note: Adpoted from Peterson St-Laurent, G., Oakes, L.E., Cross, M. and Hagerman, S. (2021). R-R-T (resistance–resilience–transformation) typology reveals differential conservation
approaches across ecosystems and time. Communications Biology 4 (1), 1–9. doi:10.1038/s42003-020-01556-2.

Climate Change: Anticipating and Adapting to the Impacts on Terrestrial Species 655

Author's personal copy



have also been defined at different spatial scales. Macrorefugia occur at larger extents and have been mapped using multiple
approaches. One such approach involves using projected shifts in species distributions to identify where species might remain as
the climate changes (Stralberg et al., 2018). Others have identified where the climate is projected to change less (Game et al., 2011;
Belote et al., 2018), the future location of analogs of current climates that are projected to become increasingly rare (Michalak et al.,
2018), and where environmental diversity is high or where climate velocities are low (Carroll et al., 2017).

Another suggested approach to designing networks of protected areas that will conserve species in a changing climate involves
the use of dynamic reserves. By allowing the boundaries of protected areas to move through time, a selected set of areas might be
able to accommodate species movements. Strange et al. (2011) demonstrated a dynamic reserve-selection approach to address
climate-driven changes in habitat suitability. Since then, a relatively small number of studies have taken a dynamic reserve
selection approach to account for shifting species distributions (Alagador et al., 2014). Others have suggested integrated networks
of permanent and transitory protected areas (D’Aloia et al., 2019).

Given the uncertainties associated with species responses to climate change, no one single approach is likely to be sufficient to
address climate-driven shifts in species distributions. Not surprisingly, a number of studies have begun to incorporate several of
the concepts described in this section into the conservation planning process. Carroll et al. (2010) included projected future species
distributions and potential refugia. Game et al. (2011) included climate refugia, connectivity, and geophysical settings into their
prioritized reserve network. Similarly, Lawler et al. (2020) incorporated projected species distributions, climate corridors, and
climate refugia into selected reserve networks.

Adaptation Actions and Joint Adaptation and Mitigation

Policies and negotiations have often treated adaptation and mitigation separately because they pursue different objectives and
operate at different spatial and temporal scales; mitigation provides benefits for global climate in the long term, whereas adaption
tends to provide more local benefits that accrue in the short term as well as longer term (Swart and Raes, 2007). Adaptation is a
concern that local policymakers and citizens can address from the bottom-up, whereas mitigation is often regarded as a challenge
that requires top-down regulation at the international level (Kongsager, 2018). In practice, actions that contribute to both

Fig. 2 Adaptive management cycle for climate refugia conservation. Balantic, C., Adams, A., Gross, S. et al. (2021). Toward climate change
refugia conservation at an ecoregion scale. Conservation Science and Practice 3 (9), e497. https://doi.org/10.1111/csp2.497.
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objectives can increase the efficiency of financial allocations and minimize trade-offs, particularly in land-related activities such as
forest management and conservation (Locatelli et al., 2015). Synergies between the two, as defined in the fourth IPCC Assessment
Report IPCC et al. (2007), can be understood as the “interaction of adaptation and mitigation so that their combined effect is
greater than the sum of their effects if implemented separately.” Projects can have “joint outcomes,” relating to activities with non-
climatic primary objectives that deliver both adaptation and mitigation outcomes; unintended side effects, because focusing on
one climate objective—adaptation or mitigation—can deliver outcomes for the other; and joint objectives when both adaptation
and mitigation objectives were considered from the start (Locatelli et al., 2015).

Agriculture, forestry, and urban development offer many opportunities for synergies in adaptation and mitigation. Many
agricultural actions, for example, involve the use of land and water resources and thus, projects designed to benefit species and
ecosystems in these working landscapes have potential to deliver both adaptation and mitigation benefits. Innovative actions
could result in sequestering carbon in soils, while strengthening an ecosystem’s resilience to current and future climate impacts. In
forest ecosystems, changing management intensity and species composition, or altering fire regimes could result in multiple
benefits. Actions that support mitigation in urban areas are typically related to energy and water use efficiency, as well as increasing
green areas (Nordic Council of Ministers, 2017).

In terms of tradeoffs, it is also important to note that it is unlikely that planners will be able to optimize for multiple objectives
in any one initiative without a compromise of one or both outcomes to some degree. Not surprisingly, studies have demonstrated
that explicitly targeting multiple objectives will result in trade-offs. For example, in a study conducted on a restoration effort in a
highly modified catchment in New Zealand, researchers found significant trade-offs between biodiversity gains and reduction of
environmental impacts, such as nitrogen leaching, greenhouse gas emissions, and erosion (Mason et al., 2012). Conservation
planning analyses across the Americas and Britain reveal that a carbon-only strategy would not be effective at conserving biodi-
versity; a combined carbon-biodiversity strategy could protect 90% of carbon stocks (relative to a carbon-only strategy) and 90%
of the biodiversity (relative to a biodiversity- only strategy) in both regions (Thomas et al., 2013). This suggests a need to integrate
multiple objectives from the onset of project design to reach efficient compromises; the authors conclude that “combining carbon
and species within a single conservation planning framework, large increases in biodiversity gains could be achieved for only a
small reduction in the amount of carbon stocks maintained within a single protected ecosystem.” These considerations for
biodiversity are likely most applicable to planting initiatives and restoration of degraded forests that aim, primarily, to enhance
carbon sequestration, as opposed to protection of healthy intact forests that harbor high carbon stocks, high diversity of forest-
dependent species, and high functional diversity (Watson et al., 2018).

Drawing from a portfolio of projects funded by the Wildlife Conservation Society Climate Adaptation Fund, we provide
examples of adaptation and joint mitigation-adaptation initiatives implemented across U.S. states, commonwealths, territories,
and tribal lands. The Climate Adaptation Fund, supported by a grant to Wildlife Conservation Society from the Doris Duke
Charitable Foundation, provided $24 million in funding for 123 adaptation projects between 2011 and 2021; a subset of projects
was considered to jointly address adaptation and mitigation. These examples offer further insight into climate-informed con-
servation strategies, offering adaptation or adaptation and mitigation benefits, that have been implemented in recent years.

In the Southern Appalachian Mountains of western North Carolina, warming temperatures have caused a reduction in habitat for cool
water aquatic species, and changes in precipitation patterns have also affected base flow, flood severity, and frequency of floods. This
“resistance” project, led by Trout Unlimited, addressed two major threats to aquatic populations in the biologically diverse Southern
Appalachians: (1) small population size (or ‘patch size’) due to stream fragmentation, and (2) inability of fish and other aquatic fauna to
move to find cold water, spawning habitat, and suitable juvenile and adult habitat. Actions included targeting watersheds shown to have a
low sensitivity to warming and a high potential for reconnecting cold water habitats through conservation and restoration.

Forests provide critical habitat, protect freshwater sources, and store carbon. In Colorado, many forests are impacted by climate
change and wildfires that leave the land scorched. Unable to recover, vast areas may convert to shrub- or grasslands. The Nature
Conservancy aimed to increase forest resilience in ponderosa pine forests in this joint mitigation-adaptation project. Focusing on
“resilience” actions and outcomes, the project team worked to reforest severely burned areas and apply thinning and prescribed
burning to protect seed trees and habitat.

The Lower Rio Grande Valley, a fertile delta for the Rio Grande River in South Texas, is home to a native Texas thornscrub forest
that serves as a habitat for more than a hundred songbird species and butterfly species, as well as eleven threatened and endangered
species, including the ocelot. Land-use decisions dramatically reduced the forested area, leaving much of it fragmented. Climate
models predict that this area will be further affected by drought due to increased temperatures and decreased rainfall. Led by
American Forests, this project aimed to restore 270 acres of degraded ranch lands to functioning thornscrub forest and promote
drought resilience by planting drought-tolerant species, using tree shelters to retain soil moisture, and planting in locations that could
serve as migration corridors for wildlife into the future. Two hundred and seventy thousand seedlings were planted. The estimates at
the start of the project indicated about 100,000 tons of carbon could be stored over 50 years. This project included “directed
transformation” strategies: shifting species composition to a community more likely to survive future conditions.

In the northwestern Hawaiian Islands, sea-level rise and increasing storm surges associated with climate change have threatened
black-footed albatrosses, Bonin petrels, and Tristram’s storm petrels, which nest in low-lying atolls. An “accelerated transforma-
tion” project led by Pacific Rim Conservation aimed to restore habitat through transplanting native species and invasive plant
removal and protect populations by translocating seabirds to coastal dune habitat that can withstand projected sea-level rise.

As a final example, several projects funded by the Climate Adaptation Fund have used beaver reintroductions and the
installation of beaver-dam analogs to restore functioning floodplains, improve riparian and instream habitat, create cold water
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refugia, and increase water storage capacity. All of these outcomes can make streams and riparian ecosystems more resilient to
drought and heavy precipitation events that are occurring with increasing frequency with climate change. Beaver dam analogs are
human created structures that mimic beaver dams, slowing flow and increasing stream sinuosity. These structures can also change
riparian vegetation and help attract beaver to a site. Conservation objectives of these projects have often included increasing cold
water fish populations, restoring riparian plant communities, and rebuilding functioning floodplains.

Many of these actions also fall into what Prober et al. (2019) term to be “ecological renovation”—management and nature
conservation actions that actively allow for environmental change. “Renovate,” as the authors discuss, means to repair or improve
upon something, to remodel or impart new vigor and revive. “Restoration”, by contrast, is often defined as bringing back to an
original or normal condition, which may not be possible. They propose a typology of 23 intervention options to facilitate
persistence or adaptation of biodiversity and ecosystems in a changing climate. Examples include assisting species to reach and
establish within projected suitable environments outside their current range, promoting adaptation by promoting genetic diver-
sity, and facilitating species’ persistence by targeting climate-resilient locations.

Co-benefits of adaptation strategies
Here, we define the co-benefits of adaptation as the positive effects that an adaptation strategy designed to address a specific
human need has on non-human species, communities, or ecosystems, or conversely the positive effects on human well-being of
adaptation strategies designed to help non-human species and systems adapt to climate change. Co-benefits have largely been
described for mitigation strategies that, in addition to reducing greenhouse-gas emissions, benefit human health (Haines et al.,
2007; Jack and Kinney, 2010; Fargione et al., 2018). Similar co-benefits of adaptation strategies have not been as well documented,
but these co-benefits will likely arise in many instances.

Some adaptation strategies that target human wellbeing will have biodiversity benefits. For example, planting trees and shrubs
in urban areas to reduce heat-island effects could provide habitat for some animals. Similarly, planting of bioswales and rain
gardens to reduce runoff and flooding could provide habitat for other species. Moving homes out of floodplains and away from
shorelines could benefit riparian, aquatic, and intertidal species.

There are also clear co-benefits for human health and well-being that are likely to result from adaptation strategies that restore
coastal habitats, riparian areas, and floodplains. Removing seawalls, restoring mangrove forests and dune systems, and protecting
barrier beaches are all adaptation strategies that will increase the resilience of coastal plant and animal communities to sea-level
rise and storm surges. These same strategies, if well-designed and -sited, have the potential to protect human communities from
these threats as well. Conversely, addressing these threats to humans by building sea walls will not offer the co-benefit to non-
human species and systems. As a second example of a co-benefit, riparian restoration has the potential to reduce stream tem-
peratures through shading and may also increase water quality and water storage for human use.

To develop strategies that maximally benefit both non-human and human systems and communities, it will be necessary to develop
approaches for evaluating and comparing co-benefits. As of yet, little work has been done in this area, in part because it involves measuring
and weighing disparate outcomes and values and because it involves collaboration and coordination across diverse disciplines. None-
theless, such comparative metrics and analyses will be quite useful for developing strategies and prioritizing among them.

Conclusions

Addressing climate-change impacts on terrestrial species requires an understanding of how climate change will affect species and
ecosystems. Much is already known about climate effects on phenologies, distributions, populations, interspecific interactions, and
diseases and pathogens. Although there remain significant gaps in our knowledge of these effects, detailed studies of potential
climate impacts on only specific species are not likely to provide managers and policy makers with the most critical information
for developing adaptation strategies for ecosystems and ecological communities. Actionable adaptation strategies that have already
been developed and continue to be improved with ongoing research and “learning by doing” have the potential to inform the
management of a wide range of ecosystems and the species within them. Further research on, and sharing of, approaches to
adaptive management, connecting landscapes to facilitate range shifts, and measuring and valuing the co-benefits of adaptation
strategies for human and natural systems will be critical to address future climate impacts on terrestrial species and ecosystems.
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