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Introduction

Temperate forests make up approximately 16% of the world’s forest biome (Hansen, Stehman, & Potapov, 2010), and
areas of high human population density are found in the temperate biome. While climate change is an imminent threat
to the continued health and utility of these forests, adaptation and mitigation actions can reduce the negative effects of
climate change and help ensure the continued provision of ecosystem services. However, to effectively employ adapta-
tion and mitigation options, we must first understand what shapes temperate forests and assess potential climate change
impacts.

Temperate forest ecosystems encompass a range of climates globally but are generally characterized by a cyclical
annual climate with well-defined seasons (Gilliam, 2016). They can be either coniferous- or broadleaf-dominated
(Table 9.1) and are typically between 20° and 60° latitude (Gilliam, 2016). Most temperate forests are in the northern
hemisphere; in the southern hemisphere, they are limited in geographic extent (Fig. 9.1) and tend to have maritime tem-
perate climates (Gilliam, 2016). Recent historical temperatures (1850—1900) have significantly varied across temperate
forest regions, with average minimum temperatures as low as 0 °C in western North America to average maximum tem-
peratures as high as 18.7 °C in Australasia. Mean annual precipitation has also varied from an average of 2.1 mm day '
in Europe to 5.4 mm day ' in South America (Table 9.2).

Globally, dense settlements and villages make up approximately 21% and 28% of evergreen, and deciduous temper-
ate forest biomes, respectively (Ellis, Klein Goldewijk, Siebert, Lightman, & Ramankutty, 2010), and societies around
the world rely on the many ecosystem services temperate forests provide. Ecosystem services are broadly defined as the
benefits people receive from the environment and include four broad categories: provisioning, regulating, cultural, and
supporting (Millennium Ecosystem Assessment Program, 2005). Some ecosystem services provided by temperate for-
ests include timber and nontimber goods (provisioning), carbon sequestration and flood regulation (regulating), recrea-
tion and indigenous connection to place (cultural), and soil formation (supporting) (Galicia & Zarco-Arista, 2014;
Kovats et al., 2014; Vose et al., 2018; Xie et al., 2010). These ecosystem services have become a major consideration
in forest management decisions (Millar & Stephenson, 2015).

This chapter aims to describe key climate change vulnerabilities in temperate forests, review the potential effects of
climate change on ecosystem services provided by temperature forests, and highlight adaptation options to address cli-
mate change vulnerabilities. We do this by exploring the past climate and land use drivers of temperate forest distribu-
tion and composition, modern-day human and climate change impacts, and the potential future of temperate forests to
the year 2100, under moderate future climate change scenarios. We focus on trees, as they are the defining vegetation
of the forested biome.
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TABLE 9.1 Prominent disturbance agents, land use legacies, and tree genera in temperate forest regions of the world.

Region Major Land use Dominant shade- Dominant shade-tolerant genera
disturbance legacies intolerant genera
agents

Inland Western Fire, insects Fire exclusion, Pinus, Juniperus, Larix, Abies, Tsuga, Psuedotsuga, Picea

NA logging Populus

Coastal Western Fire, wind, Logging Pseudotsuga, Alnus, Acer Picea, Thuja, Abies, Sequoia,

NA pathogens Notholithocarpus

Eastern NA Fire, hurricanes, Fire exclusion, Pinus, Quercus, Acer, Fagus, Fraxinus, Tsuga, Picea,
insects, acid agriculture, Liriodendron, Betula, Abies
rain logging Prunus, Magnolia

South America Fire Logging Nothofagus spp.

Europe Fire, wind, Agriculture Quercus, Betula Acer, Fagus, Ulmus, Picea, Abies
insects, drought

Asia Typhoons, Agriculture Quercus, Ulmus, Betula, Tilia, Fraxinus, Castanopsis, Distylium,
insects, fire Pinus Acer, Abies, Larix, Sabina, Tsuga,

Picea

Australia/ Fire Logging Eucalyptus, Acacia,

Tasmania/New Nothofagus

Zealand

'/i'
\’

Forest Biomes
Temperate Deciduous Forest
- Temperate Evergreen Forest
Other Forest

Non-Forest

FIGURE 9.1 Evergreen and deciduous temperate forests are located across the globe. Data from Olson, D. M., Dinerstein, E., Wikramanayake, E.
D., Burgess, N. D., Powell, G. V. N., Underwood, E. C., ... Kassem, K. R. (2001). Terrestrial ecoregions of the world: A new map of life on Earth.
Bioscience, 51(11), 933—938.

Past temperate forest development

The distribution and composition of contemporary temperate forests have been shaped by millennia of natural and
anthropogenic influences. Our understanding of past forest ecosystems relies heavily on pollen, macrofossil, and
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TABLE 9.2 Baseline climate (1850—1900) for temperate forests in six regions (Olson et al., 2001) based on CMIP6
(IPCC et al., 2021; Interactive Atlas. https://interactive-atlas.ipcc.ch/).

Region Mean temperature Maximum temperature Minimum temperature Average precipitation
O O O (mm day™")

Western NA 3.8 8.8 0.0 3.0

Eastern NA 10.3 14.8 6.2 3.1

South 7.1 10.8 5.9 5.4

America

Europe 7.7 11.5 3.7 2.1

Asia 5.1 9.4 0.1 2.7

Australasia 14.6 18.7 10.9 2.5

Temperatures are calculated as a mean of daily mean, maximum, and minimum near-surface air temperatures.

charcoal records, which can provide reconstructions of past plant species composition and fire regimes (Lindbladh,
Fraver, Edvardsson, & Felton, 2013). Here we briefly discuss some abiotic influences and anthropogenic impacts to
provide a foundation for understanding factors important in developing contemporary temperate forest landscapes.

Abiotic factors

Several natural disturbances and climatic forces have shaped temperate forest ecosystems. Over the last 120,000 years, the
most recent glacial-interglacial cycle explains substantial fluctuations in the global distribution of temperate forests, with tem-
perate forest expansion during warmer periods (Hoogakker et al., 2016). The Last Glacial Maximum (approximately 20,000
years ago) was the last time when the terrestrial surface was primarily covered in ice (Gilliam, 2016; Hoogakker et al.,
2016), and the effects of past glacial events are still apparent in modern plant functional composition (Blonder et al., 2018).

Fire has also been a driving factor in temperate forests (Gilliam, 2016), and global fire regimes have varied with changing
climate, human population density, and vegetation shifts (Power et al., 2008). Generally, fire has been more important in
conifer-dominated than in most deciduous-dominated ecosystems (Gilliam, 2016). Significant disturbances, such as those
resulting from fire, can lead to abrupt ecosystem conversion lasting thousands of years (Calder & Shuman, 2017).

In addition to past disturbances, climate factors, such as precipitation, can also be a major factor driving species
composition (Zhu et al., 2010). For example, a study of vegetation dynamics in northern China during the Holocene,
which began 12,000 years ago, suggested that changes in species composition were driven by monsoon development
and differential responses of species to abiotic environmental changes (Liu, Yin, Hao, & Liu, 2014). Indeed, climate
and disturbance together played a role in shaping ecosystems in many places. In eastern North America, combined
influences from changing climate and fire likely led to changes in vegetation composition, from boreal species to hard-
woods, over the past 8000 years (Payette, Pilon, Fregeau, Couillard, & Laflamme, 2021).

Anthropogenic influences

While climate and disturbances were the earliest drivers of temperate forest distribution and composition, an understand-
ing of temperate forests must also incorporate more recent anthropogenic influences. Compared to other forested biomes
(e.g., tropical and boreal), temperate forests have had a particularly long history of human land use and land cover conver-
sion (Gilliam, 2016), with agriculture becoming an extensive land cover type in the temperate forest landscapes of
Europe, Russia, and China long before North America or Australia (Gilliam, 2016; Stephens et al., 2019). These influ-
ences are so deeply embedded in ecological history that disentangling climate effects on forest composition can be diffi-
cult. For example, in Europe, periods of deforestation over the past 4000 years have been linked to anthropogenic
influences (Novenko et al., 2019). In China, extensive forest alteration has been occurring for 6000 years (Gilliam, 2016).
Before European colonization, Indigenous peoples also managed temperate forest landscapes outside of Europe. One
prominent example of Indigenous land management was the application of fire, which affected biodiversity, habitat het-
erogeneity, and fire regimes (Hoffman et al., 2021). Indigenous management had effects at both local and regional
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scales. For example, the Hemish people managed the temperate ponderosa pine forests of southwestern North America
near their settlements through fire and fuelwood collection, directly affecting local fire regimes for hundreds of years
(Roos et al., 2021). Human impacts on fire regimes are also apparent before and after European colonization in eastern
Canada (Blarquez et al., 2018). In the Pacific Northwest and northern California, indigenous burning affected regional-
scale processes for thousands of years prior to European colonization, decoupling climate and fire, and maintaining cul-
turally important species (e.g., Quercus species) (Crawford, Mensing, Lake, & Zimmerman, 2015; Walsh, Duke, &
Haydon, 2018).

Indigenous land use impacts are not limited to those associated with fire. In the North American Pacific Northwest,
forest gardens created and managed by Indigenous peoples were characterized by higher levels of plant diversity than
surrounding unmanaged habitat more than 150 years after management, demonstrating a lasting positive effect of
Indigenous land use on temperate forest biodiversity (Armstrong, Miller, McAlvay, Ritchie, & Lepofsky, 2021). The
effects of Indigenous land management are less apparent in South America’s temperate forests, where vegetation com-
position had been relatively stable for thousands of years until European colonization (Villa-Martinez & Moreno,
2021). Indigenous people still manage or have tenure rights over a substantial portion of temperate forest ecosystems
(Garnett et al., 2018).

Contemporary temperate forests

While distinguishing between the effects of anthropogenic and natural disturbances has become increasingly difficult
(Ghazoul, Burivalova, Garcia-Ulloa, & King, 2015), we focus here on understanding how recent anthropogenic land
use is a key factor in determining the distribution and health of modern temperate forests. Thousands of years of human
land use and management in temperate forests have shaped the template upon which decisions for future management
will be based. This legacy of past management has left different landscapes better or maladapted for the future. Human
land use impacts in temperate forests include clearing land for crops, pasture, or settlements, timber harvest, and recrea-
tion. These uses can result in the degradation of forest health and negatively affect ecosystem services.

Historically, temperate forest loss was often driven by agricultural use, and in some cases, forest cover and agricul-
tural cover have directly opposed one another (Miao et al., 2013). This is evident when agricultural land is abandoned,
resulting in forest regrowth (Barbier, Burgess, & Grainger, 2010). However, in recent years (2001—2015), global
disturbance-driven temperate forest loss has been largely attributed to forest harvest, though this loss is typically not
permanent (Curtis, Slay, Harris, Tyukavina, & Hansen, 2018). As we enter an era of climate change, we must consider
how human land use shapes modern ecosystems. To provide this context, we describe a range of recent human land use
impacts in three distinct temperate forest regions: New England, United States, Chile, and Japan.

In New England (northeastern United States), European colonization was extensive by the late 18th to mid-19th cen-
turies, and the landscape experienced large-scale deforestation to clear land for agriculture (Fischer, Marshall, & Camp,
2013; Foster, 1992) (Fig. 9.2A). Most farms were abandoned by the late 19th century, and forest regeneration began

(A) (B)
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FIGURE 9.2 Temperate forests of New England (northeastern United States) were primarily cleared for agriculture by 1830 (A), followed by large-
scale farm abandonment by 1850 (B). All works are licensed for use under the Creative Commons attribution CC BY-ND. The license allows for redis-
tribution, commercial and non-commercial, as long as it is passed along unchanged and in whole, with credit to Harvard Forest.
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(Fischer et al., 2013; Foster, 1992) (Fig. 9.2B). As a result, the forested landscape was largely homogenized, and most
forested areas in New England are now secondary growth. Today, much of the region is forested. However, urbaniza-
tion is a more recent driver of deforestation trends (Fischer et al., 2013), and some forested areas in northern New
England are considered degraded for silviculture potential (e.g., commercial desirability) (Gunn, Ducey, & Belair,
2019).

Human land use impacts also include planting nonnative species for forest products. For example, in Chile, nonna-
tive pine plantations were established during the mid-20™ century (Toro & Gessel, 1999). Today, the conversion of
native forests to plantations is a major driver of land use change (Zamorano-Elgueta, Benayas, Cayuela, Hantson, &
Armenteras, 2015). Nonnative pines (e.g., Pinus radiata, Pinus contorta) have invasive potential, escaping plantations
and establishing in nearby landscapes. Although they are most likely to invade grasslands and disturbed areas (Curtis,
Pasquarella, & Bradley, 2019), they also impact native temperate forests, outcompeting native tree species (Pefia,
Hidalgo, Langdon, & Pauchard, 2008) and altering fire regimes by increasing vertical fuel continuity and fire severity
(Cobar-Carranza, Garcia, Pauchard, & Pefa, 2014). Today, nonnative pine plantations are extensive across southern
Chile (Curtis et al., 2019; Zamorano-Elgueta et al., 2015). However, some native forest regeneration in abandoned agri-
cultural areas has mitigated native forest loss (Zamorano-Elgueta et al., 2015).

In Japan, forest cover has remained relatively stable over the past 150 years at approximately 60% (Shoyama, 2008;
Shoyama et al., 2019; Spake et al., 2019). However, modern management practices have affected the composition of
Japan’s temperate forests. After World War II, many of Japan’s temperate deciduous forests were replanted as conifer-
ous plantations to meet timber demand (Miyamoto & Sano, 2008). By the 21* century, two-thirds of Japan was still for-
ested, but only about 17% of the total land area was considered natural forest (Shoyama et al., 2019). While old-growth
forests are typically considered a conservation priority, management in second-growth and plantation forests can be
conducted to enhance biodiversity and ecosystem services (Spake et al., 2019). As a result, today, most regional and
national forest plans in Japan manage for both ecological and forestry priorities (Nagaike, 2020).

Modern land use impacts across temperate forest ecosystems have led to substantial changes in forest composition
through uses, including agricultural clearing and farm abandonment, planting of native and nonnative timber planta-
tions, and more recently, urbanization and recreation. In addition to these direct land use influences, people also affect
temperate forest landscapes through anthropogenic climate change.

Early climate change impacts

Temperature and precipitation trends

Temperate forest ecosystems have experienced warming over the last several decades. As described in Chapter 3 (this
volume), the mean annual temperature has increased by 0.21 °C per decade between 1961 and 2015 across temperate
forest ecosystems (Iturbide et al., 2021). However, warming trends have varied geographically and seasonally. The
most significant temperature increases in most regions have occurred in winter. Across the globe, the surface tempera-
ture increased by 1.09 °C in 2011—-20 compared to 1850—1900, and heatwaves have become more frequent and intense
with recent warming (IPCC, 2021).

Mean annual precipitation has increased slightly across temperate forests (by 0.003 mm day ™' decade™' between
1961 and 2015) (Iturbide et al., 2021), and across areas for which there are sufficient data for analysis, heavy precipita-
tion events have increased in frequency and intensity since the 1950s (IPCC et al., 2021). Precipitation trends vary by
season and geographic region (see Chapter 3 for more detail). For example, temperate forests in Europe have seen slight
increases in precipitation across seasons. In contrast, temperate forests in western North America have experienced
slight declines in precipitation in all seasons except spring. However, slight increases in precipitation do not preclude
drought, especially with temperature increases.

Observed effects of warming on phenology and species distribution

Plant species in ecosystems worldwide have begun to respond to warming over the last several decades through alter-
ation of phenology, or seasonal timing of life history stages (Menzel et al., 2020; Parmesan, 2006; Piao et al., 2019;
Root et al., 2003). Recent studies have shown an earlier onset of spring as well as delays in the end date of autumn,
indicating that the growing season length is increasing (Menzel et al., 2020; Piao et al., 2019). For example, in Europe,
a meta-analysis that included over 500 plant species showed significant advances in spring phenological events, while
changes to autumn leaf coloring were less apparent (Menzel et al. 2006). If plants and animals respond differently to
environmental cues with climate change (e.g., air temperature, winter chilling), there may be mismatches in the timing
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of life-history events (Renner & Zohner, 2018). For example, shifts in leaf emergence in trees and shrubs and insect
phenology could alter insect outbreak cycles in a warming climate. Although empirical evidence of phenological mis-
matches related to insects with recent climatic warming is limited (Renner & Zohner, 2018), phenological mismatches
have been demonstrated for understory wildflowers in the northeast United States (Heberling, McDonough MacKenzie,
Fridley, Kalisz, & Primack, 2019).

With warming over the last several decades, studies have documented latitudinal and elevational shifts in species
distribution, some of which have involved movement to higher elevations or poleward (Boisvert-Marsh, Périé, & de
Blois, 2014; Chen, Hill, Ohlemiiller, Roy, & Thomas, 2011; Kelly & Goulden, 2008; Lenoir, Gégout, Marquet, De
Ruffray, & Brisse, 2008; Parmesan & Yohe, 2003; Parmesan, 2006; Savage & Vellend, 2015). Some studies have also
documented a shift of temperate forest ecosystems into the boreal zone (Evans & Brown, 2017). However, species
responses have been complex, and other studies have documented species movement to lower elevations (or no shift)
(Crimmins, Dobrowski, Greenberg, Abatzoglou, & Mynsberge, 2011; Evans & Brown, 2017).

Disturbance trends

Drought is a natural occurrence that plays a major role in limiting species’ distributions worldwide and is a major dis-
turbance in temperate forests. Droughts can occur slowly, after many months to years with no or extremely low precipi-
tation, or can occur rapidly, after weeks of high temperatures and limited precipitation (flash drought) (Otkin et al.,
2018). Ecological drought is the most relevant to temperate forests, as this disturbance pushes ecosystems and services
beyond their adaptive capacity, resulting in socio-ecological feedback (Crausbay et al., 2017). Ecological drought is
assessed by precipitation levels, soil moisture, evapotranspiration, and vegetation health (Crausbay et al., 2017; IPCC
et al,, 2021). In some regions, particularly areas with temperate forests such as western North America, much of
Europe, East Asia, and southern Australia, climate change has resulted in increased observed ecological droughts due to
increases in evapotranspiration with warmer temperatures (IPCC et al., 2021).

Tree mortality events have been linked to drought in temperate forests around the world (as summarized in Allen
et al., 2010; Allen, Breshears, & McDowell, 2015), including temperate forests in South America (Suarez & Kitzberger,
2008) and in several different regions of Europe (e.g., Bréda, Huc, Granier, & Dreyer, 2006; Carnicer et al., 2011;
éater, 2015; Dobbertin et al., 2005; Schuldt et al., 2020; Senf, Buras, Zang, Rammig, & Seidl, 2020; Solberg, 2004).
Drought-related tree mortality and the frequency of some drought-related disturbance events have increased in recent
decades (Allen et al., 2010, 2015). However, natural variability accounts for most observed droughts (Williams et al.,
2015). Extreme-duration drought has increased in the western United States over the last 40 years, with increases in dry
intervals between precipitation events (Zhang et al., 2021). In addition to tree mortality, drought stress has been shown
to reduce tree growth and result in the dieback of temperate forest species (Bréda et al., 2006; D’Orangeville et al.,
2018), and drought events have been linked to decreases in net primary productivity globally (Zhao & Running, 2010)
and regionally (Zhang et al., 2012).

Trees stressed by drought and higher temperatures (i.e., hotter droughts) are more susceptible to damage from some
native and invasive insects and pathogens. For example, California’s recent large-scale tree mortality event was attrib-
uted to severe drought and related insect damage (Young et al., 2017). Since 1990, western North America has experi-
enced an extensive outbreak of mountain pine beetle (Dendroctonus ponderosae) across 20 million ha (Fig. 9.3A). This
large outbreak has been attributed to warming temperatures, in combination with the susceptibility of large areas of old-
er, low-vigor lodgepole pine (Bentz et al., 2010; Hicke, Logan, Powell, & Ojima, 2006; Logan, Régniere, & Powell,
2003), and it has also caused mortality in some ponderosa pine forests (Fettig, Gibson, Munson, & Negron, 2014). In
Europe, recent impacts from bark beetles have been linked to increases in drought and heat stress (Marini et al., 2017).
Wind is also a significant disturbance in some temperate forests (Fig. 9.3B), and synchronous outbreaks of bark beetles
in temperate forests of central Europe have been attributed to drought and wind events (Senf & Seidl, 2018). Overall,
combined effects from disturbance will likely lead to increased tree stress and mortality in most temperate forest
regions (Millar & Stephenson, 2015).

Recent trends in the amount of area burned vary among temperate forest regions (Andela et al. 2017; Hislop et al.
2020). Fire activity in forests of the western United States has increased since the early 1980s with increasing vapor
deficits (Fig. 9.3C) (Higuera & Abatzoglou, 2021) and recently expanded in higher elevation forests due to warming
(Alizadeh et al., 2021). Temperate rainforests in Australia, Patagonia, and the West Coast of the United States have all
experienced large fires driven by extreme downslope winds in recent years (Abram et al., 2021; Higuera & Abatzoglou,
2021; McWethy, Garreaud, Holz, & Pederson, 2021). Trends in the area burned have been relatively stable in deciduous
forests of Asia and central and northern Europe (Andela et al. 2017), although nonfire-prone areas in central and
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FIGURE 9.3 (A) Tree mortality from mountain pine beetle, indicated
by the brown trees, is present in the Blue Mountains, Oregon, United
States, in 2015. (B) Wind disturbance topples trees in Italy during the
2018 Vaia storm. (C) The Pioneer Fire in Boise National Forest, Idaho,
United States, where low late-summer precipitation in 2016 facilitated
fire spread to more than 25,000 ha. (A): USDA Forest Service, Region 6,
State and Private Forestry, Forest Health Protection, Central Oregon
Insect and Disease Service Center by Rob Flowers. (B): Marco Mina.
(C): Forest Service photo by Kari Greer.

northern Europe have seen more fire in recent decades (European Environment Agency, 2021). Despite some large fire
years with exceptionally high area burned, Mediterranean portions of southern Europe have experienced a slightly
decreasing trend in area burned between 1985 and 2011, primarily due to fire management and exclusion efforts (Turco
et al., 2016). Similarly, the eastern United States has seen limited increases in wildfire activity, except for a few exten-
sive fires in the Coastal Plain conifer forests and the 2016 wildfire event in mixed hardwood-conifer forests of the
southern Appalachians, which was driven by severe drought in late fall (Williams et al., 2017).

Projected effects of climate change on temperate forest ecosystems
Projected changes in temperature and precipitation

There is high confidence that climate change will result in increased global temperatures (IPCC et al., 2021). It is likely
that global warming of 1 °C—2 °C will occur during the 21st century without significant greenhouse gas mitigation in
the next several decades. Under a very high greenhouse gas emissions scenario (SSP5-8.5), average global surface tem-
peratures may increase by 3.3 °C—5.7 °C by the end of the century (compared to 1850—1900) (IPCC et al., 2021). In
temperate forest regions, Europe and West Central Asia are projected to warm the most by the end of the century, with
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increases in temperature of 5.6 °C and 6.2 °C, respectively, under the SSP3-7.0 emissions scenario. Central Asia is
expected to warm the most by the end of the century, warming by 6.2 °C. South America is projected to warm the least
by the end of the century (3.7 °C under the SSP3-7.0 emissions scenario) (Fig. 9.4). With temperature increases, heat
extremes and heatwaves will likely increase in frequency and intensity, as will heavy precipitation events and ecological
droughts (IPCC et al., 2021).

Precipitation changes are more uncertain than those for temperature because of uncertainty in projecting changes in
the large-scale circulation that affects the formation of clouds and precipitation (Shepherd, 2014). At a broad scale, pre-
cipitation is projected to increase for North America, Europe, and Central Asia, and precipitation decreases are pro-
jected for South America and Australia (relative to the 1850—1900 baseline; see Chapter 3), but projections vary
regionally. South America is projected to have the most significant percent decrease in precipitation (—11.4%).
However, across much of the temperate forest biome (even in many areas projected to receive more precipitation), soil
moisture is projected to decrease with increased temperatures and increased evapotranspiration (IPCC et al., 2021).

Disturbances

Drought

Drought severity, frequency, and duration are projected to increase with higher temperatures. As a result, ecological
drought is projected to increase in areas with temperate forests, including western and central North America, south-
western South America, western and central Europe, the Mediterranean, and eastern and southern Australia (IPCC
et al., 2021). Climate projections indicate that droughts will occur in conjunction with higher temperatures, resulting in
hotter droughts. Hotter droughts are expected to have greater direct and indirect impacts on forests than historically
cooler droughts (Allen et al., 2015; Millar & Stephenson, 2015). Even with above-normal precipitation, temperature
increases will result in an exponential increase in atmospheric water demand and vapor pressure deficit (a key metric of
forest drought stress) (Breshears et al., 2013; Williams et al., 2013).

In temperate forests, drought impacts are not consistent. Drought vulnerability varies among species (Blackman,
Brodribb, & Jordan, 2009; Camarero, Colangelo, Gazol, & Azorin-Molina, 2021; Nardini, Battistuzzo, & Savi, 2013;
Negret, Pérez, Markesteijn, Castillo, & Armesto, 2013), and generally, deciduous trees are more sensitive to drought than
conifers (Choat et al., 2012). In Mediterranean forests, the sensitivity of tree species to drought located in the same region
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FIGURE 9.4 Projections for temperature, precipitation, and fire changes vary across temperate forests (green). Temperature and precipitation indi-
cate projected percent change from an 1850—1900 baseline scenario (see Chapter 3). Fire projections are based on published studies included in this
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was dependent on microclimates, with trees on dry sites being more sensitive than those in wet sites (Gazol et al., 2020).
Similarly, there was greater mortality after an extreme drought in California in hotter and drier areas (Young et al. 2017).
Droughts may also negatively affect the ability of forest microclimates to provide buffers to extreme climatic events in
cases where soil moisture is reduced (Davis, Dobrowski, Holden, Higuera, & Abatzoglou, 2019).

Fire

Future increases in fire activity (e.g., area burned, fire size) are anticipated in many temperate forest regions as climatic condi-
tions warm, and droughts become more common (Clark, Mills, Brown, Harris, & Abatzoglou, 2021; De Rigo, Liberta, Durrant,
Vivancos, & San-Miguel-Ayanz, 2017; Gao et al., 2021; Krawchuk, Moritz, Parisien, Van Dorn, & Hayhoe, 2009; Liu,
Stanturf, & Goodrick, 2010). Most studies rely on statistical models of recent fire activity, and project changes in different
aspects of fire or the fire environment at global or regional scales. These studies assume that the primary pathway to change
will be based on climate alteration of fuel aridity as the relationships among climate, fuel, and fire activity are well established
by studies of recent fires. However, changes in these relationships, and variation across scales, may lead to differing short- and
long-term effects on fire regimes (Kennedy, Bart, Tague, & Choate, 2021). In addition, changes in ignition sources, suppression
efforts, and characteristics of fuel and vegetation are less certain but will play an essential role in future fire activity (Syphard,
Sheehan, Rustigian-Romsos, & Ferschweiler, 2018). Projections for future fire severity are also less specific, as most studies do
not include changes in fuel amount or potential shifts in vegetation that may result in alteration of recent fire regimes.

Seasonally dry forests of the western United States and Mediterranean regions of southern Europe are projected to experi-
ence the most significant increases in fire activity. Dry conifer forests of the inland western United States are projected to expe-
rience an increase in area burned (Littell, McKenzie, Wan, & Cushman, 2018), along with a 300% to 600% increase in the
potential for wildfires larger than 5000 ha (Barbero, Abatzoglou, Larkin, Kolden, & Stocks, 2015). Also, in the western United
States, warmer and drier conditions have contributed to an increase in area burned at high severity (Parks & Abatzoglou, 2020).
However, live fuel is often a better predictor of fire severity in these regions than weather and climate (Parks et al., 2018). In
Mediterranean parts of southern Europe, greater seasonal drought effects on fuel moisture and increased weather-driven forest
fire danger is projected under RCP8.5 (De Rigo et al., 2017), along with a greater likelihood of heat-induced fires (Ruffault
et al., 2020). In Greece, model results project risk of large wildfires that escape initial attack will increase under the A1B sce-
nario (Kalabokidis et al., 2015). In Portugal, projections with the B1 scenario project an increase of 7% to 11% in the burned
area by the middle and end of the 21st century, respectively (Pereira, Calado, DaCamara, & Calheiros, 2013).

Temperate rainforests in Australia, the Pacific Northwest, and western Patagonia are all expected to experience an
increase in climatic conditions conducive to more fire activity in the future. The area burned in moist forests of the
Pacific Northwest is projected to increase by 300%—500% (Mote et al., 2014), and mean fire return intervals are pro-
jected to decrease from 150 to 60 years under RCP8.5 (Gao et al., 2021). Results from a Dynamic Global Vegetation
Model (MC2) agree on increases in fire frequency, and also suggest increased fire severity in moist forests of the
Pacific Northwest (Rogers et al., 2011). In southeastern Australia and Tasmania, the Fire Weather Danger Index (FFDI)
is projected to increase with longer fire seasons by 2100 under the Al scenario (Clarke, Smith, & Pitman, 2011; Fox-
Hughes, Harris, Lee, Grose, & Bindoff, 2014). A more recent study using RCP8.5 projected a 10%—20% increase in
the FFDI with longer fire seasons in southeastern Australia (Clark et al., 2021). Future projections of fire activity in
Patagonia are limited. However, wildfire activity is expected to increase based on projected changes in drought
(Gonzalez, Gomez-Gonzalez, Lara, Garreaud, & Diaz-Hormazabal, 2018), which may be amplified by interactions
among sea surface temperatures and regional wind patterns (Holz et al., 2017).

Temperate forests in eastern North America, northern Europe, and China have experienced less fire than those in other
regions, and projections for the future vary. Gao et al. (2021) project a 75% to >125% increase in the probability of fire in the
eastern U.S. under RCP8.5 due primarily to warmer temperatures. Conifer forests in the Coastal Plain of the southeastern U.S.
are projected to experience a 500% increase in the potential for wildfires larger than 5000 ha. In comparison, forests of the
southern Appalachians are expected to experience an increase of 75%—100% (Barbero et al., 2015). Moderate increases in fire
danger are projected in central Europe compared to those in the southern Mediterranean parts of Europe, with little change in
northern Europe under RCP8.5 (De Rigo et al., 2017). Projections of fire occurrence probability agree between RCP2.6 and 8.5,
and show little change in the coming century, except for cooler mixed forests in northern Europe (Wu et al., 2020).

Invasive plants, insects, and pathogens

Invasive plants, insects, and pathogens are a significant disturbance in temperate forest ecosystems. Climate change
will interact with these species by facilitating new species introductions, geographic range shifts, and altering species
impacts and native ecosystem susceptibility. Temperate ecosystems may be disproportionately impacted by invasives
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relative to tropical ecosystems, as they are primarily located in the global north and tend to be recipients of nonnative
species, partly due to high imports (Turbelin, Malamud, & Francis, 2017). Furthermore, cold-limited tropical and sub-
tropical species introduced to temperate biomes may be able to establish and spread as the climate warms, exacerbating
existing invasions and prompting new invasions (McGlone, Walker, Hay, & Christie, 2010; Spear, Walsh, Ricciardi, &
Zanden, 2021). Here we discuss the potential arrival of new invaders, expected trends for range shifts, and changes to
impacts for invasive plants, insects, and pathogens in a changing climate.

Globally, the rate of invasive species introductions has not slowed (Seebens et al., 2017), suggesting the potential
for new invasions remains high. Invasive plants are introduced both intentionally and unintentionally, with intentional
insect and pathogen introductions being less common. Some climate change mitigation strategies may prompt the inten-
tional introduction of nonnative species. For example, candidate species for biofuels include nonnative grasses capable
of invading temperate forests (Canavan et al., 2019). Unintentional introductions of “hitchhiking” species may occur as
a reduction in sea ice opens new shipping routes, offering more direct and rapid transport of nonnative species to new
ecosystems (Pyke et al., 2008). Climate change may also alter travel patterns (Hellmann, Byers, Bierwagen, & Dukes,
2008), and unintentional introductions in places with high levels of international travel, such as Europe, may see a rise
in new species introductions (Kovats et al., 2014).

Invasive species may shift their geographic ranges to track a changing climate. Projecting range shifts for invasive plants
have mainly relied on species distribution models (SDMs). One analysis using species distribution models for nearly 900 ter-
restrial invasive plant species found that in the United States, 80% of invasive plant species’ distributions would remain
stable under climate change through 2050, while the remaining 20% would see northward shifts, including many species
moving into northeastern temperate forests (Allen & Bradley, 2016). In Europe, it is also likely that invasive species will
expand their ranges (Kovats et al., 2014). Globally, suitable climate for the 100 worst invasive species is expected to increase
more in temperate forests than in other biomes (Bellard et al., 2013). Although the utility of species distribution models can
be limited due to their tendencies to over/under-predict potential ranges (Sinclair, White, & Newell, 2010; Velazco, Ribeiro,
Laureto, & Junior, 2020), they are nevertheless a valuable tool for conservation planning (Sofaer et al., 2019).

Due to climate change, some invasive forest insects are also expected to shift their ranges. For example, increasing
temperatures may result in decreased winter mortality and expanded northern range limits for the invasive insect hem-
lock wooly adelgid (McAvoy, Régniére, St-Amant, Schneeberger, & Salom, 2017; Vose et al., 2018). Warmer tempera-
tures have also facilitated the movement of bark beetles to more northern latitudes and higher altitudes, resulting in
outbreaks in forests in which they have been historically rare (Logan & Powell, 2001; Logan, Macfarlane, & Willcox,
2010). However, mismatches in host and insect and pathogen range shifts could decrease invasive species abundance,
even if the climate becomes more suitable (Dudney et al., 2021).

Climate change may alter invasive species impacts by changing both the invader’s competitive ability and the recipi-
ent ecosystem’s susceptibility. For example, increased competitive ability due to higher temperatures and atmospheric
CO; (Sorte et al., 2013), combined with disturbances such as fire, may allow some nonnative grasses to invade temper-
ate forest ecosystems, providing potential for ecosystem conversion (e.g., Ventanata dubia in the northwest United
States; Kerns et al., 2020). Invasive plant impacts may also change, as they are more likely than natives to experience
phenological changes to track a changing climate (Finch et al., 2021; Wolkovich et al., 2013). However, direct impacts
from climate change are likely dependent on the invasive species and recipient ecosystem. Therefore, it is difficult to
assess whether climate change will benefit invasives more than native species (Finch et al., 2021).

Climate change effects on invasive insects and pathogen impacts are difficult to predict (Dukes et al., 2009; Tobin, Parry, &
Aukema, 2014; Vose et al., 2018). Most work in temperate forests focuses on a relatively small subset of species. Warming
temperatures are expected to benefit some invasive insects directly (Finch et al., 2021), particularly wood-boring insects, if lon-
ger warm seasons increase brood numbers (Tobin et al., 2014). In addition, changes in precipitation are projected to affect
pathogens. For example, in Iowa (central United States), increases in bur oak blight may result from increased spring precipita-
tion levels (Harrington & McNew, 2016). However, pathogens in many places may be limited by drought conditions (Dukes
et al., 2009). Regardless of direct climate impacts on invasive insects and pathogens, temperature- and drought-stressed trees
will generally be more susceptible to damage (Jactel et al., 2012; Millar & Stephenson, 2015).

Ecosystem effects

Shifts in spatial distribution

Globally, the temperate forest biome is highly vulnerable to vegetation shifts due to climate change (Gonzalez, Neilson,
Lenihan, & Drapek, 2010). These shifts can be catalyzed by the disturbance events described above (Allen et al., 2015).
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The distribution of temperate forest species is generally expected to shift poleward and to higher elevations as the cli-
mate warms. For temperate forests in the northern hemisphere, these shifts would involve species moving into the
southern portions of the current boreal zone. In North America, undeveloped areas that connect the temperate and
boreal forests are still largely intact, providing ample opportunity for species migration relative to Europe and Asia,
where human land use has resulted in more fragmented landscapes (Evans & Brown, 2017; Goldblum & Rigg, 2010;
Venter et al., 2016).

Despite high levels of forest connectivity in eastern North America, projections suggest that temperate species will
still face difficulty moving into current boreal zones (Vissault, Talluto, Boulangeat, & Gravel, 2020), creating a lag
between boreal retraction and temperate species expansion (Taylor et al., 2017). However, as temperate species have
more time to move into open niches left by retracting northern hardwood and boreal species, range shifts may become
more apparent by 2300 (Wang, He, Thompson, Fraser, & Dijak, 2017). It is important to note that even without climate
change, some species would still shift their ranges (Thom et al., 2017). Other factors driving the distribution of species
include biotic interactions (e.g., herbivory, seed predation, competition), edaphic constraints, disturbance, and land use
history. In some cases, nonclimatic factors may slow species’ response to climate change (Brown & Vellend, 2014), or
even drive counter-intuitive distribution shifts (Foster & D’ Amato, 2015).

Unlike in the northern hemisphere, temperate forests in South America and Australia already extend to the edge of
their terrestrial range (Fig. 9.1). However, species in these forests are expected to follow the same trends in geographic
shifts. In Australia, models (to 2085) projected temperate eucalypt species would shift southward (Butt, Pollock, &
Mcalpine, 2013), unlike tropical, subtropical, and desert species, which were projected to shift eastward and westward
to track changing precipitation (Butt et al., 2013). Similar shifts are expected in South America, where mountainous
north-south oriented forests provide promising opportunities for species to shift their ranges into more suitable climates
(Alarcon & Cavieres, 2018). Modeling studies to 2050 projected substantial southward shifts for Nothofagus species,
although ground and epiphytic ferns were less likely to follow this pattern (Alarcon & Cavieres, 2018).

Considering microclimates in projections for understory and other nontree species like ferns will be important for
understanding climate change effects on these vegetation communities (De Frenne et al., 2021; Landuyt et al., 2018).
Although individual species are projected to shift to track a changing climate, differing species responses to a changing
climate will make entire forested ecosystem shifts unlikely. Some species may persist within their current distributions,
while others may reach their climatic limits (Walentowski et al., 2017), leading to changes in ecosystem composition.
Additionally, microclimates in temperate forests may provide climate refugia, particularly for understory species, allow-
ing them to persist in their current ranges (Lenoir, Hattab, & Pierre, 2017). Differences in species’ need and ability to
shift their ranges will lead to new ecosystem assemblages. Existing assemblages may be reshaped if species dominance
changes with altered competitive ability under new environmental conditions (Ammer, 2019). Disturbances will likely
be the catalysts for shifts in species composition.

Phenological shifts

Climate change is expected to result in shifts in temperate forest phenology, and changes in phenology may produce cli-
mate change feedbacks, such as changes in CO, uptake or albedo (Pefiuelas, Rutishauser, & Filella, 2009). Plant phe-
nology is typically driven by photoperiod, chilling days, and warming days. While all cues are important for both
spring budburst and leaf out, chilling is most important for budburst, and warm-temperature thermal forcing and photo-
period are most important for leaf out (Flynn & Wolkovich, 2018; Polgar & Primack, 2011).

Projected climate change impacts are often determined based on modeling studies and experiments that expose
plants to novel temperature and photoperiod conditions (Polgar & Primack, 2011). In addition to modeling and experi-
mental work, observational studies that use anomalously warm years can also lend insight into potential changes to phe-
nology (Friedl et al., 2014). For example, a modeling study using moderate climate-warming scenarios in the United
States projected that budburst would be an average of 8.3 days earlier by 2100, with the largest changes observed at
northern latitudes (Jeong, Medvigy, Shevliakova, & Malyshev, 2013). These changes to early-season phenology, such
as budburst, are also good indicators of climate effects on late-season phenological events (Ettinger, Gee, &
Wolkovich, 2018; Zani, Crowther, Mo, Renner, & Zohner, 2020). These general projections are consistent with the
Pacific Northwest region of the United States, where models projected that huckleberry would flower on average 21
days earlier and would fruit on average 23 days earlier by 2100 (Prevéy, Parker, Harrington, Lamb, & Proctor, 2020).
While a longer growing season may be advantageous to plants in some regards, cold events late in spring may damage
plants that shift to earlier spring leaf out or flowering (Xie, Ahmed, Allen, Wilson, & Silander, 2015).
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Although phenological changes are expected, projections for future phenology are challenging due to complex inter-
actions with precipitation, photoperiod, and potential decreases in days that meet a chilling requirement (Hijioka et al.,
2014). Mild warming that leads to reductions in an adequate number of chilling days could lead to later spring green-up
(Chmura et al., 2011; Hijioka et al., 2014; Xie et al., 2015), and effects may vary for species across latitudes and eleva-
tions. For example, models suggested that coastal Douglas-fir in the Pacific Northwest would track climate warming at
higher elevations but not lower elevations, likely due to a loss of chilling days at lower elevations (Ford, Harrington,
Bansal, Gould, & St. Clair, 2016).

The timing of warming may also play a role in phenological outcomes, especially when considered with other phe-
nological drivers. For example, mismatches in temperature and photoperiod for Australian eucalypt species were prob-
lematic when temperature thresholds were reached before day length requirements (Rawal, Kasel, Keatley, & Nitschke,
2015). Phenological responses also vary based on species, growth form, and latitude (Flynn & Wolkovich, 2018; Jeong
et al., 2013; Xie et al., 2015), further complicating robust projections on phenological effects.

Changes in forest productivity

Effects of climate change on forest productivity will likely vary by forest type and elevation, and with changes in dis-
turbance regimes (Reyer et al., 2017). In water-limited forests where soil water availability is often low during the
growing season (e.g., many Australian eucalypt forests, Nothofagus forests of South America, low-elevation forests in
the western United States, and southern European forests), tree growth will likely decrease in a warmer climate
(Bowman, Williamson, Keenan, & Prior, 2014; Latta, Temesgen, Adams, & Barrett, 2010; Venegas-Gonzalez, Jufient,
Gutiérrez, & Filho, 2018). Conversely, in energy-limited forests where the growing season is restricted by snow and
cold temperatures (e.g., most forests in the eastern United States and Canada, northern European forests, and high-
elevation temperate forests), tree growth will likely increase in a warmer climate (Latta et al., 2010; Marcinkowski,
Peterson, & Ettl, 2015; Wang et al., 2017). However, drought and extreme temperatures could limit growth increases in
energy-limited forests by causing water-related and/or heat-related stress on forests (Anderegg et al., 2015; Hember,
Kurz, & Coops, 2017).

Increased levels of CO, in the atmosphere can increase tree growth through carbon fertilization (e.g., Norby et al.,
2002). However, nutrient and water limitations can limit or negate growth increases (Norby, Warren, Iversen, Medlyn,
& McMurtrie, 2010; Oren et al., 2001). In addition, it is unclear if fertilization effects will continue as forests age
(Norby et al., 2010). Air pollutants (e.g., ground-level ozone) may also negate CO, fertilization where concentrations
are sufficiently high to be toxic to plants, such as near urban areas (Pan, Birdsey, Hom, & McCullough, 2009).
Warming and increased atmospheric CO, may also affect belowground biogeochemical processes, such as carbon and
nitrogen cycling (Melillo et al., 2017), thereby affecting forest productivity (Campbell et al., 2009).

Effects of climate change on temperate forest ecosystem services

Ecosystem services are the benefits that ecosystems provide to people and these services vary across ecosystems
(Millennium Ecosystem Assessment Program, 2005). Here we have chosen to focus on climate impacts on timber, water
quality and quantity, recreation, and carbon storage, as these have been identified among the major services provided
by temperate forest ecosystems (Gonzalez et al., 2005). As a result, they have become a significant consideration in
temperate forest management decisions (Millar & Stephenson, 2015).

Timber

With increased temperatures and atmospheric CO,, forest productivity and biomass accumulation may increase (Tian,
Sohngen, Kim, Ohrel, & Cole, 2016), leading to increases in timber production in some locations (e.g., at higher eleva-
tions and latitudes; Fig. 9.5). However, moisture limitations, ecological disturbances, and their interactions may reduce
forest growth in other locations (e.g., low elevations). Climate change will likely increase wildfire area burned
(Krawchuk et al., 2009), drought severity (IPCC et al. 2021), and insect outbreaks (Millar & Stephenson, 2015). These
disturbances are often associated with significant tree mortality and decreases in forest growth (e.g., Reyer et al., 2017).
These disturbances also have variable effects on tree recruitment events. For example, severe fire may promote unnatu-
rally dense ponderosa pine stands (Savage & Mast, 2005), and drought may decrease ponderosa pine regeneration by
the end of the century (Petrie et al., 2017).
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FIGURE 9.5 Climate change effects, in
white boxes, have variable projected effects
on ecosystem services. Blue arrows indicate a
positive effect, while red arrows indicate a
negative effect. Dotted lines indicate less cer-
tainty about the effect.

Carbon Storage

Though harvests can increase in the short term through the salvage of dead and dying trees (Tian et al., 2016), long-
term timber availability will likely decrease in locations that experience increased moisture limitations and/or more fre-
quent disturbance (Warziniack et al., 2018). Over decades, soil moisture deficits and changing disturbance regimes may
cause the location of some desirable timber species to shift. For example, valuable European timber species may
decrease in abundance with climate change (Hanewinkel, Cullmann, Schelhaas, Nabuurs, & Zimmermann, 2013).
Warmer winters and associated freezing and thawing may also increase forest road erosion and landslides, making win-
ter harvest more difficult and expensive, and potentially reducing timber supply (Karl, Melillo, Peterson, & Hassol,
2009). However, adaptation in timber and wood product markets may offset the potentially harmful effects of climate
change (Tian et al., 2016).

Water quality and quantity

Forested watersheds provide water for municipalities, agriculture, power generation, recreation, spiritual values, and in-
stream flows for aquatic biota. In a warming climate, water quality and quantity will be affected by increased tempera-
tures, disturbance, and changes in snow (amount, timing, and melt). In watersheds affected by snow, earlier and lower
spring peak flows result in lower streamflows later in the summer (Stewart, Cayan, & Dettinger, 2005). As a result,
summer surface water shortages are likely in dry years in some locations (Li, Wrzesien, Durand, Adam, & Lettenmaier,
2017).

Stream temperatures are expected to increase in response to increased air temperature and lower summer stream-
flows (Isaak et al., 2016). Stream temperatures affect water solubility and biogeochemical cycles, which determine the
organisms that can survive in water, potentially increasing municipal water treatment costs (Warziniack et al., 2018). In
places where burned area increases with climate change, more sediment deposition and debris in streams, lakes, and
reservoirs will negatively affect water quality (Fig. 9.5; Luce et al., 2012). In addition, extreme weather and a higher
rain: snow ratio may increase runoff from agricultural fields and add pesticides and fertilizers to streams. These changes
in water quality will likely decrease the availability and increase the cost of accessing clean water in some temperate
forest regions.

Recreation

Warming temperatures with climate change will likely increase overall participation in outdoor recreation in temperate
forest ecosystems (Fig. 9.5; Bowker et al., 2013). However, the length and quality of the winter recreation season will
likely be reduced with climate change (e.g., Burakowski et al., 2022). Lower-elevation sites may become unsuitable for
snow-based recreation with warming, and high-elevation sites will likely experience more variability in season length
(Hand & Lawson, 2017).

In contrast, climate change is expected to result in a more extended season for warm-weather activities. Snow and
ice will melt earlier, making some sites accessible earlier in the spring, and temperatures will be higher during the
autumn and spring “shoulder” seasons, making warm-weather activities more attractive (Hand & Lawson, 2017; Hewer,
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Scott, & Fenech, 2016). Extreme summer temperatures can reduce participation during the hottest weeks of the year
(Fig. 9.5; Bowker et al., 2012; Hewer et al., 2016), shifting demand to cooler weeks or to alternative sites less exposed
to extreme temperatures (e.g., lakes and streams), though cooler forest microclimates may still be amenable at these
times. Wildfire activity may reduce demand in some years because of degraded site desirability, impaired air quality
from smoke, and limited site access. Heavy rainfall, landslides, and rockfall caused by melting ice could damage infra-
structure (e.g., roads, trails, bridges), potentially causing safety risks and reducing the quality of visitor experiences
(Proebstl-Haider, Hoedl, Ginner, & Borgwardt, 2021). Recreation visits to sites with highly valued natural characteris-
tics (e.g., glaciers and charismatic wildlife species) may also decrease in the future if the quality of those sites is threat-
ened (Scott, Jones, & Konopek, 2007).

Overall, the adaptive capacity among recreationists is high as they can switch to alternative sites, alter the timing of
visits, and alter capital investments (e.g., gear). Thus, recreational use will likely continue to be high in temperate forest
ecosystems, although shifts in the timing and type of recreation activities will likely be necessary for some recreationists.

Carbon storage

Climate change may decrease carbon storage in many temperate forests due to higher temperatures, increasing water
stress, and disturbances such as fire and insect outbreaks (Fig. 9.5; Kurz et al., 2008; Pugh, Arneth, Kautz, Poulter, &
Smith, 2019; Seidl, Schelhaas, Rammer, & Verkerk, 2014). Forest productivity is one of many determinants of forest
carbon storage capacity (McCarthy, Oren, Finzi, & Johnsen, 2006). As discussed above, forest productivity may
increase in some forests due to longer growing seasons or CO, fertilization, but those increases may be offset by nutri-
ent limitations, drought, and other disturbances (Norby et al., 2010).

Globally, disturbances, such as fire and wind, are negatively associated with carbon storage (Thom & Seidl, 2016),
and the type, extent, frequency, and severity of disturbance are likely to be key in determining the future of carbon in
forests under changing climate (Williams, Gu, MacLean, Masek, & Collatz, 2016). Severe disturbances, such as some
wildfires, often result in the release of carbon into the atmosphere, reduced stand productivity, transfer of carbon from
live to dead pools, and increased decomposition (Williams et al., 2016). Forest regrowth after disturbance results in car-
bon uptake. However, even if growth rates rise in a changing climate, increases in carbon storage in biomass will likely
be small compared to losses that occur with increased disturbance (Kurz et al., 2008; Pugh et al., 2019; Seidl et al.,
2014; Wear & Coulston, 2015).

Land use decisions also influence forest-based carbon storage, with the conversion of forestland contributing to CO,
emissions. It is unclear whether emissions from deforestation will outweigh increased carbon storage from afforestation
in the future (Coulston, Wear, & Vose, 2015). Overall, U.S. and European forests are expected to continue to store car-
bon at declining rates because of land use and lower CO, uptake in aging forests (Nabuurs et al., 2013; Oswalt, Smith,
Miles, & Pugh, 2014; Seidl et al., 2014; Wear & Coulston, 2015).

Adaptation to climate change

Adaptation overview

Adaptation, “the process of adjustment to actual or expected climate and its effects” (Noble, Huq, & Anokhin, 2014), is
critical to maintain resilient ecosystems and sustain natural resources into the future. The process of climate change
adaptation consists of four general steps (Peterson et al., 2011), including (1) synthesis and review of current climate
change science and integration of this information with local management and social conditions and contextual factors
(review); (2) evaluation of climate change sensitivities, future climate exposure, and adaptive capacities for key ecosys-
tems or natural resource areas (evaluate); (3) development and implementation of adaptation options (resolve); and (4)
monitoring the effectiveness of adaptation actions (observe) and adjust as needed.

Information from the first two steps is typically integrated into climate change vulnerability assessments that describe the
exposure, sensitivity, and adaptive capacity of specific resource areas, ecosystems, or species to climate change stressors.
Vulnerability assessments must account for an uncertain future climate and consider many aspects of sustainable forest manage-
ment (Williamson, Campagna, & Ogden, 2012). Assessments facilitate adaptation options and can also facilitate engagement in
the adaptation process by raising awareness of possible climate change risks (Halofsky, Andrews-Key, et al., 2018).

The third step is to develop climate change adaptation strategies and tactics. Adaptation options vary in scope and
specificity; adaptation strategies describe how they can be employed, but they are still broad and general in their appli-
cation across ecosystems. Tactics are more specific adaptation responses and can provide prescriptive directions for
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actions to be applied on the ground. At the broadest level, climate change adaptation strategies can be differentiated
into four main types: (1) resistance, (2) resilience, (3) response, and (4) realignment (Millar, Stephenson, & Stephens,
2007). The resistance strategy includes tactics that forestall impacts to protect highly valued resources. Resistance strat-
egies are only a short-term solution, but often describe the intensive and localized management of rare and isolated spe-
cies (Heller & Zavaleta, 2009). The resilience strategy includes tactics that improve the capacity of systems to return to
desired conditions after disturbance. The response strategy employs tactics to facilitate the transition of systems from
current to new desired conditions. Finally, the realignment strategy uses restoration practices to ensure the persistence
of ecosystem processes and functions in a changing climate.

The fourth step in the adaptation process is to monitor effectiveness and adjust if needed. Because of the complexity
and uncertainty associated with climate change, an iterative implementation, monitoring, and modification (or adaptive
management) will likely result in the most effective adaptation (Littell, Peterson, Millar, & O’Halloran, 2012; Millar
et al., 2007; Peterson et al., 2011).

Adaptation options in temperate forests

There has been increasing focus on adaptation to climate change in forests over the last 10—15 years, and there are many
options to adapt temperate forest management to a changing climate. Promoting biological diversity, including species,
genetic, age, structural, and landscape diversity, is a frequently suggested adaptation strategy to increase forest resilience to
climate change (Halofsky, Andrews-Key, et al., 2018; Messier, Puettmann, & Coates, 2013; Seidl, Spies, Peterson, Stephens,
& Hicke, 2016). Areas with high species and genetic diversity are more likely to have species that can respond to or rebound
after a range of disturbances, thereby allowing the ecosystem as a whole to better maintain functions in a changing climate
(Dymond et al., 2014; Messier et al., 2019). Increasing the diversity of functional traits, such as shade tolerance, tree height,
seed size, specific leaf area, ability to resprout, and bark thickness has also been proposed to give forests the ability to with-
stand or adapt to disturbances in a changing climate (Grossiord, 2020; Jactel et al., 2017; Messier et al., 2019).

Forest managers may want to consider planting tree species and genotypes that can survive in current and future pro-
jected climates and related disturbances (Sdaenz-Romero, O’Neill, Aitken, & Lindig-Cisneros, 2021). Although this is an
often-suggested adaptation strategy, forest managers need specific information on appropriate genotypes and species to
introduce different tree species (Sousa-Silva et al., 2018). Tools such as the Seedlot Selection Tool (https://seedlotselec-
tiontool.org/sst/) have been developed to help to identify a seedling stock that will be best adapted to a given site in the
future. Managers may also want to increase seed collection and ensure that adequate nursery stock adapted to future cli-
mate conditions is available for postdisturbance planting (Halofsky et al., 2011). Changing the timing of planting to
coincide with precipitation patterns to increase establishment and planting seedlings in cooler, wetter microsites will
also likely help to increase survival (Rother, Veblen, & Furman, 2015).

In drought-prone temperate forests (e.g., ponderosa pine and dry mixed conifer forests in the American West, forests
in central and southern Europe), reducing forest density can increase resistance and resilience to drought (Clark et al.,
2016; Sohn, Saha, & Bauhus, 2016). Even in wetter forest types, reducing stand density with thinning can increase
water availability, tree growth, and tree vigor by reducing competition (Roberts & Harrington, 2008). However,
decreases in canopy cover can affect forest microclimate regulation and increase ground-level temperatures
(Blumroder, May, Hérdtle, & Ibisch, 2021).

Decreased forest stand density and hazardous fuel treatments can also increase forest resilience to wildfire in dry,
fire-prone forest types (Agee & Skinner, 2005; Hessburg et al., 2015). Thinning and prescribed fire can reduce forest
density and promote disturbance-resilient species (Spies et al., 2010). However, these treatments must be maintained
over time to remain effective (Agee & Skinner, 2005), especially in productive forest types.

Forest management may also affect the mitigation potential of forests. Nabuurs et al. (2017) suggest that changes in
forest management in European forests could provide additional carbon sequestration benefits of up to 172 Mt CO, per
year by the mid-century. These changes in forest management could include thinning of stands to increase growth,
planting more site-adapted species, and planting faster-growing species (Nabuurs et al., 2017). Forest reserves have also
been proposed to increase carbon sequestration.

Temperate forests and an uncertain future

There are several areas of uncertainty associated with the future of temperate forest ecosystems. These can be consid-
ered in three broad categories: uncertainty in climate change projections, ecosystem response, and the use of adaptation
strategies.
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Climatic changes

While the certainty behind the cause and general impacts of anthropogenic climate change is high (IPCC et al., 2021),
greater uncertainty remains in the degree to which those impacts will be realized. In particular, precipitation changes
have a higher uncertainty due to the complex circulation processes that must be included when modeling future change
(Shepherd, 2014). However, more variable precipitation is expected in many areas, and this, combined with the high
certainty around temperature increases, suggests that drought is more likely (IPCC et al., 2021).

Another uncertainty in climate change projections is the difficulty in climate change attribution, which determines
the degree to which anthropogenic climate change contributes to climate-related events. While the field of climate
change attribution is rapidly developing, limitations remain in model reliability (Bellprat, Guemas, Doblas-Reyes, &
Donat, 2019). In particular, extreme events remain difficult to predict, and these events will likely have some of the
largest ecosystem effects (Bellprat et al., 2019).

Finally, the degree to which the climate will change relies mainly on future emissions. However, significant uncer-
tainty exists surrounding the social and political contexts under which emissions might be reduced, and climate change
impacts mitigated. Here, we chose to discuss the future of forests using moderate emissions scenarios unless otherwise
noted. However, the degree to which climate change impacts temperate forests will depend mainly on the degree to
which future emissions can be mitigated.

Ecosystem response

Another factor impacting uncertainty around climate change impacts is our understanding of ecosystem response. For
example, many studies assessing the potential for species range shifts rely on species distribution models, which focus on
climatic limitations and do not consider important factors such as biotic interactions or dispersal ability (Keenan, 2015).
While these models can be helpful for conservation planning (Sofaer et al., 2019), these limitations reduce the certainty of
future species ranges, which is a significant consideration for determining climate change impacts on temperate forests.

Our understanding of climate change impacts on ecosystem response is also stymied by the difficulty of untangling
multiple stressors and a lack of monitoring. For example, in 2019, Australia experienced its hottest and driest year on
record and unprecedented wildfires (Abram et al., 2021). While the drought led to massive canopy dieback and hydrau-
lic failure in eucalypt forests, tree mortality was unclear because of the potential for the trees to resprout after signifi-
cant disturbance (Nolan et al., 2021). In addition, limited forest monitoring and the life history of these trees have made
it difficult to determine whether widespread tree mortality was due to recent droughts or subsequent fires. Further
empirical understanding of long-term trajectories of species persistence versus vegetation shifts following drought-
driven mortality remains very limited (Batllori et al., 2020).

Use of adaptation strategies

The future of temperate forest ecosystems is intricately intertwined with anthropogenic land use and management.
Decisions about whether and how we should implement adaptation strategies are mainly dependent on social, cultural,
and economic values, making the implementation of climate change adaptation strategies an area of uncertainty. There
are a growing number of examples of the implementation of climate change adaptation options in temperate forests
(e.g., Aguiar et al., 2018; Halofsky, Peterson, & Prendeville, 2018; Nagel et al., 2017). However, despite increasing rec-
ognition of climate change as an issue in temperate forests, implementation of adaptation actions has been slow
(Ameztegui et al., 2018; Halofsky, Andrews-Key, et al., 2018; Sousa-Silva et al., 2018). Barriers to climate change
adaptation include managers and landowners perceiving climate change as complex and uncertain (Nelson, Williamson,
Macaulay, & Mahony, 2016; Sousa-Silva et al., 2018), lack of time or resources (Aguiar et al., 2018; Timberlake &
Schultz, 2017), lack of mandates or guidelines by government agencies or organizations to incorporate climate change
in management (Halofsky, Andrews-Key, et al., 2018), and a lack of information at scales relevant for planning and
management (Nagel et al., 2017). These barriers need to be addressed to promote the implementation of adaptation
options and the continued provision of ecosystem services by temperate forests.

Conclusions

Climate change will affect temperate forests worldwide, raising temperatures and changing precipitation patterns.
However, the magnitude and degree of these effects on ecosystems will vary by geography and ecosystem composition.
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This chapter focused on projections generated using moderate greenhouse gas concentration pathways when possible.
However, in most cases, higher concentration pathways will lead to more extreme ecosystem effects. Ecosystem
response will also play out on a complex backdrop of differing land use legacies and disturbance regimes. Varying out-
comes in the continued provisioning of ecosystem services will inevitably require different adaptation strategies and
management approaches.

Temperate forests are expected to respond directly to changing temperature and precipitation regimes, resulting in
shifting phenology, species distributions, and ecosystem processes. Geographic shifts will likely include species’ move-
ment poleward and upward elevation. Although these changes have already been observed in some temperate forests,
most species have not been able to migrate as quickly as the climate has changed. Some species may be dispersal lim-
ited because they exist in fragmented landscapes, and some may experience high levels of competition, limiting their
ability to shift in range. The individualistic response of species to climatic changes will ultimately result in novel eco-
system assemblages.

Although temperate forests are expected to respond directly to changes in temperature and precipitation, these
responses will be moderate compared to those due to changes in disturbance regimes, which can result in large-scale
and abrupt ecosystem shifts. Drought is the most ubiquitous disturbance expected to occur in temperate forest ecosys-
tems. Drought alone or in concert with other disturbances, including fire, insects, and pathogens, can result in tree mor-
tality and negatively affect ecosystem services (Allen et al., 2010, 2015; Batllori et al., 2020; Millar & Stephenson,
2015).

Temperate forests are unique among forest biomes because of their extensive use by and connection to human socie-
ties (Gilliam, 2016); we rely heavily on ecosystem services provided by these forests. In general, climate change will
negatively impact the ability of temperate forest ecosystems to provide these services. For example, increased distur-
bance leading to broad-scale tree mortality will negatively impact water quality and timber production (Millar &
Stephenson, 2015). The availability of ecosystem services will also likely shift geographically and seasonally. For
example, optimal sites for timber harvest may move to higher elevations or latitudes in a warming climate. In addition,
cultural ecosystem services (e.g., availability of culturally important foods) may shift in location or be reduced due to
increased disturbance. Climate change will also affect recreation, requiring people to alter the type and seasonality of
their outdoor activities. Regardless of specific impacts on ecosystem services, we can expect profound changes that will
require societies to rethink their current practices and employ climate change adaptation strategies to mitigate impacts
where possible.
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