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Abstract. After giving an overview of climate change induced vegetation shifts in the Palearctic region in
our previous paper, in this article we review literature available in Web of Science on North and South
America. We study different geographical regions such as Canada, Alaska, California, Southwestern,
Eastern and Southeastern USA, the Great Lakes region, the Great Plains, intermontane basins and
plateaus, Rocky Mountains and the Cascades as well as Central and South America. We summarize main
results of relevant field studies, experiments and model simulations. Predicted environmental changes
include temperature increases, altering precipitation patterns, droughts, permafrost thaw and ground
subsidence in arctic regions, enhanced El Nifio Southern Oscillation, sea level rise, increasing salinity of
the vadose zone, snowpack declines and various disturbances. All vegetation types are affected by these
changes, to the most important phenomena belong e.g. reduction of arctic and alpine communities,
decreasing area of taiga, shrub encroachment in tundra areas, northward expansion of the tree line,
reduction in wetland areas, invasion, altering forest regeneration patterns, decrease in dominance of
conifer species, increased cover of salt-tolerant plant species in tidal marshes, expansion of grassland,
compositional and structural changes of grasslands and forests, drying up of bogs, landward migration of
mangroves, savannification of forests, expansion of chaparral as well as upward migration of species in
the mountains.
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Introduction

Terrestrial ecosystems are greatly affected by climate, particularly temperature and
precipitation (Holdridge, 1947; Woodward, 1987). Increases in atmospheric trace gas
concentrations could warm the global average temperature significantly by the end of
the 21% century (Overpeck et al., 1991). Increased temperatures would reduce the
supply of soil moisture by reducing the volume of snow and increasing winter runoff,
and increase the potential evapotranspiration. These processes would likely produce
widespread drought-induced dieback (Neilson et al., 1992). Besides, climate change
models forecast not only global warming but alteration of precipitation regimes
affecting timing, frequency and intensity of precipitation events as well (Easterling et
al., 2000; NAST, 2000; IPCC, 2001). Drought frequency and severity are predicted to
increase across numerous continental interiors (Miller et al.,, 2005). Alteration of
precipitation patterns has the potential to cause major changes in vegetation, soils,
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biodiversity and ecological processes in terrestrial ecosystems (Neilson et al., 1989;
Brown et al., 1997; Ehleringer et al., 2001).

As climatic zones change due to climate change, so too will the productivity,
composition, diversity and spatial extent of ecosystems as well as plant dominance
patterns and community evenness (Suffling & Scott, 2002; Bates et al., 2006; Flantua et
al., 2007; Kardol et al., 2010). As current ecosystems are temporary associations, they
may re-sort into different assemblages as a response to climate change (Anderson et al.,
1998). Species distributions are already affected by climate change (Hauer et al., 1997;
Morin & Chuine, 2005; Morin et al., 2008; Rehfeldt et al., 2002; Hamann & Wang,
2006; GoOémez-Mendoza & Arriaga, 2007; Pucko et al, 2011), and large-scale
(altitudinal or latitudinal) biogeographical shifts in vegetation are predicted in response
to the altered precipitation and temperature regimes (Scheller & Mladenoff, 2005;
Parmesan, 2006; Adams et al., 2009; Feeley et al., 2011; Fridley & Wright, 2012; Alo &
Wang, 2008; Valle-Diaz et al., 2009; Kupfer & Cairns, 1996). Projections of the
response of the biosphere to global climatic change indicate 50% to 90% spatial
displacement of extratropical biomes. The mechanism of spatial shift could be
dominated by either competitive displacement of northern biomes by southern biomes,
or drought-induced dieback of areas susceptible to change (Neilson et al., 1992). These
shifts have profound ecological impacts and are an important climate-ecosystem
feedback through their alteration of carbon, water, and energy exchanges of the land
surface (Adams et al., 2009).

Secondary interactions (such as indirect effects of climate change on fire intensity
and ozone pollution, altered disturbance regimes) also play an important role in
vegetation change (Malanson & Westman, 1991; Beckage et al., 2006). Environmental
responses to global change are likely to be nonlinear and thus complex (Malanson,
2001). This results in the fact that surprises are more likely than precise prediction.
Besides, species interactions also strongly influence responses to changing climate and
may overturn direct climatic effects and reverse community trajectories (Suttle et al.,
2007).

Climate predictions suggest that changes in species’ distributions will accelerate in
the future (Morin et al, 2008; Allen & Breshears, 1998). Theoretically, long-range
migration can play a significant role in species distribution (He et al., 2003). If climate
changes at a moderate rate, species will be able to migrate and track suitable conditions
that match their niche (Hewitt, 1996, 2000; Ackerly, 2003). However, the rate of
human-induced climate change may exceed the physiological capabilities of some
species to migrate to areas with tolerable climate limits (Anderson et al., 1998). Species
which are unable to keep pace with changing range limits may experience a reduction in
population size and exist in climatic disequilibrium (Dyer, 1994; Dyer, 1994b). Besides,
even if a population disperses to a new region with a favourable climate, interactions
with other species may prevent its establishment and further spread (Ibanez et al.,
2009). Increasing temperatures and severe droughts may cause high mortality in the
trailing range edge of the distribution of mountain or high-latitude plant communities,
driving the species to rapid range shifts and range boundary disturbances, species
replacement, and community alterations (Lenoir et al., 2008; Jump et al., 2009; Matyas,
2010). Furthermore, human dominated landscapes will function as barriers to migration
for many species (Suffling & Scott, 2002). As a consequence, many species have
already suffered reductions in habitable area due to recent climate change (Parmesan,
2006). Northern ecosystems may be particularly vulnerable to climate change due to
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greater-than-average predicted temperature increases at higher latitudes (Korner &
Larcher, 1988; Kattenberg et al., 1996).

Species respond individually to climate change (Gleason, 1926; Chuine, 2001), as all
of them have different climatic tolerances (Eeley et al, 1999). Thus, predicted
distribution shifts are species-specific just as they were during past climate changes
(Davis, 1989; Graham, 1992; Webb, 1992). As their dispersal rate also differs, different
species will not face the same risks due to climate change (Morin et al., 2008; He et al.,
2003). Changes in plant community composition will result from shifting competitive
abilities and seed dispersal mechanisms of individual species (Malanson & Westman,
1991; Davis, 1986; Webb, 1986; Malanson, 1993). Several authors suggest that forest
communities do not respond as units (Davis, 1981; Webb, 1987; Huntley, 1991), thus,
formation of novel communities can be expected as well (Pucko et al., 2011). However,
permanent vegetation change will occur only if not only tree mortality patterns but tree
recruitment patterns are also affected (Suarez & Kitzberger, 2008). Pucko et al. (2011)
add that future species responses may become increasingly divergent as the magnitude
of climate change increases since species-specific environmental thresholds will be
reached and the synergistic effects of multiple anthropogenic perturbations will rise.

After discussing climate change induced vegetation shifts in the Palearctic region in
our former article (Garamvdlgyi & Hufnagel, 2013), in this paper we summarize
observed and simulated changes of community composition and range shifts in
America, based on literature available in Web of Science. Results are presented
according to geographical regions, focusing on main trends and phenomena.

Projections for North America in general

Simulations for North American tree species for the 21* century by Morin et al.
(2008) show that local extinctions may occur in the south of species ranges, and
colonisation of new habitats is expected in the north, although these are limited by
dispersal ability for most species. The loss of habitats southward will be mostly due to
increased drought mortality and decreased reproductive success, while northward
colonisation will be primarily promoted by increased probability of fruit ripening and
flower frost survival. Morin et al. (2008) also concluded that local extinction may
proceed at a slower rate than forecasted so far because of the local adaptation of the
species.

Shafer et al. (2001) also conducted simulations for tree and shrub species in North
America for 2090-2099 and found large changes in the potential distribution of species
(Table I). They also showed that shifts are mainly driven by increases in temperature
and changes in the moisture index, and that the pattern of vegetation response to climate
change is strongly mediated by topography. According to their results, ranges will shift
not only northward and upward in elevation but in all directions. Simulated potential
range expansions in eastern North America, where topographic relief is relatively low,
occur in a northward direction with increases in the mean temperature of the coldest
month. Simulated west-to-east potential range changes along the prairie-forest border
are primarily related to changes in the moisture index. In contrast, in western North
America, the simulated patterns of change in potential ranges are more disjunct, often
with large distances occurring between a species’ current distribution and simulated
areas of future potential habitat (e.g. in the case of Pseudotsuga menziesii, Douglas fir).
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Potential distributions of Betula papyrifera (paper birch) and Picea glauca (white
spruce) are simulated to expand northward. However, while the southern range limit of
Picea glauca contracts northward, the southern range limit of Betula papyrifera
expands southward in the Rocky Mountains. As for the boreal tree species, relatively
large areas of their current range remain suitable under future climate scenarios. In the
mid-continent, potential ranges of both species are simulated to contract due to
decreases in the moisture index.

In the intermountain region of the US, potential range of Artemisia tridentata (big
sagebrush) is expected to shift northward in response to increases in the mean
temperature of the coldest month, leading to a significant contraction of its current
range. Increases in fire frequency under future climate scenarios could also facilitate the
simulated potential range contractions because Artemisia tridentata does not resprout
following fire events (Smith et al., 1997).

The simulated potential range of Yucca brevifolia (Joshua tree) is fragmented and
displaced northward and eastward. Two desert species, Carnegiea gigantea (saguaro)
and Larrea tridentata (creosote bush) also show significant potential range shifts.
Potential range of Larrea tridentata is predicted to expand throughout the intermountain
regions of the West into areas currently dominated by Artemisia tridentata. The
potential range of Carnegiea gigantea is simulated to expand as well, with new habitats
occurring both west and east of its current range. In the mountains of western Mexico,
increased temperatures coupled with a lower moisture index may lead to potential range
contractions of Pseudotsuga menziesii and Pinus ponderosa (ponderosa pine).

In the Pacific Northwest, potential ranges of high-elevation species, such as Abies
amabilis (Pacific silver fir), are simulated to contract due to increases in temperature.
Many Pacific Northwest species are simulated to shift from west of the Cascades and
northern Sierras to the east of these mountain ranges. Affected are both conifer species,
such as Pseudotsuga menziesii and Taxus brevifolia (Pacific yew), as well as broadleaf
species, such as Alnus rubra (red alder) and Quercus garryana (Oregon white oak).
Species which can tolerate relatively warm and dry conditions, such as Pinus ponderosa
and Quercus lobata (California white oak) are simulated to expand into the area west of
the Cascades and northern Sierras. Shafer et al. (2001) also concluded that many new
areas of suitable bioclimatic habitat will be small and relatively isolated under the future
climate scenarios, thus habitat fragmentation resulting from human land-use activities
will have a significant impact on the abilities of species to disperse in response to
changing climate conditions.

Table 1. Simulated changes in distribution of certain species for 2090-2099 (Shafer et al.,
2001)

Species Direction of range shift Change of range size
Betula papyrifera northward, southward expansion
Picea glauca northward contraction, expansion
Artemisia tridentata northward contraction
Yucca brevifolia northward, eastward
Carnegiea gigantea westward, eastward expansion
Pseudotsuga menziesii contraction (in Mexico)
Pinus ponderosa contraction (in Mexico)
Abies amabilis contraction
Pseudotsuga menziesii eastward (in the Pacific NW)
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Taxus brevifolia eastward

Alnus rubra eastward

Quercus garryana eastward

Pinus ponderosa westward (in the Pacific NW)
Quercus lobata westward

Canada

Projected changes in climate

Temperature change in continental areas of Canada may be twice the global average
at 50° N and 3.5 times at 80° N (Etkin et al., 1998). On a countrywide scale models
predict increased temperatures, but these are quite variable on a regional scale
(Bouchard, 2001). Suffling and Scott (2002) observed a universal warming trend in all
national parks of Canada, with greater temperature increases in winter, and most
dramatically in the arctic region. As for precipitation, there is generally a large increase
in winter in the Prairie parks, and especially large winter increases are seen in the arctic
region. However, two mainland arctic parks are predicted to experience decreased
winter precipitation. Furthermore, decreased summer precipitation is projected for all
regions from Ontario westward. According to Bouchard (2001), increased aridity could
be critical in some Prairie areas. Extreme events could be more frequent, with serious
negative effects. In northern areas, warming trends will provoke permafrost
degradation, development of thermokarsts and soil instability. A sea-level rise is
anticipated as well, which will make the coasts of Prince Edward Island, New
Brunswick and Nova Scotia vulnerable to submersion risks.

Projected changes in vegetation

In Canada, climate change represents an unprecedented challenge to national parks
(Scott et al.,, 2002). Biomes are expected to shift northward (Bouchard, 2001) and
according to modelling results, 37-48% of Canada's protected areas could experience a
substantial change in terrestrial biome type under doubled atmospheric CO, conditions
(Lemieux & Scott, 2005). In simulations by Scott et al. (2002), a novel biome type
appeared in more than half of the national parks and greater than 50% of all vegetation
grid boxes changed biome type. The proportional representation of tundra and
taiga/tundra declined, while more southerly biomes (temperate forests and
savanna/woodland) increased. Results for boreal forest varied among the climate change
scenarios. In contrast, Schneider et al. (2009) suggest that 12-21% of Alberta's boreal
region will be converted to parkland and grasslands will shift northward into much of
the existing parkland.

Suffling and Scott (2002) studied expected changes in Bruce Peninsula National Park
and found that the anticipated drop in water level will dry the marshes and fens
bordering the shoreline in many areas and dryland plants may colonise the upper fringes
of the marsh complex. Decreased summer and autumn precipitation will result in a
lower water table and increased drought conditions. As a consequence, marsh
complexes will dry out more often and may be colonised by white cedar (Thuja
occidentalis), resulting in a loss of plant diversity. Many plant communities may shift to
more xeric species, while other species with high drought tolerance may thrive in the
new conditions (e.g. Hymenoxis acaulis, angelita daisy). According to simulations by

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 12(2): 355-422.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
© 2014, ALOKI Kft., Budapest, Hungary




Hufhagel-Garamvolgyi:Impacts of climate change on vegetation distribution No.2—Climate change induced vegetation shifts in the
new world
-360 -

Lenihan and Neilson (1995), temperate summergreen vegetation community will
remain dominant or possibly shift to mixed grass prairie vegetation and invasion by
southern exotic species is expected as well.

For Atlantic Parks, Suffling and Scott (2002) predict the expansion of mixed and
deciduous forest and the reduction of boreal forests, as well as reduction, isolation and
extirpation of arctic-alpine species and communities. In Great Lakes — St. Lawrence
Basin Parks, reduction of wetland areas, expanding mixed and deciduous forest, less
boreal forest and expansion of southern exotics are expected. Hogenbirk and Wine
(1991) also suggest that in mid-boreal wetlands, Eurasian species might dominate early
successional communities due to the shift of seasonally flooded vegetation zones from
flood-driven dynamics with cool and moist environmental conditions towards drought-
and fire-driven dynamics with warmer and drier conditions. In Western Cordillera
Parks, some alpine assemblages may disappear from mountain peaks, beside the
latitudinal and altitudinal migration of ecozones. Loss of higher elevation alpine species
is predicted for Pacific Parks as well, while in Arctic Parks the northward expansion of
tree line is expected. Overall, the emergence of transitory ecological communities is
predicted for the latter half of the 21% century, however, ecosystem-level response to
climate change will never be entirely predictable (Myers, 1995; Malcolm & Markham,
1996).

Role of fire and soils

Distribution of boreal biome subzones in central Canada is largely governed by fire
occurrence (Suffling, 1995). Forecasted rise in surface air temperatures and lower
summer precipitation will likely lead to increased fire season length and area burned in
forested regions (Stocks et al., 1998; Flannigan et al., 1998, 2000, 2005; Bélanger &
Pinno, 2008). The twofold increase in annual area burned in western North America in
the last 40 years is probably linked to climate warming (Kasischke & Stocks, 2000).
Areas with dry macro- or microclimate or coarse-textured soils may be particularly
susceptible to more frequent fire (Larsen, 1997). Due to this, Hogg and Hurdle (1995)
assume that the Boreal Plain ecozone will shrink and give way to the Prairie ecozone.
Bélanger and Pinno (2008) concluded that forests supported by sandy glacio-fluvial
parent materials will be the first to be impacted. In contrast, stands supported by
imperfectly or poorly drained glacio-lacustrine parent materials will be less susceptible
to change because of more available water and nutrients, and will thus likely take a
longer time for the transition from aspen to herbaceous vegetation. Forests supported by
glacial till soils may be better buffered against warming and will likely resist invasion
of herbaceous vegetation for longer compared to glacio-fluvial sites. The eventual shift
from forest to herbaceous vegetation due to warming will also be favoured by increased
fire disturbance (Axelrod, 1985; Romme et al., 1995). Lafleur et al. (2010) also assume
that soil properties may constrain species migration, locally or regionally. Thus, these
antagonistic forces (warming and soil characteristics) are likely to slow down potential
tree migration in response to climate change. Because tree species respond
individualistically to climate variables and soil properties, new tree communities are
also likely to emerge.

At the forest-tundra boundary in eastern Canada, forest degradation is triggered by
unusual fire events that interact with climatic stresses on conifer seed production and
lead to failures of post-fire regeneration (Payette et al., 2001). Changes in fire interval
may alter patterns of forest regeneration and cause shifts between deciduous- and

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 12(2): 355-422.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
© 2014, ALOKI Kft., Budapest, Hungary



Hufhagel-Garamvolgyi:Impacts of climate change on vegetation distribution No.2—Climate change induced vegetation shifts in the
new world
-361 -

conifer-dominated succession trajectories (Suffling, 1995; Frelich & Reich, 1999; Dale
et al.,, 2001). The same is confirmed by Johnstone and Chapin (2006), who found that
young-burned stands had a much higher probability of regenerating to deciduous
dominance than mature-burned stands in conifer-dominated boreal forests of
northwestern Canada, despite the dominance of both groups by spruce (Picea mariana
and Picea glauca) and pine (Pinus contorta) before the fire.

Concerning the rate of vegetation changes, Chapin et al. (2004) suggest these may be
gradual at the northern forest limit or where seed dispersal limits species distribution.
However, forest composition may be quite resilient to climate change in the central
portions of a species range until some threshold is surpassed. At this point, changes can
be rapid and unexpected, often causing a switch to very different ecosystem types.

Changes in Arctic vegetation

Several studies suggest that changes to Arctic vegetation such as increases in shrub
abundance may result from increasing temperature (Stafford et al., 2000; Kaplan et al.,
2003; Hassol, 2004; Johannessen et al., 2004; Tape et al., 2006; Notaro et al., 2007).
According to observations, tall shrub tundra (vegetation dominated by tall shrubs, e.g.
Alnus viridis, tall Salix spp. and Betula glandulosa) 1s encroaching into areas of dwarf
shrub tundra (vegetation dominated by dwarf shrubs, e.g. Ledum decumbens, Vaccinium
vitis-idaea, Arctostaphylos rubra, Rubus chamaemorus and sedges, e.g. Eriophorum
vaginatum, Kobresia hyperborea) across the entire circumpolar region (Silapaswan et
al., 2001; Sturm et al., 2001a; Stow et al., 2004; Tape et al., 2006). In the Mackenzie
Delta region, the gradual transition between shrub and dwarf shrub suggests that this
ecotone may be particularly sensitive to warming (Epstein et al., 2004a). Lantz et al.
(2010) also found strong correlation between summer temperatures and vegetation type,
which shows that increasing temperatures in the region (Lantz & Kokelj, 2008) are
likely to alter shrub abundance and shift the position of this ecotone. Plot level
manipulations of temperature and nutrient availability further support predictions that
warming will increase shrub dominance in the Low Arctic (Parsons et al., 1994; Chapin
et al., 1995; Bret-Harte et al., 2001, 2002; Dormann & Woodin, 2002; Walker et al.,
2006). On the other hand, other vegetation communities such as lichen and moss
decrease in cover fraction and biomass in response to warming (Olthof & Latifovic,
2007). The expansion of tall shrub tundra is likely to have long-term impacts also on
permafrost temperatures and terrain stability across the Low Arctic (Sturm et al., 2001a;
Epstein et al., 2004b; Chapin et al., 2005; McGuire et al., 2006).

United States of America
Changes in climate

According to simulations by Lenihan et al. (2008a), relatively large increases in
temperature and decreases in precipitation will be the general climatic trends in the
eastern half of the United States. In contrast to the East, increases in precipitation
accompanied by relatively small increases in temperature are the general projections for
the West. Izaurralde et al. (2005) came to similar results. According to their simulations,
large and contrasting regional changes can be expected in both precipitation and
temperature. The extremes include significant warming in the north-eastern region of
the country, almost no change in mean annual temperature in the south-eastern part,
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significantly drier conditions primarily in the southern half of the U.S. and the West
may be much wetter than it is today. These predictions are surprising regarding the
results of Grundstein (2009), who evaluated moisture trends between 1895-2006.
Grundstein (2009) concluded that the eastern half of the country has been getting wetter
in the 20" century, even as temperatures have continued to increase in many areas. In
particular, conditions have become wetter in the South, Northeast and East North
Central regions as wetter conditions have expanded westward across the Central United
States. On the contrary, many studies predict a drier climate in the central United States
with an increasing likelithood of severe droughts (IPCC, 2001). Warming has been
found across much of the United States, including the Northeast, West and northern
Midwest, while a slight cooling trend was found in the Southeast (Lu et al., 2005;
Groisman et al., 2004; Lund et al., 2001). Precipitation has also shown positive trends
across the United States (Groisman et al., 2004). The western half of the country has
shown higher air temperatures but no consistent pattern in precipitation.

Changes in vegetation

According to their climate simulations, Izaurralde et al. (2005) suggest that climate
change may increase net primary productivity slightly in the north-eastern quarter of the
country and a bit southward from it, as well as in the coniferous forest of the Pacific
northwest. Major losses may occur especially in the southeast. Overall, increases in net
primary productivity can be expected in the west and decreases in the east.

However, the large number of future climate change scenarios used suggests that
there is considerable uncertainty about possible future ecological impacts, particularly
since some scenarios produce opposite sign ecological responses (Bachelet et al., 2001;
Lenihan et al., 2008a). Although a number of model predictions have suggested that
future climate change (including drought) will lead to extensive forest dieback and
species migration (Leverenz & Lev, 1987; Solomon, 1986; Pastor & Post, 1988), such
sensitivity has been questioned as well (Fischlin et al., 1995; Loehle, 1996; Loehle &
LeBlanc, 1996). Loehle (1996, 1998) suggested that current models of forest response
might overestimate negative responses to climate change and concluded that forests
would not suffer catastrophic dieback, but would instead be replaced gradually by faster
growing tree species over longer time periods. Besides, according to simulations by
Neilson and Drapek (1998), transient or stepwise changes in climate have beneficial
rather than negative impacts on vegetation. They also concluded that moderate warming
could produce increased vegetation growth over broad areas in the United States but
greater warming could also produce large areas of drought stress. Simulations by
Melillo et al. (1995) also resulted in both gains and losses of total forest area depending
on the scenario. Investigating impacts of drought disturbance on forests of the United
States, Hanson and Weltzin (2000) found that dramatic shifts in forest productivity
and/or composition in the eastern United States as a result of intensification of drought
over the next few decades are unlikely to be widespread. They concluded that it is still
unclear which level of drought is required to kill or severely constrain growth of mature
trees. However, forests growing in shallow soils with reduced water storage capacity
would respond more than forested regions with annual late-season droughts. In contrast,
Williams et al. (2000) suggest that significant displacement of biome boundaries can
occur even in response to rather moderate warming.

It is also still unclear, just like in Europe (Garamvolgyi & Hufnagel, 2013), whether
communities will be able to keep pace with changing climate. Davis and Shaw (2001)
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argue that migration and adaptation would be hampered by the unprecedented rates at
which climate appears to be changing in combination with ongoing changes in land use.
According to Izaurralde et al. (2005), simulated land use changes are expected to be the
most dramatic in the West.

Grundstein (2009) found that over the period 1895-2006, the most dramatic change
has occurred across the Midwestern prairie peninsula (previously classified as tall grass
prairie), where the wetter conditions have lead to a westward expansion of conditions
favourable for oak-hickory-pine vegetation. Oak-hickory-pine has expanded into the
South as well, where it replaces loblolly pine (Pinus taeda). Similarly, conditions
suitable for tall grass have expanded westward into areas previously classified as short
grass.

Bachelet et al. (2001) simulated vegetation distribution in the United States for the
end of the 21% century and came to controversial results. Over 40% of the coniferous
forests are replaced by savannas under one of the scenarios, however, under all other
scenarios, coniferous forests expand slightly. Temperate deciduous forest shifts to more
northern locations and is replaced by either the southeast mixed forest or savannas
under most scenarios. Northeast mixed forests are replaced by either savannas or the
northward-shifting temperate deciduous forest in the Great Lakes region, due to warmer
and drier climatic conditions. Southeast mixed forests are replaced mostly by savannas
or partially by grasslands under the two warmer scenarios. However, these savannas
may recover to forests by the end of the 21* century. Tropical forests appear as a new
vegetation type mostly in Louisiana, along the Gulf Coast in the Southeast, where they
replace the original southeast mixed forest. The area covered by all forest types tends to
decrease by the end of the 21% century under the warmest scenarios, however,
moderately warm scenarios produce increases in forest area of about 20%. As for
shrubland area, decreases are simulated under most scenarios, except for some, where
shrubs replace grasses in areas of the Great Plains. Most shrubland losses occur in the
Great Basin, where increased precipitation drives the replacement of shrubs by
savannas. Savannas are simulated to increase by more than 50% under warm scenarios,
however, they may also decrease according to another model. The area occupied by
grasslands may remain stable, increase or decrease. Simulations for the western United
States show 60% or greater reductions in the area of deserts under most scenarios due to
significantly increased precipitation, a 20% increase in desert area is predicted only
under the warmest scenario. Boreal forests in the Northeast shift northwards, and taiga-
tundra and tundra are expected to decrease by more than 80% by the end of the 21*
century, due to increases in temperature. Western coniferous forests increase in area in
most simulations. Overall, Bachelet et al. (2001) observed the same trends which are
typical in Europe (Garamvolgyi & Hufnagel, 2013): warming produces a northward
shift of the various eastern forest types and an altitudinal shift of the taiga-tundra and
tundra vegetation types. However, steep mountain slopes with unstable or poorly
developed soils may limit the upslope migration of forests.

Bachelet et al. (2001) also concluded that forest areas are more sensitive than non-
forest areas to potential future temperature increases. This is confirmed by the
prediction according to which an average annual temperature increase of 4.5 °C could
produce a reduction in vegetation density over about 50% of US forest lands, while the
remaining lands would experience increased growth. An overall increase can be
expected in vegetation density with moderate warming, resulting in forest expansion
across the United States. However, greater warming can lead to lower vegetation
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density and conversions of forests to savannas and grasslands. Neilson and Drapek
(1998) came to the same result, suggesting that an early green-up may be possible in
response to a moderate warming, followed later by vegetation density declines due to
temperature-induced droughts. According to Bachelet et al. (2001), biomes that appear
most sensitive to elevated temperatures include the temperate deciduous forest and the
southeast mixed forest. Conifer forests show some indication of increased sensitivity
with increasing temperature, but their overall response is less clear.

Table 2. Simulated changes in vegetation in the U.S. by the end of the 2 1st century (Bachelet
etal., 2001)

Vegetation type Model Scenario Character of
change
UKMO reduction, replaced
by savannas
coniferous forest MAPSS all except UKMO | expansion
and GISS
MC1 CGCM1 expansion
all except reduction,
HADCM2SUL northward shift,
replaced by
MAP .
temperate deciduous S8 southeast mixed
forest forest or savannas
HADCM2SUL expansion
MC1 CGCM1 reduction

HADCM2SUL expansion

UKMO, GFDL reduction, replaced
by savannas

) MAPSS all except UKMO | reduction, replaced
northeast mixed
forest and GFDL by tpmperate
deciduous forest
MC1 CGCM1 reduction
HADCM2SUL expansion
UKMO, CGCM1, | reduction, replaced
GFDL by savannas
UKMO, CGCM1 | reduction, replaced
southeast mixed MAPSS partially by
forest grasslands
all except reduction, replaced
HADCM2SUL by tropical forest
MC1 stable
MAPSS HADCM2SUL, expansion
tropical forest CGEMI -
MC1 HADCM2SUL, expansion
CGCM1
all except UKMO | reduction, replaced
shrubland MAPSS and by savannas
HADCM2SUL
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HADCM2SUL, expansion
MCl CGCMI
UKMO, reduction, replaced
HADCM2SUL by shrubland
MAPSS UKMO expansion
grassland HADCM2SUL reduction, replaced
by savannas
HADCM2SUL, reduction
MCl CGCMI
UKMO, CGCM1, | expansion
MAPSS GFDL,
savanna HADCM2SUL
HADCM2SUL, reduction
MCl CGCMI
HADCM2SUL, reduction
HADCM2GHG,
osert MAPSS CGCMI, GFDL
eser UKMO expansion
HADCM2SUL, reduction
MCl CGCMI
taica-tund d MAPSS reduction
‘”g"; ””dr”‘ an MC1 HADCM2SUL, | reduction
unara CHCM1

Table 2 shows that GCM scenarios can generate significant differences in the
simulated future response of ecosystems and the same is confirmed by Lenihan et al.
(2008a). In contrast to Bachelet et al. (2001), Lenihan et al. (2008a) included in their
simulations fire regime as well, and came to different results assuming unsuppressed or
suppressed fire (Table 3). Considering the role of fire may be important as Bachelet et
al. (2003) predict an increase in total biomass burnt in the 21* century.

Table 3. Simulated changes in vegetation in the U.S. for the period 2070-2099 under
different fire regimes (Lenihan et al., 2008a)

Vegetation type

Fire regime

Character of change

temperate conifer forest

unsuppressed fire

expansion

suppressed fire expansion
. unsuppressed fire reduction
cool mixed forest Pp -
suppressed fire reduction
. unsuppressed fire expansion
tropical forest PP panst
suppressed fire expansion
unsuppressed fire expansion
rassland reduction, replaced b
& suppressed fire - TP y
woodland
unsuppressed fire expansion
woodland/savanna suppressed fire reduction, replaced by

forest
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unsuppressed fire reduction
shrubland reduction, replaced by
suppressed fire
woodland
reduction, replaced by
subalpine forest unsuppressed fire temperate forests
suppressed fire reduction
reduction, replaced by
alpine unsuppressed fire temperate forests
suppressed fire reduction

Under future climate with unsuppressed fire, the most significant change in
vegetation distribution is the widespread expansion of woodland/savanna both in the
Southeast, where it replaces forest, and in the interior West, where it replaces shrubland
(Lenihan et al., 2008a). Besides, a near complete loss of alpine and subalpine forest
vegetation can be observed in favour of temperate forest types, a northward shift of
forest-type boundaries in the East, and a reduction in the extent of cool mixed forest in
the Northeast. Under future climate with suppressed fire, forests in the Southeast
remained stable. In the West, there is a widespread conversion of shrubland to
woodland and woodland to forest. The woody encroachment also extends into the
Central Plains where grassland and shrubland will be converted to woodland.

Although Bachelet et al. (2001) and Lenihan et al. (2008a) included different aspects
in their simulations, comparing Table 2 and Table 3, one can see that they came mainly
to similar results. The direction of simulated changes is the same in both studies.

Table 4 shows results of simulations conducted by Izaurralde et al. (2005). They used
a bit different vegetation types and twelve climate change scenarios, which considered
increases in temperature and CO; concentration. In contrast to Lenihan et al. (2008a),
fire disturbance was not taken into account.

In order to have a better overview, Table 5 summarizes the main future trends
simulated by the above mentioned three authors regarding several vegetation types. As
Bachelet et al. (2001) considered two models and several scenarios, it was necessary to
simplify, thus only the most likely changes (predicted by the most scenarios) are
displayed in Table 5.

Table 4. Simulated changes in vegetation in the U.S. (Izaurralde et al., 2005)

Vegetation type Character of change
boreal deciduous forest/woodland expansion
boreal conifer forest/woodland reduction
temperate/boreal mixed forest reduction
temperate conifer forest expansion
temperate deciduous forest expansion
tropical deciduous forest expansion (new vegetation type)
moist savanna reduction
dry savanna reduction
tall grassland reduction
short grassland reduction
xeric woodlands/shrub expansion
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arid shrubland/steppe expansion or reduction
desert expansion

Table 5. Comparison of simulated future changes in vegetation in the U.S. according to
different authors (1 = expansion, | = reduction, — = not mentioned)

Vegetation Bachelet et al. | Lenihan et al. | Izaurralde
type (2001) (2008a) et al. (2005)
boreal
deciduous - - )
forest
boreal conifer
forest f B l
temperate
deciduous ] — 0
forest
temperate
conifer forest
northeast
mixed forest
southeast
mixed forest
tropical forest
savanna
shrubland
grassland
desert
tundra / alpine

(R

— —

— = = | ~|~—=| «—
— [¢—

!
(R

It can be observed that predicted changes are not always clear. All three authors agree
that temperate conifer forests as well as tropical forests are expected to expand, while
northeast mixed forest is likely to decrease. Tundra and alpine vegetation is also
predicted to lose area, however, trends regarding savanna and shrubland vary.

Alaska
Expected changes in environmental factors

According to climate change scenarios and observations, the greatest magnitude of
warming will occur at high latitudes (45-65° N), with the most marked effects within
the continental interiors (Hansen & Lebedeff, 1987; Lashof & Ahuja, 1990; Houghton
et al., 1996; Kattenberg et al., 1996; Serreze et al., 2000; IPCC, 2001; Christensen et al.,
2007). In Alaska, a warming trend of 0.75 °C per decade has been identified for the last
three decades of the 20™ century over land bordering the Bering Sea (Chapman &
Walsh, 1993; Serreze et al., 2000). Some authors expect an increase of 3-8 °C in air
temperature in the Arctic within the next 50 years (Hansen & Lebedeft, 1987; Maxwell,
1992), while others suggest a rise of 1-2 °C over 20 years and 4-5 °C over 100 years
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(BESIS, 1997). Chapin et al. (1995) suggest that regional climatic warming may already
be altering species composition of Alaskan arctic tundra. Warming can affect plant
community composition, biomass and productivity directly through warmer air and soil
temperatures (Kane et al., 1992; Maxwell, 1992) and indirectly through alteration of soil
water and nutrient availability. Increased air temperature directly stimulates plant
growth and plant species shifts across a range of tundra ecosystems (Arft et al., 1999;
Jonasson et al., 1999; Dormann & Woodin, 2002; van Wijk et al., 2003; Walker et al.,
2006), and also stimulates soil warming and nutrient release from soil organic matter
(Schuur et al., 2007). However, increased nutrient availability, in particular nitrogen,
also increases plant growth and shifts species composition in many well-drained tundra
ecosystems (Jonasson et al., 1999; Shaver et al., 2001; Dormann & Woodin, 2002; van
Wijk et al., 2003; Mack et al., 2004; Czobel et al., 2013; Walker et al., 2006). In
addition, warming can cause permafrost (permanently frozen soil) to thaw and
thermokarst (ground subsidence) to develop, which can alter the structure of the
ecosystem by altering hydrological patterns within a site (Schuur et al., 2007). Nitrogen
also may increase in availability as permafrost thaws (Shaver et al., 2001; Mack et al.,
2004). The altered moisture regime promotes mesophilic mosses (Camill, 1999) and
vascular plants in some areas (Lloyd et al., 2003), while preventing growth of other
species (Jorgenson et al., 2001). The indirect effect of changing moisture regime on soil
nutrient availability is also likely to affect plant growth and species composition
(Schuur et al., 2007). Overall, the net effect of warming on vegetation and ecosystem
dynamics is likely to be strongly dependent on moisture status following thaw (Oechel
et al., 1994; Camill, 1999). Other authors emphasize an overriding influence of nutrient
limitation on tundra production in the Low Arctic and suggest that environmental
factors are expected to affect net primary production of the whole ecosystem only if
they alter nutrient availability (Jonasson, 1992; Shaver et al., 1992). On the contrary,
shoot growth of plants of individual species responds sensitively to changes in light,
temperature and nutrients (Chapin & Shaver, 1985; Shaver et al., 1986, Parsons et al.,
1994). The response of the species may, however, cancel out at the ecosystem level due
to a redistribution of resources among species in the community (Chapin et al., 1995).

Vegetation changes — compositional shift in tundra

At high latitudes, even relatively small changes in temperature could have large
consequences to boreal and tundra ecosystems (Viereck et al., 1986). Alaska’s North
Slope is especially vulnerable to climatic change; vegetation changes result there from
the interplay of climate, vegetation response and landscape processes (Kittel et al.,
2011). Climate-related changes will depend not only on the magnitude and direction of
temperature and precipitation shifts, but also on storm and high wind event frequency
and intensity. In the High Arctic, under warmer air temperatures and longer growing
seasons, areas with sparse vegetation and deep active layers may develop a thicker and
more wide-spread layer of moss (Epstein et al., 2004a). Moist non-tussock tundra
responds to warming with conversion to wetlands and expanding thaw lakes as the
active layer deepens and ground subsides (Kittel et al., 2011).

As for the Low Arctic, upland moist acidic tundra is the most common vegetation
association and it is highly sensitive to climate warming (Epstein et al., 2004a).
Paleoenvironmental studies support the conclusion that climatic change has the
potential to alter current boundaries between moist non-acidic tundra and moist acidic
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tundra, with warming favouring moist acidic tundra (Kaufman et al., 2004). However, it
is still unclear how quickly such a conversion could occur. The shift from non-acidic to
acidic tundra in the mid-Holocene took on the order of centuries to millennia (Oswald et
al., 2003). In their research, Schuur et al. (2007) found that aboveground plant biomass
ranged from being dominated by sedges (graminoids, such as Eriophorum vaginatum),
to becoming increasingly dominated by deciduous and evergreen shrubs (including
Rubus chamaemorus, Vaccinium uliginosum and Betula nana) and mosses across the
studied sites as thermokarst became more developed. It means that plant species and
functional group shifts among sites are driven by changes occurring at the microsite
level, via changes in microclimate that accompanied ground subsidence. Changes in
hydrology produced by ground subsidence create a wide range of microenvironments
that affect plant species composition and growth as well. Shrubs and moss prefer warm
and moist sites, whereas graminoids dominate cold and dry sites.

Chapin et al. (1995) did not consider topographical changes when conducting
manipulation experiments in moist tussock tundra in Alaska. Although they found
contrasting responses to temperature increase and to nutrient addition by different
growth forms, they came to similar results as Schuur et al. (2007) regarding changes in
dominance of life forms. Chapin et al. (1995) concluded that some of the manipulations
altered nutrient availability, biomass, growth-form composition, net primary production
and species richness in less than a decade, indicating that arctic vegetation is sensitive to
climatic change. However, short-term responses were poor predictors of longer term
changes in community composition. According to their results, nitrogen and phosphorus
availability tended to increase in response to elevated temperature, reflecting increased
mineralization (cf. Schuur et al., 2007). Nutrient addition increased biomass and
production of deciduous shrubs but reduced growth of evergreen shrubs and
nonvascular plants. Elevated temperature enhanced shrub production but reduced
production of nonvascular plants. At the end of the long-term treatment, deciduous
shrubs dominated, and graminoids, evergreen shrubs, and nonvascular plants declined.
Species richness was reduced by 30-50% by temperature and nutrient treatments, due to
loss of less abundant species. In summary, resources required for growth (i.e., nutrients
and light) appeared to be more critical than temperature in determining plant biomass in
tussock tundra.

Shrub expansion

Increased temperatures have been observed to promote shrub expansion on the North
Slope and also elsewhere in Alaska over recent decades (Chapin et al., 1995; Shaver et
al.,, 1998; Sturm et al., 2001b; Tape et al., 2006; Strack et al., 2007; Lawrence &
Swenson, 2011). The fact that moist tussock tundra would give way to moist low shrub
tundra (Epstein et al., 2004a; Kittel et al., 2011) is supported by field manipulation
experiments as well (Chapin & Shaver, 1996; Bret-Harte et al., 2001; Hobbie & Chapin,
1998; Shaver et al., 2001; Jonsdottir et al., 2005). However, in contrast to the study by
Schuur et al. (2007), increased shrub abundance in some fertilizer treatments correlated
with decreased moss abundance, as canopy closure decreased growth and survival of
nonvascular mosses and lichens (Chapin & Shaver, 1996; Shaver et al., 2001). Arft et
al. (1999) again came to different results, concluding that increases in deciduous shrub
and graminoid cover together occurred across sites, whereas nonvascular cover
decreased. However, initial responses in productivity may not entirely reflect the long-
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term trajectory of species dominance (Hollister et al., 2005). Overall, a warmer and
wetter climate would promote peat formation and shrub expansion, in contrast, a
warmer and drier climate may foster drier upland tundra landscapes (Kittel et al., 2011).
According to Epstein et al. (2004a), the transition between tussock tundra and low shrub
tundra appears to be responding most rapidly to climatic warming as this transition
correlates more strongly with climate than with other environmental variables, besides,
dominant species exhibit gradual changes in abundance and they have demographic
properties that allow rapid increases in abundance following climatic shifts. Shrubs can
achieve dominance potentially within a decade, whereas spruce trees often require
several decades to centuries to achieve dominance within tundra, and Sphagnum moss
colonization of non-acidic sites may require centuries to millennia of soil development
(Epstein et al., 2004a).

Compositional change in boreal forests

Global vegetation models predict that boreal forests are particularly sensitive to a
biome shift during the 21% century (Beck et al., 2011). In the boreal forest region of
Alaska, the average mean annual temperature increased 1.6 °C from 1949 to 1999
(Stafford et al., 2000). Increased growing season and warmer temperatures over the next
century are predicted to generate increases in forest in northern Alaska (Euskirchen et
al., 2009; Barrett & Gray, 2011). However, thermokarsts can collapse boreal forests, to
be replaced over time by meadows, bogs and lakes (Osterkamp et al., 2000). Barrett &
Gray (2011) suggest that the boreal region is suspected to be a significant possible
source of greenhouse gases as climate warms.

Climatic warming and associated increases in nutrient availability are expected to
enhance the probability of white spruce (Picea glauca) surviving on the North Slope
(Kittel et al., 2011). Rupp et al. (2000) suggest that the most plausible change from
upland tundra in response to climatic warming is to conifer forest due to invasion of
white spruce forest, because this is the forest type that most commonly occurs south of
the Alaskan arctic tree line (Bliss & Matveyeva, 1992; Starfield & Chapin, 1996). The
same is confirmed by Brubaker et al. (1983) and by Barrett and Gray (2011) as well.
However, the Brooks Range may be an effective barrier to northward migration and
expansion of this species (Kaufman et al., 2004; Rupp et al., 2000). Besides, Juday and
Solomon (2000) observed significant declines in white spruce growth rates after 1976
when summer air temperatures increased. Thus, drought stress could be a controller of
production and survival of these trees. Calef et al. (2005) predict that black spruce
(Picea mariana) will remain the dominant vegetation type under all scenarios,
potentially expanding most under warming coupled with increasing fire interval.

According to Juday and Solomon (2000), species of deciduous poplar and aspen
(Populus spp.) trees appear to be better adapted to warmer and drier summer conditions
than white spruce. Simulations by Leemans (1991) and Prentice et al. (1993) predict a
gradual elimination of conifer species and an increase in abundance of hardwood
species such as oak (Quercus sp.) with winter warming scenarios. The same is
confirmed by Potter (2004), who suggests that taiga forests of interior Alaska have
changed markedly over the past 50 years of climate warming, and whose projections
predict a shift from dominance by evergreen needleleaf trees (taiga) to mixed broadleaf-
needleleaf tree composition in the future. This is consistent with observations by Roland
(1999) as well, who found increased colonization by paper birch (Betula papyrifera)
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seedlings with climate warming in forest plots in Alaska. Besides, following fire, early
successional broad-leaved deciduous shrubs and trees (Larsen, 1965; Viereck, 1973;
Payette & Gagnon, 1985) replace white spruce forests. Calef et al. (2005) suggest that
deciduous forests will expand their range the most in the case of decreasing fire interval,
warming or increasing precipitation.

Overall, similar changes are predicted by Beck et al. (2011), who suggest that
evergreen forests will expand into current tundra while being replaced by grasslands or
temperate forest at the biome's southern edge throughout interior Alaska, due to
drought-induced productivity declines. According to simulations by Rupp et al. (2000),
tundra could be converted to forest within 200 years, however, partial barriers may slow
this conversion by 300400 years. Simulations by Bachelet et al. (2005) show that 75-
90% of the area simulated as tundra in 1922 will be replaced by boreal and temperate
forest by the end of the 21st century. Ultimately, tree dispersal rates, habitat availability,
the rate of future climate change and how it changes disturbance regimes, are expected
to determine where the boreal biome will undergo a gradual geographic range shift, and
where a more rapid decline (Beck et al., 2011). Calef et al. (2005) concluded that tundra
can be replaced by forest under warming but is expected to expand under precipitation
increase.

The successional switch of broad-leaved deciduous forest to white spruce forest can
be accelerated by both heavy moose browsing pressure and extremely cold climate
(Kielland et al., 1997). 1982). Grasslands occur under dry conditions in the boreal forest
zone (Edwards & Armbruster, 1989). Under cold climatic conditions dry grassland may
switch to upland tundra (Starfield & Chapin, 1996; Chapin & Starfield, 1997), however,
a switch from upland tundra to dry grassland may also occur under extremely dry
conditions. Dry grassland will switch to a broad-leaved deciduous forest type under not
too dry climate conditions if a seed source exists (Rupp et al., 2000).

Role of natural disturbances

Natural disturbances further complicate direct impacts from temperature increase
(Barrett & Gray, 2011). Barrett & Gray (2011) suggest that not only direct climate—
plant interactions may cause range shifts, but other disturbance events such as outbreaks
of spruce beetles. Besides, spatial features (e.g., topographic barriers) and processes,
including disturbance propagation and seed dispersal, largely control the pattern and
rate of short-term transient changes (Rupp et al., 2000). Under future climate change
scenarios, fire emissions and the area burned are expected to increase (Bachelet et al.,
2005) as longer and warmer summers can increase fire frequency, which in turn affects
permafrost and alters rates of dispersal and growth for boreal species (Rupp et al., 2002;
Wirth et al., 2008). According to Rupp et al. (2000), topographic barriers have little
influence on fire size in low-flammability vegetation types (such as upland tundra and
broad-leaved deciduous forest), but reduce the average fire size and increase the number
of fires in highly flammable vegetation (e.g. dry grassland). Bachelet et al. (2005)
suggest that by the end of the 21* century Alaska may become a net carbon source. The
role of fire is underlined by the fact that changes in fire severity can have more effect on
post-fire community composition than environmental factors (moisture and pH) do
(Bernhardt et al., 2011).
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California
Changes in environmental conditions

California is one of the most climatically and biologically diverse areas in the world
(Lenithan et al, 2003). According to predictions, California may experience
substantially warmer and wetter winters, somewhat warmer summers, and an enhanced
El Nifio Southern Oscillation during the 21" century (Field et al., 1999; Gutowski et al.,
2000). However, Urban et al. (2000) suggest that although current general circulation
models all predict warmer temperatures for California under enhanced CO, scenarios
(VEMAP, 1995), the models do not agree on the direction of change in precipitation.
These projected changes are proven by trends in the recent past as well. Southern
California's climate warmed at the surface, the precipitation variability increased, and
the amount of snow decreased between 1977 and 2006-2007 (Kelly & Goulden, 2008).

Vegetation changes

According to simulations by Diffenbaugh et al. (2003), vegetation in the western
United States is sensitive to changes in atmospheric CO, concentrations, with woody
biome types replacing less woody types throughout the domain. It is also sensitive to
climatic effects, particularly at high elevations, due to both warming throughout the
domain and decreased precipitation in key mountain regions such as the Sierra Nevada
of California and the Cascade and Blue Mountains of Oregon.

A change in climate is expected to shift plant distribution as species expand in newly
favourable areas and decline in increasingly hostile locations (Kelly & Goulden, 2008).
According to a study by Kelly and Goulden (2008) in Southern California's Santa Rosa
Mountains, the average elevation of the dominant plant species rose approximately 65
m between 1977 and 2006-2007, which appears to be a consequence of changes in
regional climate. On the contrary, Crimmins et al. (2011) suggest that climate changes
in California have also resulted in a significant downward shift in species’ optimum
elevations. Although this downhill shift is counter to what would be expected given
20th-century warming, it can be explained by species’ niche tracking of regional changes
in climatic water balance rather than temperature. Similar downhill shifts can be
expected to occur where future climate change scenarios project increases in water
availability that outpace evaporative demand. However, Lutz et al. (2010) predict
declining water availability and increasing climatic water deficit for Yosemite National
Park, California, resulting in accelerating changes in forest structure and composition in
the future.

In Californian tidal marshes, salinity has increased because of water diversion and
sea level has risen as well since 1975, which lead to the increased cover of the most salt-
tolerant plant species (Sarcocornia pacifica, Pacific swampfire), whereas
Schoenoplectus californicus (California bulrush), the least salt-tolerant plant species,
decreased in cover (Watson & Byrne, 2012). Besides, accelerated sea level rise resulted
in the large-scale replacement of Distichlis spicata (seashore saltgrass) predominantly
by Schoenoplectus americanus (chairmaker's bulrush) (Watson & Byrne, 2012).

Lenihan et al. (2003) simulated future vegetation distribution for the period 2070—
2099 using two models, the Hadley Climate Center HADCM?2 model (HAD) and the
National Center for Atmospheric Research Parallel Climate Model (PCM) (Table 6, 7
and §).
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Table 6. Simulated changes in vegetation for 2070-2099 in California (Lenihan et al., 2003)

Vegetation classes

HAD

PCM

alpine / subalpine forest

partly replaced by evergreen
conifer forest

partly replaced by
shrubland

evergreen conifer forest

partly replaced by mixed
evergreen forest; net
increase

partly replaced by mixed
evergreen woodland; partly
replaced by mixed
evergreen forest; net loss

mixed evergreen forest

expansion; partly replaced
by evergreen conifer forest

partly replaced by mixed
evergreen woodland

mixed evergreen
woodland

partly replaced by mixed
evergreen forest; partly
replaced by evergreen
conifer forest

partly replaced by
grassland; net decline

grassland

expansion; partly replaced
by mixed evergreen forest

shrubland

partly replaced by mixed
evergreen forest; partly
replaced by evergreen
conifer forest

partly replaced by
grassland; net decline

desert

partly replaced by grassland

Table 7. Regional examples for vegetation changes according to HAD in California

(Lenihan et al., 2003)

Replaced

Replaced by

Douglas-fir—white fir forest

Douglas-fir—tan oak forest

white fir—ponderosa pine forest

ponderosa pine—black oak forest

blue oak woodlands

tan oak—madrone—canyon live oak forest

chaparral

tan oak—madrone—canyon live oak forest;
coast live oak—madrone; canyon live oak—
Coulter pine; redwood and closed-cone
pines

perennial grassland

tan oak—madrone—canyon live oak forest

live oak woodlands

coast live oak—madrone; canyon live oak—
Coulter pine

northern juniper woodland

ponderosa pine—Jeffrey pine forest

sagebrush scrub

ponderosa pine—Jeffrey pine forest

canyon live oak—madrone forest

redwood and closed-cone pines

subalpine parks and meadow

red fir and lodgepole pine
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Table 8. Regional examples for vegetation changes according to PCM in California
(Lenihan et al., 2003)

Replaced Replaced by
northern juniper woodland grassland
sagebrush scrub grassland
oak woodland communities grassland communities
chaparral grassland communities
Douglas-fir—tan oak forest northern oak woodland
Douglas-fir—white fir forest northern oak woodland
alpine meadow communities whitebark pine krummbholtz

In summary, according to Lenihan et al. (2003), the HAD scenario predicts a warmer
and wetter climate resulting in the expansion of forests and in a net increase in
evergreen conifer forest. However, the simulated life-form composition is expected to
change from needleleaf dominance to mixed needleleaf-broadleaf in the northern half of
the state. In addition to widespread advancement of forests, another prominent feature
of the response of vegetation distribution under the HAD scenario is the advancement of
grassland. Under the drier and cooler PCM scenario, the expansion of grassland is
predicted along with a net decline in evergreen conifer forest, mixed evergreen
woodland and shrubland.

Using other climate scenarios, Lenihan et al. (2008b) came to similar results.
Predicted changes include significant declines in the extent of alpine/subalpine forest
due to longer and warmer growing seasons; the replacement of evergreen conifer forest
by mixed evergreen forest with increases in temperature, or by woodland, shrubland or
grassland with increases in fire; and an increase in the extent of mixed evergreen forest.
Furthermore, a decline in mixed evergreen woodland and shrubland as well as the
expansion of grassland are expected. These results are confirmed by Rehfeldt et al.
(2006) as well.

In contrast to the previous studies, Urban et al. (2000) suggest that besides
temperature and precipitation, supply and demand components of the water balance
should be considered as well. Although temperature and precipitation can predict the
location of the mixed conifer zone, several species can co-occur within this zone, as
defined by the spatial scaling of microtopography and soils. Under climatic change,
species might move around within this zone, more mesic species being displaced to
deeper soils or more northerly exposures, while more xeric species to shallower soils or
more southerly exposures.

Zavaleta et al. (2003) showed that relative dominance of functional groups may shift
in grasslands due to increases in temperature, precipitation, CO, concentration and N
deposition. They found that grassland diversity and composition were sensitive to all
four of the individual global changes, supporting the fact that grasslands containing fast-
growing or short-lived species are especially responsive to climate change (Grime et al.,
2000). According to their experiments, the largest change in relative functional group
abundance (expansion of forbs) occurs under the combination of elevated CO, +
warming + precipitation (Zavaleta et al., 2003), which will likely affect much of
California in the future (Giorgi et al., 1994). Thus, forbs — which include most of the
remaining native species in Californian grasslands (Hickman, 1993) — could be the
group of species in grasslands most vulnerable to environmental changes, including
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climate and atmospheric changes. Zavaleta et al. (2003) also suggest that individual
species are more sensitive to temporal variation and extremes than to multiyear, mean
changes in resource availability and environmental conditions, which is consistent with
predictions by IPCC (2001).

Southwestern USA
Changes in environmental conditions

Climate models predict a warmer and drier climate throughout the southwestern U.S.
in the 21* century (Seager et al., 2007; Solomon et al., 2009). Warmer temperatures and
increasing frequency of droughts should cause major shifts in plant community
composition and structure (Allen, 2007; Williams & Jackson, 2007) in this region via
differences in mortality and drought adaptations among woody species.

Susceptibility for invasion

Plant population dynamics in arid and semiarid lands is highly dependent on water
availability, thus, under future climate change these systems are expected to be
drastically affected by changes in precipitation and temperature (Kerkhoff et al., 2004;
Suazo et al., 2012). Changing precipitation regimes (such as changes in the amount and
timing of precipitation and increases in large rainfall events) may enhance the
susceptibility of habitats to invasion by non-native plant species (Weltzin et al., 2003;
Bradley, 2009). Besides, this kind of susceptibility may be increased by increases in
nutrient availability (Davis et al., 2000) and soil disturbance (Burke & Grime, 1996;
Huston, 2004) as well since the spread and establishment of non-native plant species
can be facilitated by the physical condition and resource availability of the invaded
habitat (Davis et al., 2000; Burke & Grime, 1996). Invasive species compete with
natives for water and soil nutrients (Brooks, 2000), and non-native species are often
more efficient than natives at capturing these resources and utilize them for seed
production (Monaco et al., 2003; Huxman et al., 2008; DeFalco et al., 2003). In the
Mojave Desert, an experiment by Suazo et al. (2012) showed that invasion success
increased with availability of unused water, at least for the grass Schismus spp.
(Mediterranean grass). Schismus seemed to have the greatest invasive potential at the
studied sites, as it positively responded to water availability and soil disturbance. Others
have also observed similar responses by Schismus to increased levels of water
availability (James et al., 2006; Gutierrez & Whitford, 1987; Pake & Venable 1995).
Beside water availability, soil N has been suggested to be a co-limiting factor for non-
native plant establishment in the Mojave Desert (Brooks, 2003; Rao & Allen, 2010;
James et al., 2006). Although it is difficult to predict future patterns of invasibility, an
increase in water availability and disturbance is likely to enhance invasibility in this
ecosystem (Weltzin et al., 2003; Bradley et al., 2009; Bradley, 2009; Bradley, 2010).

Drought-induced mortality

Drought-induced woody plant mortality has increased globally recently and has been
associated with increasing temperatures (Breshears et al., 2005; Allen et al., 2009b; van
Mantgem et al., 2009; Adam et al, 2009). Accelerated plant mortality over the next
century, induced by climate warming and drought (Hansen et al., 2006; IPCC, 2007;
Allen et al.,, 2009a; Kintisch, 2009), is predicted to be especially pronounced in
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mountain forests of the southwestern U.S. (Rehfeldt et al., 2006; Seager et al., 2007).
Adams et al. (2009) showed that experimentally induced warmer temperatures
shortened the time to drought-induced mortality in Pinus edulis (pinyon pine), and
projected increases in drought frequency due to changes in precipitation and increases
in stress from biotic agents (e.g. bark beetles) could further exacerbate mortality. Shifts
in vegetation distribution are expected to be most rapid and extreme at ecotones, the
boundaries between ecosystems, particularly those in semiarid landscapes (Allen &
Breshears, 1998). According to Allen and Breshears (1998), the most rapid landscape-
scale shift of a woody ecotone ever documented occurred in northern New Mexico in
the 1950s, where the ecotone between semiarid ponderosa pine (Pinus ponderosa)
forest and pinon-juniper (Pinus edulis, Juniperus monosperma) woodland shifted
extensively (2 km or more) and rapidly (in less than 5 years) through mortality of
ponderosa pines in response to a severe drought. This shift has persisted for 50 years.
Forest patches within the shift zone became much more fragmented, and soil erosion
greatly accelerated.

The southwestern U.S., and Arizona in particular, experienced near record warm
temperatures and drought during the spring and summer of 2002 (Waple & Lawrimore,
2003; Andreadis et al., 2005; Weiss et al., 2009), and plants were under severe water
stress by the fall of 2002 (Simonin et al., 2006; Gaylord et al., 2007; Breshears et al.,
2009). Studying an ecotone between ponderosa pine-dominated forests and pinyon—
juniper-dominated woodlands in Arizona during the 2002 drought, Koepke et al. (2010)
found little difference in mortality among soil parent materials for individual species or
groups of trees and shrubs. They observed greater canopy dieback for shrubs than trees;
mortality, however, did not differ between groups. Juniper, the dominant tree with the
lowest elevational range, had the lowest mortality of all tree species. In contrast, canopy
dieback during severe drought appeared to be a survival mechanism for juniper and to a
lesser extent for pinyon pine, but not for ponderosa pine. As a consequence, overall tree
cover will be reduced as the community shifts from a mixture of species to more
monotypic stand of junipers due to high pine mortality. In addition, surviving junipers
and shrubs will likely have diminished leaf area due to canopy dieback. The same is
confirmed by Allen and Breshears (1998) and by Miiller et al. (2005) as well, who
observed higher mortality among reproductively mature trees and survival of smaller
pinyons. As approximately 1000 species are associated with pinyon pine, the shift in the
structure of these woodlands is expected to have large-scale community consequences.

Shifts in ecosystem types

Ecotones between oak (Quercus sp.) woodlands and semi-desert grasslands of the
southwestern United States and northwestern Mexico have been relatively stable over
the past several centuries (Weltzin & McPherson, 2000b). However, predicted changes
in regional precipitation patterns and soil moisture caused by anthropogenic trace gas
emissions have the potential to alter interactions between woody plants and grasses with
potential ramifications for their relative abundance and distribution. According to a field
experiment conducted by Weltzin and McPherson (2000b) in Arizona, Quercus emoryi
(Emory oak) recruitment and subsequent abundance and distribution would more likely
be affected by changes in summer precipitation than changes in winter precipitation.
Thus, increases in summer precipitation may facilitate downslope shifts in the
woodland-grassland ecotone.
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As the above examples also show, temporal or spatial shifts in ecosystem types at
biome transition zones are often characterized by changes in the dominant species or
life form (Gosz & Sharpe, 1989). In New Mexico, large-scale shifts could be observed
in dominance from grasses to shrubs over the past 50-100 years (Buffington & Herbel,
1965; Peters et al., 2012). According to a biogeographic modelling analysis, an increase
in grasslands and decreases in woody vegetation are expected for parts of the
southwestern US (Neilson & Drapek, 1998). Studying transitions between Chihuahuan
desert and shortgrass steppe biomes, Peters (2002) also predicted shifts in dominance
following directional changes in climate due to modifications in the availability of soil
water. In his model, the Chihuahuan desert grass, Bouteloua eriopoda (black grama)
dominated both sandy loam soil and loamy sand soil following a change in climate that
increased summer precipitation. However, increases in winter precipitation predicted by
alternative climate scenarios presumably would favour shrubs (Larrea tridentata,
creosotebush) and grasses that respond to cool temperatures, such as Bouteloua gracilis
(blue grama).

The importance of water availability is emphasized by Snyder & Tartowski (2006) as
well, who suggest that oscillations between rainfall pulses and intervening dry periods
can potentially shift the biological dominance of ecosystems. According to
paleoecological records, vegetation in the Northern Chihuahuan Desert has shifted
between shrublands in more arid periods, grasslands under more mesic conditions and
woodlands during the wettest periods during the past 20,000 years (Van Devender,
1995; Monger, 2003). Wetter winters and drier summers likely facilitated the grass to
shrub conversion during the last century (Gao & Reynolds, 2003). Increased shrub
cover can be associated with both greater aridity and increased winter precipitation as
shrubs have relative advantage over grasses due to their ability to access deeper soil
moisture (Snyder & Tartowski, 2006). The importance of winter precipitation for
woody shrubs is supported by an analysis showing greater woody plant abundance in
sites with lower mean annual precipitation and a greater proportion of winter rainfall
(Paruelo & Lauenroth, 1996). It is the amount and seasonality of precipitation that
varies at the scale of decades that may determine which of the two functional plant
types predominate. Whereas, annual or within-season variation in precipitation
influences the relative productivity of the two functional types (Snyder & Tartowski,
2006). Peters et al. (2002) suggest that multiple wet years are needed to initiate a
sequence of grass establishment and survival processes that can maintain upland
grasslands.

Atmospheric CO, enrichment may alter not only the composition but even the
structure of grassland vegetation (Polley et al., 2012). According to an experiment
conducted by Polley et al. (2012) in tallgrass prairie assemblages in Texas, CO;
enrichment would increase the grass contribution to community production, and favour
tall-grasses over mid-grasses. The observed increase in Sorghastrum nutans (yellow
indiangrass) was accompanied by an offsetting decline in production of the mid-grass
Bouteloua curtipendula (sideoats grama).

Due to global climate change, stream flow regimes are also being altered (Stromberg
et al,, 2010). In the American Southwest, increasing aridity is predicted to cause
declines in stream base flows and water tables, whereas another potential outcome of
climate change is increased flood intensity. These changes may affect vegetation, e.g.
increased stream intermittency would cause the floodplain plant community to shift
from hydric pioneer trees and shrubs (Populus spp., Salix spp., Baccharis spp.) towards
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mesic species (Tamarix spp.) (Stromberg et al., 2010). This shift in functional type
would produce changes in vegetation structure, with reduced canopy cover and shorter
canopies at drier sites. Among herbaceous species, annuals would increase while
perennials would decrease. If flood intensities increased, there would be shifts towards
younger tree age, expansion of xeric pioneer shrubs and replacement of herbaceous
perennials by annuals. Increased flood intensity would have positive feedback on
disturbance processes, by shifting plant communities towards species with less ability to
stabilize sediments.

Eastern USA
Changes in vegetation distribution

The change in the equilibrium distribution of natural vegetation over eastern North
America over the next 200 to 500 years could be larger than the overall change during
the past 7000 to 10000 years and equivalent to the change that took place over the 1000-
3000-year period of the most rapid deglaciation (Overpeck et al., 1991). Some plant
ranges and abundance maxima could shift as much as 500 to 1000 km during the next
200 to 500 years, and such changes would have dramatic impacts on natural
ecosystems. Lassiter et al. (2000) predict a considerable northward shift of both
northern and southern boundaries of the biomes in the mid-Atlantic region.

Annual temperature in New England is projected to increase by 2.2-3.3 °C by 2041-
2070 and by 3.0-5.2 °C by 2071-2099 with corresponding increases in precipitation of
4.7-9.5% and 6.4-11.4%, respectively (Tang & Beckage, 2010). According to
simulations conducted by Tang and Beckage (2010), regional warming will result in the
loss of 71-100% of boreal conifer forest in New England by the late 21* century. The
range of mixed oak-hickory forests will shift northward by 1.0-2.1 latitudinal degrees
(c. 100-200 km) and will increase in area by 149-431% by the end of the 21% century.
Northern deciduous hardwoods are expected to decrease in area by 26% and move
upslope by 76 m on average. These shifts coincide with an approximate 556 m upslope
retreat of the boreal conifer forest by 2071-2099. However, rising atmospheric CO;
concentrations are expected to reduce the losses of boreal conifer forest from expected
losses based on climatic change alone. These predictions are in line with recent trends.
Beckage et al. (2008) found a 19% increase in dominance of northern hardwoods
between 1964 and 2004 in the northern hardwood-boreal forest ecotone in the Green
Mountains, Vermont, and observed a 91- to 119-m upslope shift in the upper limits of
this ecotone. Pucko et al. (2011) found evidence that species elevational distributions
and community compositions have shifted in response to a 0.49 °C per decade warming
in Vermont. These species responses were complex and largely individualistic at some
elevations, while at other elevations species in a given community tended to respond
similarly. As for the alpine zone in New York State, Robinson et al. (2010) observed
that vegetation composition changed significantly between 1984 and 2007, with an
overall decrease in bryophytes/lichens and an increase in vascular plants, indicating that
vascular plants were replacing bryophytes, particularly in areas not disturbed. Ibanez et
al. (2007) suggest that communities found at higher elevations are in danger of regional
extinction if their habitats disappear given the current climatic trends.

Due to rapid global warming, displacement of individual species is predicted as well,
such as that of Pinus taeda (loblolly pine), which may shift over 400 km northward with
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only a narrow region of overlap between the current and projected future range limits
(Dyer, 1994). However, potential migration rates may fall short by at least an order of
magnitude of that necessary to track projected range shifts. Iverson et al. (2004) also
confirmed that there can be a serious lag between the potential movement of suitable
habitat and the potential for the species to migrate into the new habitat. According to
their results, the proportion of new habitat that might be colonized within a century is
low (< 15%) for all studied species, such as Diospyros virginiana (persimmon),
Liquidambar styraciflua (sweetgum), Oxydendrum arboreum (sourwood), Pinus taeda
(loblolly pine) and Quercus falcata var. falcata (southern red oak).

Coastal ecosystems

Although increases in precipitation are predicted for New England (Tang & Beckage,
2010), climate change may result in increased drought as well. Drought is a primary
cause of mortality for island shrub and tree species (Ehrenfeld, 1990). Besides, coastal
plant communities are expected to be the first to be affected by the projected increase in
sea level resulting from global warming (Ehrenfeld, 1990). The current relative sea-
level rise is quoted as 1.5-2 mm/year along the eastern shore of Virginia (Hayden et al.,
1991) and it will affect swale vegetation more than dune vegetation (Shao et al., 1995).

On the barrier islands of the eastern Atlantic Coast of the USA, shrub (Myrica
cerifera, wax myrtle) thickets are a major vegetation type (Shao et al., 1995). According
to simulations, Shao et al. (1995) found that transpiration patterns of shrub thickets are
sensitive to environmental changes including climatic change and sea-level rise.
Variations in transpiration with environmental changes are physiological readjustments
to the changing environments, which may result in ecological readjustment, such as
distributional shifts. Results show that air temperature is less important than humidity in
determining shrub thicket distributions on barrier islands, and changes in precipitation
patterns are more significant than changes in quantity. Furthermore, soil water, which
may rise due to sea-level rise (Ehrenfeld, 1990), is a limiting factor to the transpiration
of shrub thickets and thus it plays an important role in determining the distribution of
this vegetation type. As a consequence, changes in successional processes and
distribution patterns of shrub thickets are sensitive indicators of climatic changes.

Effects of drought

Not only on barrier islands, but in many other ecosystems as well, drought acts as a
disturbance that may initiate large-scale changes in community structure and
composition (Tilman & EI Haddi, 1992; Allen & Breshears, 1998; Condit, 1998;
Scheffer et al., 2001; Delissio & Primack, 2003, Malatinszky et al., 2013a, 2013Db).
Droughts generally result in decreased productivity, diversity and establishment,
increased rates of mortality and altered nutrient cycling in the community (Bollinger et
al., 1990; Tilman & El Haddi, 1992; Condit et al., 1995; Sternberg et al., 1999; Penksza
et al., 2009, 2011, 2013; Szentes et al., 2010, 2011a, 2011b; Delissio & Primack, 2003;
O’Neill et al., 2003; Hanson & Weltzin, 2000). One mechanism by which communities
change with disturbances such as drought is through changes in the rate of species
turnover (Yurkonis & Meiners, 2006) since drought can open a temporal colonization
window where new species enter the neighborhood (Grime et al., 1994; Davis & Pelsor,
2001; Bartha et al., 2003, 2009, 2013).
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According to the results of a field study focusing on a 2-month drought event within
an early successional forest system in New Jersey (Yurkonis & Meiners, 2006), drought
had little long-term effect on neighbourhood structure (species richness and cover) and
generated only subtle changes in neighbourhood composition. Ruderal (annual and
biennial) species were more likely to change in cover and frequency due to their limited
storage of nutrients and shallow root systems than the more stress tolerant perennial and
woody species. Following drought, native and exotic ruderal species tended to increase
in cover and frequency across the site. However, population dynamics appeared to be
unpredictable and generally driven by stochastic species turnover among fields, not by
large-scale shifts in species abundance. Thus, stochastic fine-scale processes can
generate predictable coarse-scale dynamics within a disturbed system.

Schultheis et al. (2010) suggest that the projected increase in evapotranspiration
coupled with atmospheric nitrogen deposition may lead to the drying up of bogs in the
Southern Appalachian Mountains, which can lead to the system becoming a carbon
source rather than a sink and to local extinction of many bog species allowing
alternative ecosystems to replace the bogs.

Woody encroachment

It has been observed that abandoned crop- and pasturelands across the eastern part of
North America transition from annual and perennial herbs and grasses to various states
of woody dominance (Clements, 1916; Oosting, 1942; Keever, 1950; Bazzaz, 1968;
Meiners et al, 2002). However, the time required for woody species to achieve
dominance varies on the order of decades (Abel, 1941; Bard, 1952; Bazzaz, 1968), e.g.
in the Northeast USA, fields can persist as herbaceous assemblages for more than fifty
years (Mellinger & McNaughton, 1975), whereas fields in the Southeast typically
transition to closed pine stands in less than a decade (Oosting, 1942; Keever, 1950).
Wright and Fridley (2010) documented a clear latitudinal pattern, where the time after
field abandonment required to reach certain percent of woody cover increased
severalfold from the southern to the northern part of the studied area. This latitudinal
pattern was associated with climatic variation, variation in soil fertility, which is
generally higher in the soils of the Northeast (von Englen, 1914), and differences in the
species pools of both herbaceous and woody pioneer species between regions.
According to Wright and Fridley (2010), fields of the Northeast may favour herbaceous
persistence due to more fertile soils, cooler temperatures and early successional species
pools. Fridley and Wright (2012) concluded that early successional ecosystems may be
less sensitive to broad-scale climatic trends because they are driven by interactions
between species that are only indirectly related to temperature and rainfall. According to
their results, seedlings of southern woody pioneer species are better able to quickly
establish in fields after abandonment, regardless of climate regime. Sites of lower soil
fertility also exhibited faster rates of seedling growth. This shows that climate plays a
relatively minor role in community dynamics at the onset of secondary succession, and
that species identity (growth rate) and site edaphic conditions are a stronger determinant
of the rate at which ecosystems develop to a woody-dominated state.
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Estuarine ecosystems

It is known that plant species composition shifts predictably along estuarine salinity
gradients, with salt-tolerant halophytic plants dominating salt marshes and
nonhalophytic wetland plants dominating tidal freshwater habitats (Simpson et al.,
1983; Odum & Hoover, 1988; Mitsch & Gosselink, 2000). Studying tidal marsh plant
communities in Rhode Island, Crain et al. (2004) found that freshwater marsh plants,
when transplanted to salt marshes, did poorly and generally died. In contrast, saltmarsh
plants, when transplanted to freshwater marshes, thrived in the absence of neighbours,
but when neighbours were present, they were strongly suppressed. This means that
biotic interactions also play a key role in driving plant distribution patterns along
estuarine salinity gradients.

Charles and Dukes (2009) suggest that salt marsh communities may be resilient to
modest warming and large changes in precipitation. If production increases under
climate change, marshes will have a greater ability to keep pace with sea-level rise,
although an increase in decomposition could offset this. As long as marshes are not
inundated by flooding due to sea-level rise, they may be able to increase their carbon
storage capability due to increases in aboveground biomass and stem heights under
future climate conditions.

Southeastern USA
Changes in environmental conditions

Future climates in the southeastern United States are predicted to become warmer,
with mean annual total precipitation declining up to 30% (Hengeveld, 2000). At the
same time, heavy rainfall events are predicted to increase in the middle United States
(Woodhouse & Overpeck, 1998; Easterling et al., 2000), which could cause sudden
flooding in wetlands.

Mangrove and hardwood hammock ecosystems

In the Greater Everglades region of southern Florida, mangrove ecosystems and
hardwood hammock ecosystems occupy overlapping geographical ranges (Odum et al.,
1982; Odum & Mclvor, 1990; Sklar & van der Valk, 2003). These two vegetation types
are frequently in competition, although they are typically not interspersed but there are
sharp boundaries between their uniform patches (Teh et al.,, 2008). Hardwood
hammocks generally occupy areas of higher elevation, where salinities are low, while
mangroves can tolerate higher salinity levels but also have the ability to grow in
freshwater (Sternberg & Swart, 1987; Odum & Mclvor, 1990). There exists an
equilibrium state at which both vegetation types are present, where the salinity of the
vadose layer is at an intermediate level of lethality for freshwater hammock species
(Sternberg et al., 2007).

Teh et al. (2008) suggest that because of climate change, sea level rise and storm
surges are potential perturbations which may cause the vegetation to shift from
hardwood hammocks to mangroves as an increase in salinities of the vadose zone
induced by these events might eradicate the salinity-intolerant hardwood hammocks at
higher elevations and promote landward migration of mangroves. This is confirmed by
Doyle et al. (2003) as well, who observed that the occurrence of hurricanes is
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responsible for the composition of mangrove communities across southern Florida
today. Besides, it is documented that mangroves have migrated approximately 3.3 km
inland in the southern Everglades during the past half-century, largely at the expense of
freshwater marshes and swamp forest (Gaiser et al., 2006). In their model, Teh et al.
(2008) considered high salinity developed during the dry season to be the major
determinant of vegetation distribution in Florida, and found that under stable
environmental conditions, hardwood hammocks occupied the higher elevation cells,
while mangroves occupied the lower ones, just like in nature. In the event of a light
surge, hardwood hammocks were able to restore the salinity to low levels in a short time
period by decreasing their transpiration rates. However, a medium surge event that
saturated the vadose zone at 15 ppt caused the mangroves to invade the cells at higher
elevation, and a heavy surge caused them to take over the entire study domain after 50
years. The rate of domination by mangroves in the high elevation cells after a storm
surge was found to depend on the thickness or depth of the vadose zone. This modelling
study also proves that changes in vegetation may occur not only through gradual
changes in the environment, but also by a sudden disturbance event.

Simulations by Sternberg et al. (2007) show that the primary effect of changes in
precipitation (caused by climate change) and ground water salinity (brought about by
sea water intrusion) will be on the inland hammock frequency and not on the
mangrove/hammock boundary. Decrease in precipitation relative to the average yearly
precipitation of about 1,000 mm in South Florida will cause a significant decrease in
hammock frequencies. The mangrove/hammock boundary, however, will only move
inland to higher elevation when precipitation is drastically reduced. Likewise, increases
in the salinity of the groundwater underlying the vadose zone will have a strong impact
on the inland hammock frequency, but little impact on the mangrove/hammock
boundary.

Changes in hydrological properties

Hydrological properties are considered to be a driving force in structuring wetland
communities (Gunderson & Loftus, 1993; Mitsch & Gosselink, 2007); particularly,
duration and depth of flooding are the major factors controlling plant distribution
(Gunderson, 1994). Numerous studies have shown a relationship between Everglades
hydropatterns and the plant communities found there (Armentano et al., 2006; Davis et
al.,, 1994; Gunderson, 1994; Ross et al., 2003; Zweig & Kitchens, 2008; Zweig &
Kitchens, 2009). Gunderson (1994) suggested that the hydrology of the Everglades is
affected at three different temporal scales with the slow time scale being change in sea
level, the intermediate scale being the return period of droughts and floods and the fast
scale being the annual hydrologic regime which is dominated by seasonal variation in
rainfall. Some authors have shown that vegetation change in response to hydrologic
alteration can be relatively rapid (i.e. a few years) (Armentano et al., 2006; Zweig &
Kitchens, 2008), while others argue that there can be a considerable time lag (Givnish et
al.,, 2008; Ross et al., 2003). Nevertheless, changes in the hydrology due to climate
change can potentially have profound impacts on the distribution and prevalence of
vegetation communities (Jason Todd et al., 2010).

In coastal ecosystems, regeneration may be dictated by disturbances related to
hurricanes, water fluctuation, and/or saltwater intrusion (Platt & Connell, 2003;
Middleton, 2009a, b, c, d). These disturbances may increase in the future with climate
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change, particularly because of increased hurricane activity, sea-level rise (Michener et
al., 1997), or declining freshwater input (Middleton, 1999). Other authors also confirm
that water depth and salinity changes can greatly alter seed germination and seedling
growth of species (Middleton, 1999, 2009a, d; Howard & Mendelssohn, 2000; Brock et
al., 2005). Future environments may involve novel combinations of increased
atmospheric CO, (IPCC, 2007b), temperature, sea level, salinity (Michener et al., 1997),
precipitation (Easterling et al., 2000) and hurricane activity (Webster et al., 2005). In
their experiment conducted in floating freshwater marshes in the Mississippi River
Delta, Middleton and McKee (2012) observed that species richness was not affected by
CO,, water regime, salinity, or any of their interactions. However, density of
germinating seeds and seedling biomass was influenced by the interaction of CO, with
water regime and salinity level. Salinity, which reduced seedling biomass, was the main
treatment driving seedling response patterns, flooding had less effect, and the influence
of CO, was secondary to these. Other authors also mention that seed germination and/or
seedling growth of most species decrease with increased salinity (Howard &
Mendelssohn, 2000; Brock et al., 2005; Middleton, 2009a). As a consequence, higher
CO; concentrations will not ameliorate stressful environments related to flooding or
salinity levels, however, species dominance may change even if the total number of
species does not (Middleton & McKee, 2012).

Middleton (1999b) also confirmed that water regime has a key role in the
germination of wetland species. Flooding forms a barrier to the germination of most of
them (van der Valk & Davis, 1978; Leck, 1989), and therefore, any climate change
affecting the duration of flooding in swamps could affect the regeneration of species
from the seed bank (Middleton, 2009d). A few studies suggest that seed bank densities
shift spatially across regional watersheds in response to flood pulsing (Middleton,
1999b; Middleton, 2003) and disturbance (Middleton & Wu, 2008). In particular, shifts
in water availability associated with climatic temperature or precipitation, are likely to
have local and landscape effects on the regeneration dynamics of these ecosystems
(Middleton, 2009d). Differences of seed germination in response to water regime are
species-specific (Baskin & Baskin, 1998; Middleton, 1999), and an experiment
conducted by Middleton (2009d) also confirms that seed banks from the same swamps
respond differently to non-flooded versus flooded conditions. Thus, both drought and
heavy rainfall have the potential to alter the regeneration dynamics of wetland
ecosystems. Middleton (2009d) concludes that any climate change, which would alter
hydrology, could limit the dispersal, germination, and regeneration of short-lived woody
species from Taxodium distichum (bald cypress) swamps. Taxodium distichum may
already be experiencing physiological stress related to the higher temperatures at the
southern limits of its range (Middleton & McKee, 2004). With climate warming,
Taxodium distichum populations may be extirpated near the southern extreme of the
range (Crumpacker et al., 2001; Middleton & McKee, 2004).

Woody encroachment

Shirley and Battaglia (2006) also reported marsh loss along the northern Gulf of
Mexico between the 1950s and the 1990s. In the Mississippi Delta, marsh was
converted to open water along shorelines and in internal patches, but the majority of
marsh loss was attributed to scrub-shrub encroachment. In the Coastal Plain, the main
trend was replacement of agricultural areas by forest. Shirley and Battaglia (2006)
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concluded that marsh areas are especially vulnerable since they are not keeping pace
with the spatial shifts in the aquatic to terrestrial transition as sea level rises.

In spite of investigating an old-field ecosystem instead of wetlands in the
southeastern USA, Classen et al. (2010) also found that soil moisture exerted the largest
influence on seedling emergence and establishment, either directly or due to other
climatic change factors. Climatic change is altering communities in old-field and
forested ecosystems (Chapin et al., 2000; Knapp & Smith, 2001), and multiple climate
change factors, such as changes in CO,, temperature and precipitation regimes, can
interact in ways that make predicting their direct impact on ecosystems difficult
(Pendall et al., 2004). It is unlikely that CO, concentration had any direct effect on
germination and seedling emergence, however, elevated atmospheric CO;
concentrations can lead to an increase in soil moisture (Dermody et al., 2007). Warming
also affected seedling establishment primarily through its effects on soil moisture, and
not directly. Besides, deleterious effects of warming were more prevalent under dry
than wet conditions. However, the effect of warming was not always deleterious to
establishment, for example, when elevated CO, was combined with warming, seedling
emergence was higher. Classen et al. (2010) conclude that atmospheric and climatic
change can alter the dynamics of ecosystem succession. Moreover, altered successional
trajectories may result in forests with structure and function quite different from those
of present forests (Mohan et al., 2007; De Deyn, 2008).

In contrast to Middleton and McKee (2012), Beckage et al. (2006) predict decreased
frequency of both fires and hurricanes in the southeastern United States, and suggest
that this and the CO; fertilization effect will shift pine savannas towards a forested state.

The Great Lakes region
Predicted changes in forest communities

General circulation models predict temperature increases of 3.11-3.67 °C and
precipitation increases of 2-14% over the southern Great Lakes region (Illinois, Indiana
and Ohio) (Ehman et al, 2002), whereas for northern Wisconsin, even larger
temperature changes (up to 5.8 °C) are projected (Scheller & Mladenoff, 2005). Global
climate change is expected to affect the growth, distribution and species composition of
forests at several spatial and temporal scales (Graham et al., 1990; Randolph & Lee,
1994; Loehle & LeBlanc, 1996; Schenk, 1996; Lindner et al., 1997; Scheller &
Mladenoff, 2005). Ehman et al. (2002) examined the possible responses of tree species
to a twofold CO,-changed climate scenario, and found an overall decrease in total basal
area for northern conifers and northern deciduous species. The total basal area of
intermediate and southern species increased only slightly under the effects of climate
change (with the exception of northern red oak — Quercus rubra, the basal area of which
decreased). Table 9 shows how population centroids of different species groups are
expected to shift under baseline as well as changed climate conditions by 2060. Ehman
et al. (2002) also predicted how population centroids of regionally dominant species
will shift after 80 years (Table 10).
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Table 9. Direction of predicted shifts for different species groups under baseline and
changed climate conditions and predicted distance between the baseline and changed
climate centroids by 2060 (Ehman et al., 2002)

Under baseline Under changed | Distance between
conditions conditions centroids
Northern conifers east-southeast north-westward 252.6 km
Northern deciduous eastward northward and 140.2 km
species eastward
Intermediate species eastward 22.4 km
Southern species north-eastward 32.0 km

Table 10. Direction of predicted shifts of regionally dominant species under baseline and
changed climate conditions by 2060 (Ehman et al., 2002)

Under baseline conditions | Under changed conditions

White oak (Quercus alba) stationary eastward
Pignut hickory (Carya stationary eastward
glabra)

Blaclf oak (Quercus eastward eastward
velutina)

Northern red oak southwest eastward
(Quercus rubra)

Sugar maple (4cer eastward north-eastward
saccharum)

Amerl.carf beech (Fagus southward north-eastward
grandifolia)

According to the simulations, a significant change will be the loss of northern
conifers and northern deciduous species from the study region. Under changed climate
conditions, sugar maple (Acer saccharum) and thus the northern deciduous group may
be eliminated. These results are in line with other studies suggesting that for northern
conifer and northern deciduous species’ populations, climate change either initiates a
northward shift of the current range, a decline in dominance, or complete extirpation
(Zabinski & Davis, 1989; Randolph & Lee, 1994; He et al., 1999). He et al. (1999)
showed similar decreases in northern coniferous and some northern hardwood species in
Wisconsin, predicting that the biomass of red pine (Pinus resinosa), quaking aspen
(Populus tremuloides) and big-toothed aspen (Populus grandidentata) will decrease
under a 5 °C temperature increase. Thus, these species might not be able to establish
under warmer conditions.

For the intermediate and southern species, the effect of climate change is expected to
be minor (Ehman et al, 2002). However, these results differ from those of other
authors. Randolph and Lee (1994) reported community- and species-level responses of
midwestern forests under a twofold CO, changed climate scenario. Both the southern
mixed forests and the southern oak-hickory-pine forests were predicted to expand
northward from their current ranges to areas formerly occupied by northern hardwood,
beech-maple, elm-ash, mixed-mesophytic, Appalachian oaks, and northern and central
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oak-hickory forests. In turn, ranges of these more northern forest types were predicted
to shift to the north. In southern Indiana, oak-hickory forest is expected to change to a
southern mixed forest dominated by southern red oak (Quercus falcata), post oak
(Quercus stellata), bur oak (Quercus macrocarpa), and loblolly pine (Pinus taeda)
(Randolph & Lee, 1994), which is consistent with USEPA (1998) predictions. However,
the expected shift towards southern oaks and hickory may be delayed because of seed
dispersal limitations (Scheller & Mladenoft, 2005). Zabinski and Davis (1989) proposed
that for the Great Lakes region an increase in temperature would probably result in drier
conditions due to increased evapotranspiration, so beech populations might be expected
to decline.

Nevertheless, Ehman et al. (2002) add that if the time frame of the simulation had
been extended, the northern species groups would have been completely eliminated, and
larger increases in the southern species would have been evident. Additionally, as the
mentioned shift could occur in a relatively short time, some understory woody and
herbaceous species associated with the northern deciduous tree community also would
probably disappear from the region if they could not adapt to conditions in the oak-
hickory dominated forests. Furthermore, Ehman et al. (2002) predict the loss of genetic
diversity along range margins and that relict communities may also be regionally
extirpated.

The above results are partly in line with those of Ravenscroft et al. (2010), who
simulated shifts in forest composition under climate change in Minnesota, taking into
account forest management scenarios as well. They observed a trend toward
homogenization of forest conditions due to the widespread expansion of maple (Acer
spp.). White spruce (Picea glauca), balsam fir (Abies balsamea), and paper birch
(Batula papyrifera) were extirpated from the landscape, and additional losses of black
spruce (Picea mariana), red pine (Pinus resinosa) and jack pine (Pinus banksiana) were
projected in the high-emissions scenario. The loss of the above species is simulated by
Scheller and Mladenoff (2005) as well, regardless of disturbance scenario. Ravenscroft
et al. (2010) conclude that ensuring a diversity of species and conditions within forested
landscapes may be the most effective means of ensuring the future resistance of
ecosystems to climate-induced declines in productivity.

Predicted changes in bog and fen communities as well as in wetlands

Weltzin et al. (2000b) conducted experiments in Minnesota in order to investigate
effects of climate change on bogs (dominated by Sphagnum mosses, ericaceous shrubs
and black spruce - Picea mariana) and fens (dominated by graminoids, nonericaceous
shrubs and trees). They concluded that the structure and function of both bog and fen
plant communities will change, in different directions or at different magnitudes, in
response to global or regional warming and changes in water-table elevation. Within
each community, the response of plants was life-form- and species-specific (Table 11).
According to the results, global warming may lead to an increase in the production and
abundance of woody plants (in particular bog rosemary - Andromeda glaucophylla) in
bog communities. In addition, lowered water-table elevations will also favour woody
plants (Gorham, 1991). As a consequence, warm, dry bog plots may become dominated
by shrubs in the future.
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Table 11. Effects of increasing water-table elevation and infrared loading on different plant
functional types in bog and fen communities (Weltzin et al., 2000b)

Bogs
Production of Production of Production of
bryophytes graminoids shrubs
Increasing water-
table elevation ! unaffected !
Incr.easmg infrared unaffected ! ]
loading
Fens
Production of Production of Production of
graminoids forbs shrubs
Increasing water-
table elevation f f unaffected
Incr.easmg infrared ] ! unaffocted
loading

Climate change is predicted to reduce water levels of the Laurentian Great Lakes,
altering coastal wetland ecosystems and potentially stimulating invasive macrophytes,
such as Typha x glauca (white cattail) (Lishawa et al., 2010). According to a field study
conducted by Lishawa et al. (2010) in intact northern Great Lakes coastal wetlands,
plant community composition had shifted and became more homogeneous than it was
20 years before, due to an invasion by Typha x glauca. Beach ridges usually protect
Typha x glauca from wave and seiche energy, and as water levels decline, these energy-
insulating microtopographic features will likely stimulate further invasion and
dominance by this species, even in high quality wetlands (Lishawa et al., 2010).

The Great Plains

Altered fire regimes have the potential to cause major changes in plant community
composition and structure (Bond et al., 2005; Nowacki & Abrams, 2008). In ecotones,
many species are at the limits of their natural ranges, therefore vegetation may be
especially sensitive to the combined effects of increased temperatures, droughts, and
changes in land use and management (Gosz, 1992; Risser, 1995). Even a small change
in climate can lead to major changes in vegetation in these communities, often in
combination with rapid encroachment of invasive species (Allen & Breshears, 1998;
DeSantis et al., 2011). An increase in the number, severity and duration of droughts due
to global climate change may lead to rapid transformations becoming more common
(Allen et al., 2010).

In south-central North America, drought and decreased fire frequency were
responsible for changes in the composition and structure of oak (Quercus)-dominated
forests over fifty years (Rice & Penfound, 1959; DeSantis et al., 2010). Besides, grazing
may have played a minor role as well (DeSantis et al., 2011). Although these forests had
exhibited changes in dominance from xeric fire-tolerant Quercus to mesic fire-intolerant
tree species (DeSantis et al, 2010), the most significant change was the rapid
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encroachment of the native invasive eastern red cedar (Juniperus virginiana) due to fire
suppression in this midcontinent forest-prairie ecotone (DeSantis et al., 2011). DeSantis
et al. (2011) suggest that future forests subjected to fire suppression and more frequent
and prolonged droughts will likely undergo continued changes in species composition.

Frelich and Reich (2010) predict a “savannification” of the forest on the prairie-
forest border, owing to the loss of adult trees. This is expected to be caused by the
greater frequency of droughts, fires, forest-leveling windstorms, and outbreaks of native
and exotic insect pests and diseases. As a consequence, this biome boundary is
predicted to shift to the northeast just like during past episodes of global warming, but
in a greater magnitude and more rapidly than as if it would be solely attributable to the
direct effects of temperature change.

Intermontane basins and plateaus

Water availability is the primary constraint to plant productivity in many terrestrial
biomes (Rosenzweig, 1968; Webb et al.,1986; Le Houerou et al., 1988; Churkina &
Running, 1998), and it is an ecosystem driver that will be strongly affected by ongoing
and future climate change (Houghton et al., 2001). The within-season distribution of
precipitation events has significant effects on plant and soil processes (Novoplansky &
Goldberg, 2001; Knapp et al., 2002; Fay et al., 2003; Schwinning & Sala, 2004; Sher et
al., 2004; Harper et al., 2005; Sponseller, 2007) and thus, on community composition
and dynamics (Graetz et al., 1988; Comstock & Ehleringer, 1992; Ojima et al., 1993;
Ehleringer et al.,, 1999). Global climate change scenarios predict a shift to larger
precipitation events with longer intervening dry intervals (Groisman et al., 1999;
Easterling et al., 2000; IPCC, 2007a). Community responses to altered precipitation
patterns are a direct result of the timing of water availability within the soil profile
(Brown et al., 1997; Schwinning et al., 2005). Ecological processes in arid and semi-
arid ecosystems are particularly sensitive to within-season dynamics (Schwinning &
Sala, 2004) as chronic water limitation defines this ecosystem (Parton et al., 1981) and
strongly influences its physiological characteristics and species composition (Sala et al.,
1992; Chesson et al., 2004).

In their experiments conducted in Colorado, Heisler-White et al. (2008) found that
larger, less frequent rainfall events resulted in greater aboveground net primary
productivity in the dominant grass in the shortgrass steppe, Bouteloua gracilis (blue
grama grass). Although no significant relationship could be identified between mean
event size or dry interval length and aboveground net primary productivity, similar to
analyses in other grasslands (Nippert et al., 2006; Swemmer et al., 2007), the results
suggest that the relative evenness of event size in combination with event number may
have important effects on ecosystem function (Heisler-White et al., 2008).

Other studies have shown that reducing storm frequency and increasing rainfall
quantity per storm decreases above-ground production in tall grass prairies of the central
United States (Fay et al., 2002; Knapp et al., 2002). Shifting from a winter to a spring
precipitation pattern reduces productivity in the sagebrush steppe of the northern Great
Basin (Svejcar et al., 2003). Besides, atmospheric increases in CO, and climate change
also have the potential to increase the competitiveness of invasive weeds in arid lands
(Smith et al., 2000). Bates et al. (2006) investigated the effects of altered timing of
precipitation on vegetation dynamics in an Artemisia tridentata spp. wyomingensis
(Wyoming big sagebrush) community in the northern Great Basin and observed that
shifting precipitation distribution to a spring/summer pattern has the greatest potential
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for altering productivity, composition, and structure of Artemisia tridentata steppe
vegetation. Annual and perennial forbs native to the system were the least resistant to a
timing change, declining in density, cover, and biomass. As a consequence, a long-term
shift to a spring/summer dominated precipitation pattern would lead to the forb
component being lost or severely reduced, and to an increase in bare ground, with the
potential to reduce ecosystem biodiversity. Increased winter precipitation combined
with summer drought, however, appears unlikely to cause major changes to vegetation
composition or productivity (Bates et al., 2006). Nevertheless, if temperature increases
as predicted by general circulation models (NAST, 2000; IPCC, 2001), the potential
exists for increased annual grass establishment into areas where it is still a minor
component of the Artemisia tridentata ecosystem. The increase in Bromus tectorum
(cheatgrass) is of concern as its presence has altered historic fire regimes and
permanently modified Great Basin plant communities (Young et al., 1987). Thus, a
warmer environment coupled with a winter precipitation regime and greater CO, levels
would likely permit invasion and dominance by Bromus tectorum, particularly if fire
disturbances increase (Bates et al., 2006). The results of Bates et al. (2006) also
demonstrate the resilience of these communities to climate perturbation as many of the
vegetation shifts did not begin until the fourth year after treatments were applied.

Rocky Mountains and the Cascades
Changes in forest communities

In Washington State, conifer species dominate forest ecosystems with hardwood
species abundant only in riparian areas (Littell et al., 2010). Both snowpack declines
and warmer summers are projected, thus, summer water availability for plants will
likely decrease in Washington forests (Elsner et al.,, 2010; Mote & Salath¢, 2010).
Littell et al. (2010) predict that the area of forest that is severely water-limited will
likely increase by the 2020s and even in a greater magnitude by the 2040s and the
2080s. These changes are projected to occur on the east side of the Cascade Mountains
and west side of the Rocky Mountains in the northern part of Washington State.
According to Littell et al. (2010), Douglas-fir (Pseudotsuga sp.) is possibly one of the
most climate-sensitive species regionally, thus, it may be in increasing risk at the edges
of its current range in Washington. This is probably due to increases in temperature and
decreases in growing season water availability in more arid environments, e.g., in the
Columbia Basin. The decline in climatically suitable habitat for Douglas-fir is most
widespread at lower elevations. In pine forests, climate is likely to be a significant
stressor in the Columbia Basin and eastern Cascades by the 2060s (Littell et al., 2010),
and projections suggest that areas with climatic conditions favourable for lodgepole
pine (Pinus contorta) will decrease considerably. Littell et al. (2010) also conclude that
in the future, the rate of forest change (change in forest type, species composition and
productivity) in response to climate change will likely be driven more by disturbances
(such as increases in fire area and outbreaks by mountain pine beetle) than by gradual
changes in tree populations. Sudden changes to forest structure and composition caused
by stand-replacing disturbances will speed up species turnover and transitions to new
structural characteristics of stands and landscapes. According to Busing et al. (2007),
frequent fires of low severity can alter forest composition and structure as much or more
than severe fires at historic frequencies.
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An overall decrease is predicted in pine-dominated subalpine forests in the Greater
Yellowstone Ecosystem as well (Schrag et al., 2008). In simulations by Schrag et al.
(2008), temperature and temperature-related variables appeared to be the most
influential in the distribution of whitebark pine (Pinus albicaulis), whereas precipitation
and soil variables dominated in the case of subalpine fir (4bies lasiocarpa) and
Engelmann spruce (Picea engelmannii). As tree-line conifers are believed to be limited
by temperature, they may serve as important indicators of climate change. Romme and
Turner (1991) add that the upper and lower timberline appear to be particularly sensitive
to climate change. The upper timberline is likely to migrate upward in elevation in
response to temperature changes, whereas the lower treeline may retreat under drier
conditions or move down slope under wetter conditions. According to their simulations,
the extent of alpine vegetation is expected to decrease.

Besides, species with relatively narrow niches, such as plants endemic to particular
soils, may be especially vulnerable to extinction under a changing climate due to the
enhanced difficulty they face in migrating to suitable new sites (Damschen et al., 2010).
Damschen et al. (2010) observed sharp declines in herb cover and richness in the
Siskiyou Mountains of southern Oregon. Declines were the strongest in species of
northern biogeographic affinity, species endemic to the region, and species endemic to
serpentine soils. Overall, herb communities have shifted to more closely resemble
communities found on xeric south-facing slopes.

As for the rate of forest change, Elliott (2011) suggests that considerable lag times
exist between changes in climate towards more favourable growing conditions and
corresponding shifts in tree establishment at the upper tree line in the Rocky Mountains.

Changes in herbaceous communities

Results from warming experiments show that two primary microclimate effects of
warming are a decrease in soil moisture and an increase in nitrogen mineralization
(Harte et al., 1995; Shaw & Harte, 2001). In their experiment conducted in the Rocky
Mountains of Colorado, Harte and Shaw (1995) found that in the warmed plots,
aboveground biomass of forbs decreased, that of shrubs increased, and that of grasses
was unchanged.

Harte et al. (2006) came to similar results in their warming experiment in a montane
grassland in the Colorado Rockies. They also found an increase in the aboveground
biomass of sagebrush (Harte & Shaw, 1995; Perfors et al., 2003), and an approximately
compensating decline in that of forbs, especially the shallow-rooted ones (Harte &
Shaw, 1995; Saveedra et al., 2003; de Valpine & Harte, 2001a), whereas biomass in
grasses showed no response to warming. Harte et al. (2006) concluded that the shift in
primary production is associated with shifting species composition in the plant
community.

De Valpine and Harte (2001b) observed in their study on 11 forb species in a
montane meadow that six of those responded to warming with significant changes either
in abundance, average size, flowering, or in frost damage. Some of these were
favourable responses but most of them were negative. Regarding the two most abundant
species, neither water nor nitrogen had a significant effect on the aboveground biomass
of Helianthella quinquenervis (fivenerve helianthella), whereas Erigeron speciosus
(aspen fleabane) responded to both nitrogen and water additions, but its response to
water was larger than its response to nitrogen. Its final biomass increased significantly
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with water addition and marginally significantly with nitrogen addition, however, it
declined strongly under warming.

Central and South America
Effects of climate change on tree species

In Mexico, drier conditions are predicted mainly for the northern part. By 2050 it is
generally expected that several species will lose a significant portion of their area of
distribution as a result of the impact of climate change (Trejo et al., 2011). For example,
Fagus grandifolia var. mexicana (Mexican beech) is a dominant element of the cloud
forest in Eastern Mexico. Under a predicted scenario characterized by +2 °C and -20%
rainfall in the region, a drastic distribution contraction of this species can be expected
(Tellez-Valdes et al., 2006). Zacarias-Eslava and del Castillo (2010) predict the
expansion of chaparral at the expense of temperate forest and the extinction of high-
altitude species in the Sierra Juarez. Comita and Engelbrecht (2009) also confirm that
predicted shifts in rainfall patterns caused by global and regional climate change are
expected to alter the dynamics, composition, and diversity of seasonal tropical forests.
According to their studies in Panama, lower growth and higher mortality are expected at
the community level in the dry season relative to the wet season and higher mortality is
predicted in the drier plateau habitat relative to the wetter slope habitat.

Changes in the position along the elevational gradient for plant species are
considered as a response to climate change (Alo & Wang, 2008), particularly within the
area of influence of cities, as a response to the effects of urban heat islands (Goémez et
al., 1998; Jenerette et al.,, 2007). The impact of the urban heat island on plant
community distribution has been documented in several studies (Zhao et al., 2006;
Jenerette et al., 2007; Luo et al., 2007), regarding mountain areas as well (Schrag et al.,
2008). When the climate gets warmer in response to the urban heat island, it can be
expected that plant communities will migrate up along mountain sides, to new
altitudinal limits (Lenoir et al., 2008). Studying seedling survival of Ceiba aesculifolia
(pochote), a tropical tree species, along an altitudinal gradient in a slope facing the city
of Morelia in Mexico, Valle-Diaz et al. (2009) observed a general increase in plant
survival with elevation. The highest survival was found 160 m higher than the
altitudinal limit of the remnant adult trees in the study area, and close to the highest
limit reported for the species at a regional scale. These results suggest that
establishment of Ceiba aesculifolia has shifted upward along the altitudinal gradient in
the study area. Besides, the envelope of suitable temperatures for seedling establishment
is expected to shift upward more on the south face of the mountains than in the slopes
facing the north. Feeley et al. (2011) came to the same conclusion by observing in Peru
that most of the studied tropical Andean tree genera shifted their mean distributions
upslope in the first years of the 21% century. The mean rate of migration was
approximately 2.5-3.5 vertical metres upslope per year, and abundances of tree genera
previously distributed at lower elevations increased in the majority of study plots.
According to Feeley et al. (2011), the observed mean rate of change is less than
predicted from the temperature increases for the region, possibly due to the influence of
changes in moisture or non-climatic factors such as substrate, species interactions, lags
in tree community response or dispersal limitations. Nevertheless, continued slower
migration of tropical Andean trees would indicate a limited ability to respond to
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increased temperatures, which may lead to increased extinction risks with further
climate change.

Savannization and forest encroachment

According to Bush and Hooghiemstra (2005), the impacts of climatic changes in the
tropics can be severe. Future biodiversity may depend on changes in precipitation and
land use patterns (Higgins, 2007). In Colombia and Venezuela, the southern boundary
of the savanna vegetation, which is transitional to tropical rainforest, has migrated in the
past (Behling & Hooghiemstra, 1998). Shifts of this savanna—forest transition depend
heavily on annual precipitation values and the length of the dry season, while
temperature change has little impact (Hutyra et al., 2005; Flantua et al., 2007). The area
of the Colombian savanna has small amplitude of annual temperature change which
should not influence vegetation distribution significantly (Rippstein et al., 2001).

Collevatti et al. (2011) studied effects of climate change on savanna vegetation in
Brazil and concluded that distribution of savanna tree species may be highly restricted
in future climate conditions because suitable places will be localized in the most
disturbed area of Brazil. For Caryocar brasiliense (pequi), a widespread savanna tree
species, the highest levels of suitability of occurrence can be found throughout the
central portion of Brazil, extending to northern South and Central America and in some
core areas of the Amazon (Collevatti et al, 2011). According to projections by
Collevatti et al. (2011), its overall geographical limits will be widely reduced (by about
50%) by 2050. Moreover, a distributional shift will occur in the structure of climatically
suitable areas within the species’ range toward the southeastern region (Diniz-Filho et
al., 2010), and a strong reduction in genetic diversity is expected if habitat suitability
drops below 0.5 with climate change. Although other projections inferred the
savannization of tropical forests, with expansion of savanna-like vegetation in South
America (Hutyra et al., 2005; Salazar et al., 2007), suitability for Caryocar brasiliense
may be restricted to the southernmost distribution of savanna vegetation (Collevatti et
al., 2011). It is also possible that this species will be unable to track the current climate
change due to its pace and mainly due to the fragmentation of the habitat (Jump &
Pefiuelas, 2005; Hoffmann & Willi, 2008). According to Collevatti et al. (2011), the
more suitable places for Caryocar brasiliense can be found in the most disturbed
regions in Brazil in the future, with the most fragmented and degraded habitats due to
human occupation. This will hold back population migration and persistence, and thus,
these populations may have a limited capacity to cope with ongoing climatic changes.

Studying a forest—grassland mosaic at the southernmost limit of the Brazilian
(Araucaria) Atlantic forest, Silva and Anand (2011) found a clear shift in vegetation
cover, representing a continuous process of forest expansion. Both patch formation and
border dynamics occurred simultaneously, promoting a forest encroachment of 50-100
m into grasslands in all forest—grassland borders. However, the rates of forest expansion
(50-100 m for forest borders and up to 30 m radius for forest patches over the past
4,000 years) were orders of magnitude slower than what has been historically observed
in other forest biomes, which could be caused by edaphic constraints (Silva & Anand,
2011). On the other hand, trees have been colonizing a well-established, stable and
highly diverse grass dominated ecosystem in the study site (Behling & Pillar, 2007),
which is fundamentally different from what has been observed in boreal systems, where
due to low or no resistance from resident vegetation, forest expansion occurs at much
faster rates.
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In contrast to the above results predicting forest expansion over savanna, Salazar and
Nobre (2010) assume that tropical forests might be replaced by seasonal forests or
savanna over eastern Amazonia with temperature increases of 2-5 °C, when CO,
fertilization effect is not or partially considered. A precipitation decrease greater than
30% would also trigger the shift from tropical forest to drier biomes, such as savanna
and shrubland in southeastern Amazonia. However, biome changes can be considerably
smaller when the optimum fertilization effect is included.

Effects of climate change on forest communities

Several studies have shown evidence of expansion of tropical forests in different
parts of the world (Diimig et al., 2008; Martinelli et al., 1996; Palmer & van Rooyen,
1998; Puyravaud et al., 1994; Silva et al., 2008). The change from a colder and drier to a
warmer and wetter climate after the last glacial period has promoted the expansion of
water-limited forests (Dlimig et al., 2008; Silva et al., 2008). In general, trees benefit
more than grasses from the warmer interglacial periods that are associated with a higher
atmospheric CO; (Ehleringer et al., 1997). Additionally, a reduction in fire frequency as
consequence of a relative reduction in grass biomass, along with greater water
availability, would also favour the expansion of forests (Bond et al., 2003). Silva and
Anand (2011) showed that forests have been expanding over grasslands through
continuous, but very slow border dynamics and patch formation. Existing paleoevidence
from southern biomes also indicates that forests have been expanding over grasslands
and savannas during the past few millennia (Behling et al., 2004; Behling & Pillar,
2007; Silva et al., 2008, 2011). This process coincided with past changes in climate, but
biotic feedback mechanisms also appeared to be important.

Humid tropical forests depend on abundant and regular water supply and reductions
in precipitation can lead to forest retraction (Behling, 2002; Pennington et al., 2004,
2006; Silva et al., 2009). Deciduous and xeromorphic forests on the other hand are
adapted to strong seasonality in terms of water availability (Furley, 2007; Furley et al.,
2006), and did not respond to past shifts in climate the same way as tropical humid
forests. Silva et al. (2010) showed that deciduous forests covered greater areas in the
past, however, despite an increase in tree cover and a decline in grasses, the extent of
xeromorphic forest has remained stable. This contrasts with research that documented
the expansion of riparian forests over savannas in the same region (Silva et al., 2008),
and in the Amazon and Atlantic forests in northern and southern Brazil respectively
(Diimig et al., 2008; Martinelli et al., 1996). Silva et al. (2010) assume that the
continuous input of organic matter is the keystone for the maintenance of the
xeromorphic forest structure.

Barlow and Peres (2008) predict a widespread dieback of Amazonian forest cover
through reduced precipitation and emphasize the potential role of fire in the degradation
of forest ecosystems as episodic wildfires can lead to drastic changes in forest structure
and composition. Several future climate change scenarios project an increase in
frequency and severity of droughts, which can cause long-term compositional shifts in
many forest ecosystems. In Patagonia, Suarez and Kitzberger (2008) observed that
drought-kill disturbance shifted species composition in favour of Austrocedus chilensis
in a mixed Nothofagus dombeyi (coihue)-Austrocedrus chilensis (Chilean cedar) forest.
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Summary list of main ideas and phenomena

North America in general

Canada

Shifts in species distributions are mainly driven by increases in temperature
and changes in the moisture index.

Ranges will shift not only northward and upward but in all directions.

Local extinctions in the south of species ranges, colonisation of new habitats in
the north.

Increased temperatures countrywide, increasing winter precipitation but
decreasing summer precipitation.

Tundra and taiga are expected to decline, while temperate forests and
woodland are predicted to increase.

Reduction of arctic-alpine communities.

In the Arctic, tall shrub tundra is encroaching into areas of dwarf shrub tundra.
The Boreal Plain ecozone might shrink and give way to the Prairie ecozone.
Northward expansion of tree line is expected.

Lower water table — marsh complexes will dry out more often, shift to more
Xeric species.

Reduction of wetland areas.

Possible invasion by southern exotic species.

Increased fire season length and area burned in forested regions.

Changes in fire interval may alter forest regeneration and cause shifts between
deciduous- and conifer-dominated succession trajectories.

The United States in general

Alaska

Relatively large increases in temperature and decreases in precipitation in the
eastern half of the country; increases in precipitation and relatively small
increases in temperature in the West; significantly drier conditions in the South
and in the central United States.

Considerable uncertainty about possible future ecological impacts.

Moderate warming could produce increased vegetation growth but greater
warming could also produce large areas of drought stress.

Projected changes in vegetation for the 21* century: shift of current vegetation
types, emergence of tropical forest as a new vegetation type, forecast changes
vary according to models and scenarios.

Potential expansion of temperate conifer forests.

Possibly decreasing area of northeast mixed forest, tundra and alpine
vegetation.

A warming trend has been observed, further warming is anticipated.

Warmer air and soil temperatures — alteration of soil water and nutrient
availability, permafrost thaw and ground subsidence — altering hydrological
patterns.
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Changes in environmental conditions may result in changes in plant
community composition, biomass and productivity as well as in plant species
shifts.

In the High Arctic, areas with sparse vegetation and deep active layers may
develop a thicker and more wide-spread layer of moss.

In the Low Arctic, deciduous shrubs may dominate.

Increased temperatures have been observed to promote shrub expansion, moist
tussock tundra would give way to moist low shrub tundra.

Possible increases in boreal forest due to increased growing season and warmer
temperatures, however, thermokarsts can collapse boreal forests.

Gradual elimination of conifer species and an increase in abundance of
hardwood species with winter warming scenarios — possible shift to mixed
broadleaf—needleleaf tree composition.

Evergreen forests may expand into current tundra while being replaced by
grasslands or temperate forest at the biome's southern edge.

Longer and warmer summers can increase fire frequency. — The area burned
is expected to increase. — Alaska may become a net carbon source.

California

Substantially warmer and wetter winters, somewhat warmer summers and an
enhanced El Nifio Southern Oscillation, direction of change in precipitation is
not clear.

Both upward and downward shifts in species’ optimum elevations.

In tidal marshes, salinity has increased. — Increased cover of the most salt-
tolerant plant species and decreased cover of the least salt-tolerant ones.
According to a warmer and wetter scenario, expansion of forests and a net
increase in evergreen conifer forest can be expected as well as the advancement
of grassland.

Under a drier and cooler scenario, the expansion of grassland is predicted along
with a net decline in evergreen conifer forest, mixed evergreen woodland and
shrubland.

Significant declines in the extent of alpine/subalpine forest.

Replacement of evergreen conifer forest by mixed evergreen forest or by
woodland, shrubland or grassland.

Southwestern USA

A warmer and drier climate is predicted.

Changing precipitation regimes, increases in nutrient and water availability and
soil disturbance may enhance the susceptibility of habitats to invasion by non-
native plant species (e.g. in the Mojave Desert).

Accelerated plant mortality due to climate warming and drought.

Shifts in vegetation distribution are expected to be the most rapid at ecotones,
e.g. between ponderosa pine forest and pinon-juniper woodland.

Large-scale shifts in dominance from grasses to shrubs or vice versa,
depending on the amount and seasonality of precipitation.

Compositional and structural changes of grassland vegetation are predicted.
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Expected declines in stream base flows and water tables or increased flood
intensity — shifts in functional types and vegetation structure.

USA

Increases in annual temperature and precipitation in New England.

Large-scale changes are predicted in the distribution of natural vegetation and
considerable northward shift of both the northern and southern boundaries of
the biomes.

Significant reduction and upslope retreat of boreal conifer forest in New
England.

Mixed oak-hickory forests are expected to shift northward and increase in area.

Northern deciduous hardwoods are expected to decrease in area and move
upslope.

Vascular plants have been replacing bryophytes in the alpine zone, alpine
communities are in danger of regional extinction.

Possible displacement of individual species: Pinus taeda may shift over 400
km northward.

Coastal plant communities may be affected by the projected increase in sea
level as well as by drought.

Distribution patterns of shrub thickets are influenced by variations in
transpiration caused by environmental changes.

Possible drying up of bogs in the Southern Appalachian Mountains — they
may become a carbon source.

Salt marsh communities may be resilient to modest warming and large changes
in precipitation.

Southeastern USA

Future climate is predicted to become warmer and drier.

In the Greater Everglades region of southern Florida, an increase in salinity of
the vadose zone is expected due to sea level rise and storm surges. — Potential
eradication of the salinity-intolerant hardwood hammocks at higher elevations
and landward migration of mangroves.

In wetlands, changes in hydrological properties (sea level, duration and depth
of flooding, seasonal variation in rainfall) control plant distribution.

In coastal ecosystems, regeneration (seed germination and seedling growth)
may be dictated by disturbances related to hurricanes, water fluctuation and
saltwater intrusion.

Alteration of hydrology could limit the dispersal, germination and regeneration
of short-lived woody species from Taxodium distichum swamps.

Marsh loss due to scrub-shrub encroachment.

Replacement of abandoned agricultural areas by forest.

Potential shift of pine savannas towards a forested state, due to decreased
frequency of fires and hurricanes as well as the CO; fertilization effect.

The Great Lakes region

Temperature and precipitation increases are predicted.
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An overall decrease in total area for northern conifers and northern deciduous
species is expected, northward shift of the current range, decline in dominance
or complete extirpation.

Southern mixed forests and southern oak-hickory-pine forests are predicted to
expand northward.

A trend toward homogenization of forest conditions due to the widespread
expansion of Acer spp.

In bog communities, an increase in the production and abundance of woody
plants is expected due to warming and lowered water-table elevations.

In coastal wetlands, plant community composition has shifted and become
more homogeneous due to an invasion by Typha x glauca.

The Great Plains

Drought and decreased fire frequency — changes in dominance from xeric
fire-tolerant Quercus to mesic fire-intolerant tree species, rapid encroachment
of Juniperus virginiana.

“Savannification” of the forest on the prairie-forest border — biome boundary
is predicted to shift to the northeast.

Intermontane basins and plateaus

Major role of water availability and within-season distribution of precipitation
events.

In Colorado shortgrass steppe, the relative evenness of rainfall event size in
combination with event number may have important effects.

Shifting precipitation distribution to a spring/summer pattern has the greatest
potential for altering productivity, composition and structure of Artemisia
tridentata steppe vegetation — loss of forbs, increase in bare ground.

A warmer environment coupled with a winter precipitation regime, greater CO;
levels and increased fire disturbances would likely permit invasion and
dominance by Bromus tectorum.

Rocky Mountains and the Cascades

In Washington State, snowpack declines and warmer summers are projected.
— Area of forest that is severely water-limited will likely increase.
Pseudotsuga sp. is possibly one of the most climate-sensitive species.

Areas with climatic conditions favourable for Pinus contorta will decrease
considerably.

The rate of forest change in response to climate change will mainly be driven
by disturbances.

An overall decrease is predicted in pine-dominated subalpine forests in the
Greater Yellowstone Ecosystem.

The upper and lower timberline appear to be particularly sensitive to climate
change, the former one is likely to migrate upward in elevation, whereas the
lower treeline may retreat under drier conditions or move down slope under
wetter conditions.

The extent of alpine vegetation is expected to decrease.
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e Due to warming, aboveground biomass of forbs may decrease, that of shrubs
may increase, whereas that of grasses may remain unchanged.

Central and South America

e In Mexico, drier conditions are predicted mainly for the northern part.

e In case of warming and reduction in rainfall, a drastic distribution contraction
of Fagus grandifolia var. mexicana can be expected.

e Potential expansion of chaparral at the expense of temperate forest and possible
extinction of high-altitude species.

e Climate gets warmer in response to urban heat islands as well. — Plant
communities are expected to migrate upwards in mountains.

e Most of the tropical Andean tree genera shifted their mean distributions
upslope in the first years of the 21% century.

e Shifts of the savanna—forest transition depend heavily on annual precipitation
values and the length of the dry season.

e In Brazil, suitable areas for savanna tree species will be localized in the most
disturbed regions, with the most fragmented and degraded habitats. —
Geographical limits of Caryocar brasiliense are predicted to be widely
reduced.

e Expansion of savanna-like vegetation in South America.

e At the southernmost limit of the Brazilian Atlantic forest, a continuous but
slow process of forest expansion has been observed.

e Tropical forests might be replaced by seasonal forests or savanna over eastern
Amazonia with temperature increases or precipitation decrease.

e Potential widespread dieback of Amazonian forest cover through reduced
precipitation.

e Fire may have a significant role in the degradation of forest ecosystems.
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