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12.1 Introduction

How will vegetation respond to changing 
atmospheric and climatic conditions? 
Atmospheric concentrations of greenhouse 
gases such as CO2 have been increasing since 
the industrial revolution. ! is rise has been 
coupled with climate warming, leading to 
uncertainty about future climatic conditions. 
Measurable increases in minimum tem-
peratures have occurred over the past 30 
years, but the pattern is complex. Nadir 
temperatures have increased relatively more 
than temperature maxima, with warming 
being greatest during winter and at higher 
latitudes. IPCC scenarios predict that 
atmospheric [CO2] will double and mean 
global temperatures will increase between 
1.1–6.4"C by 2100 (IPCC, 2007). ! e most 
responsive species to these changes are 
likely to occur in the cool to cold climates at 
high latitudes and high altitudes, where 
seasonal temperatures and the length of the 
frost-free period are important determinants 
of the growing season (Chen et al., 1995). 
Responses of cold climate vegetation to 
increasing temperature and [CO2] are 
enormously complex and varied, but many 
general predictions can be made. ! ese are 
based on the interplay of temperature with 
the natural seasonal progression in 
phenological events and acclimation to 
temperature extremes. Paradoxically, greater 
freezing stress is predicted to occur in cold 

climate vegetation with increasing tem-
perature, with the e# ects being ampli$ ed by 
increasing [CO2].

12.2 Seasonal Acclimation to 
Temperature Extremes in Cold 

Climate Vegetation

Acclimation is the process by which tolerance 
of abiotic stress is increased in response to 
environmental cues (Rohde and Bhalerao, 
2007). Rates of seasonal change in 
acclimation and deacclimation to freezing 
temperatures in cold climate species are a 
function of temperature, day length, and the 
prevailing phase of the annual ontogenetic 
cycle (Hänninen, 2006; Rohde and Bhalerao, 
2007). Cold acclimation is activated by 
exposure to low temperatures and an 
accompanying reduction in photoperiod. 
Cold acclimation induces a state of minimum 
growth or dormancy and generates a level of 
freezing tolerance that enhances survival 
through winter. However, the breaking of 
dormancy requires prolonged exposure to 
chilling. Once the chilling requirement has 
been achieved, dormancy is broken, but 
plants remain quiescent while cold winter 
temperatures inhibit growth. Bud break and 
the % ushing of % owers and leaves occurs 
once temperatures become favourable, with 
warmer temperatures also inducing deac-
climation of tolerance to freezing tem-
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peratures. ! us, warmer temperatures can 
lead to lower levels of freeze tolerance, delay 
cold acclimation in autumn, and accelerate 
deacclimation in late winter or early spring, 
making plants more vulnerable to freezing 
injury at di# erent times of the year. Indeed, 
recent studies are showing that climate 
warming is increasing stress from freezing 
temperatures in cold climate vegetation. 
Consequently, frost is emerging as a major 
driver of change in cold climate vegetation 
in response to climate warming, as discussed 
below.

12.3 Vulnerability to Frost in a 
Warming Climate

Unprecedented frost damage is occurring in 
warming climates. As expected, numerous 
studies have reported advances in phenology 
in association with increasing temperatures 
(Menzel et al., 2006). ! e hypothesis that 
earlier bud break would increase risk of frost 
damage to developing leaves and % owers in a 
warming climate (Cannell and Smith, 1986) 
was tested spectacularly by the 2007 spring 
frost that caused widespread damage to 
rapidly growing plants over a vast area in 
North America (Gu et al., 2008). ! is 
extreme frost event occurred during an 
ongoing phenological study of 20 woody 
deciduous species which revealed inter-
speci$ c di# erences in both vulnerability to 
frost damage and capacity for recovery 
through refoliation from dormant buds 
(Augspurger, 2009). Such di# erences over 
time could a# ect species abundances, 
particularly if the predicted increase in tem-
perature variability includes the incidence of 
warm spring temperatures followed by a 
sudden freezing event (Augspurger, 2009).

12.4 Loss in Snow Cover Can 
Increase Freezing Injury in a Warming 

Climate

Since 1974, Inouye (2008) has been studying 
the phenology of % owering in alpine 
vegetation at a site 2890 m above sea level in 
the Rocky Mountains of Colorado, USA. His 

studies have shown that recent advances in 
the date of snowmelt attributable to climate 
change have had major repercussions for 
herbaceous species. ! e % ower buds are 
especially sensitive to frost; a single severe 
frost in early summer can greatly reduce the 
number of species that % ower later in the 
season (Inouye, 2000). However, earlier 
onset of the growing season following snow-
melt has exposed them to more frequent 
frosts in early summer. In one common 
perennial species, Helianthella quinquenervis, 
Inouye (2008) found that the percentage of 
buds killed by frost averaged 36.1% from 
1992 to 1998 and 73.9% from 1999 to 2006. 
! e loss of % owers, and hence also seeds, to 
frost can reduce recruitment and adversely 
a# ect the pollinators, herbivores, and seed 
predators that depend on them. Although 
the magnitude and direction of responses to 
warming di# er among species (Lambrecht et 
al., 2007), disproportionate e# ects of frost 
on early % owering species could make them 
more vulnerable to climate warming, leading 
to rapid change in the species composition 
of alpine communities (Inouye, 2000, 2008). 
Further, species-speci$ c shifts in repro-
ductive phenology in response to earlier 
snowmelt have altered assemblages of 
co-% owering species that share the same 
pollinator; these results raise the prospect 
that climate warming may disrupt plant–
pollinator relationships with unknown con-
sequences for alpine communities (Forrest 
et al., 2010).

Lack of adequate snow cover can also 
make highly freeze-tolerant trees more 
vulnerable to low winter temperatures. For 
example, Schaberg et al. (2008) have linked 
the decline in yellow cedar (Chamaecyparis 
nootkatensis) in south-western Canada with 
reduction in the depth and duration of 
insulating snow cover due to warmer winter 
temperatures, accompanied by an increas-
ing dominance of precipitation by rainfall. 
! e foliage of yellow cedar is su&  ciently 
cold tolerant to avoid injury from ambient 
winter temperatures, whereas the roots are 
much less tolerant and sustain injury at 
temperatures below '5"C. ! is di# erence in 
temperature tolerance is possible because 
snow cover usually maintains soil tem-
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peratures well above injurious levels during 
winter. However, the loss of an insulating 
layer of snow exposed roots to lethal 
freezing temperatures despite warmer 
winter temperatures. In a $ eld-based study, 
Schaberg et al. (2008) showed that winter 
freezing injury to roots of seedlings grown 
without insulating snow was followed by 
foliar browning and mortality after the 
onset of warm spring temperatures. ! eir 
studies with seedlings were consistent with 
the development of symptoms of yellow 
cedar decline in forests covering over 
200,000 hectares. ! is study shows how 
major change in vegetation can arise from a 
relatively small change in ambient 
temperature that paradoxically increased 
exposure of roots to injurious freezing 
conditions in a warming climate.

12.5 Extreme Winter Warming Events

Extreme winter warming events are also 
increasing in frequency and intensity with 
devastating consequences for cold climate 
vegetation (Kreyling, 2010). ! ese events 
can be damaging for at least two reasons:

1. Temperatures above freezing can melt 
snow cover, thereby reducing insulation. 
Upon return of winter conditions, exposed 
plants and soil can be subject to a greater 
range of temperatures and more extreme 
freezing temperatures that could exceed the 
tolerance limits of plants formerly sheltered 
by insulating snow.
2. ! e initiation of growth is inhibited by 
low winter temperatures once the chilling 
requirement for the breaking of dormancy 
has been satis$ ed. Consequently, extreme 
warming during winter, even for just a few 
days, can induce deacclimation and other 
physiological changes associated with the 
initiation or resumption of growth, again 
making plants vulnerable to severe frost 
injury upon rapid return of winter 
temperatures (Bokhorst et al., 2010).

An example of a natural extreme winter 
warming event occurred in the sub-Arctic at 
Abisko Research Station in northern Sweden 
on 1 January 2002, when air temperatures 

rose rapidly from '18"C to 4"C, and 
remained above freezing for a week before 
plummeting back to cold winter conditions 
(Bokhorst et al., 2008). ! e plants showed 
no visible signs of frost damage immediately 
after the event. However, frost damage 
became apparent when function was 
impaired in subsequent seasons, as shown 
by delayed bud break, reduction in shoot 
and canopy growth, death of stems, and 
reduction in % owering and fruit production 
(Bokhorst et al., 2009). ! e relationship 
between the extreme winter warming event 
and performance during the following 
spring and summer was experimentally 
established through the use of infra-red heat 
lamps to impose a simulated extreme winter 
warming event (Bokhorst et al., 2009). Using 
this system, Bokhorst et al. (2009) also 
showed that extreme winter warming events 
in consecutive winters led to greater damage 
and loss of function than a single event, 
showing that carry-over e# ects of extreme 
events could accelerate change in vegetation 
as the incidence of extreme winter warming 
events increases with climate warming.

12.6 Delay in the Breaking of 
Dormancy

Warming winter temperatures could slow 
ful$ lment of chilling requirements for the 
breaking of dormancy, thereby delaying 
spring phenology. Cannell and Smith (1986) 
indicated an increase in thermal time to bud 
burst with decreased chilling. Climate 
warming may particularly delay bud burst in 
those species such as Fagus sylvatica which 
have inherently high values of thermal time 
(Murray et al., 1989). Yu et al. (2010) tested 
this hypothesis by using the Normalised 
Di# erence Vegetation Index ratio method to 
determine the beginning, end, and length of 
the growing season for meadow and steppe 
vegetation of the Tibetan Plateau between 
1982 and 2006. Correlating the observed 
phenological dates with monthly tem-
peratures showed that spring phenology 
initially advanced in both vegetation types, 
but began retreating in the mid-1990s 
despite continued warming. ! is led to a 



182 M.C. Ball et al.

shortening of the growing season because 
the end date of the growth period also 
advanced. ! eir analysis showed that warm 
winters caused a delay in spring phenology, 
which was attributed to later ful$ lment of 
chilling requirements. ! ey concluded that 
continued warming may strengthen the 
e# ect, and slow or even reverse the 
advancing trend in spring phenology that 
has dominated recent responses of cold 
climate vegetation to warming (Yu et al., 
2010). Dormancy-inducing temperatures 
may also have subsequent impact on depth 
of dormancy, and therefore on bud break 
(Kalcsits et al., 2009).

12.7 Elevated [CO2] Enhances Frost 
Damage

Recent studies have shown that plants can 
be more vulnerable to frost injury under 
elevated [CO2] (Repo et al., 1996), with 
losses in leaf area (Lutze et al., 1998; Barker 
et al., 2005) or reduction in photosynthetic 
capacity (Terry et al., 2000) decreasing the 
capacity for growth in subsequent seasons 
(Barker et al., 2005). Elevated [CO2] appears 
to a# ect freezing tolerance through at least 
two processes, the nucleation of ice and the 
acclimation state of the plant.

Elevated [CO2] increases the temperature 
at which ice nucleation occurs in plant 
tissues (Lutze et al., 1998, Beerling et al., 
2001, 2002; Royer et al., 2002). ! ese 
studies show considerable interspeci$ c 
variation in ice nucleation temperatures, 
but slopes of the relationship describing ice 
nucleation temperature as a function of 
[CO2] were consistent between studies, 
suggesting a common physical mechanism 
(Woldendorp et al., 2008). Whatever the 
mechanism, the implication is that plants 
growing under present atmospheric con-
ditions may be subject to greater freezing 
stress today than prior to the Industrial 
Revolution (Woldendorp et al., 2008). A 
further doubling of the [CO2] from 350 to 
700 ppm can be expected to increase ice 
nucleation temperatures by as much as 
1"–2"C. Consequently, the incidence of frost 
damage will not necessarily decrease with a 

climate warming of 2"C in areas where frosts 
persist (Lutze et al., 1998).

Whether or not a freezing event injures 
freeze-tolerant plant species depends on the 
acclimation state of the plant which is also 
a# ected by elevated [CO2] (Loveys et al., 
2006). Stomatal conductance is typically 
lower in plants grown under elevated than 
ambient [CO2], with lower transpiration 
rates resulting in higher leaf temperatures 
due to lower evaporative cooling (Siebke et 
al., 2002). Barker et al. (2005) suggested that 
warmer daytime leaf temperatures under 
elevated [CO2] could adversely a# ect freeze 
tolerance. Loveys et al. (2006) tested this 
hypothesis in a $ eld-based study using open 
top chambers (OTC) and infrared lamps for 
free air temperature increase (FATI) to 
subject snow gum seedlings (Eucalyptus 
pauci! ora) to two experimental regimes: 
elevated/ambient [CO2] or elevated/ambient 
day time leaf tem peratures. Daytime leaf 
temperatures in the FATI treatment were 
raised by as much as 3ºC, consistent with 
the average elevation of daytime leaf 
temperatures (Barker et al., 2005) due to 
stomatal closure in snow gum seedlings 
grown under elevated [CO2] (Roden et al., 
1999). Loveys et al. (2006) showed that 
acclimation to freezing was delayed by at 
least 3 weeks in leaves of seedlings subject 
to either the arti$ cial daytime warming or 
elevated [CO2] treat ments. Importantly, 
there were no di#  erences between treat-
ments in the level of freeze tolerance 
achieved by the end of the study, showing 
that the treatments a# ected the timing but 
not the extent of acclimation. ! e similarity 
in e# ects of these treatments on acclimation 
to freezing temperatures was interpreted as 
an indication of a common cause, namely 
higher daytime leaf tem peratures. Both 
treatments a# ected leaf temperature only 
during daytime and had no e# ect on 
minimum leaf temperatures at night. ! ese 
results showed that it was the diurnal range 
in leaf temperature, not just the temperature 
minima, that a# ected acclimation to 
freezing temperatures. Hence, Loveys et al. 
(2006) concluded that increase in leaf 
temperature due to stomatal closure under 
elevated [CO2] could con tribute to e# ects of 
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elevated [CO2] on acclimation to freezing 
temperatures, delaying acclimation in 
autumn and accelerating deacclimation in 
spring.

Woldendorp et al. (2008) used a modelling 
approach to explore whether the increased 
susceptibility to frost damage under elevated 
[CO2] would be counteracted by climate 
warming. ! eir model focused on the 
incidence and severity of frost damage to 
Eucalyptus pauci! ora in a subalpine region of 
Australia for current and future conditions 
using the A2 IPCC elevated [CO2] and 
climate change scenario. ! ey added e# ects 
of elevated [CO2] on acclimation and 
deacclimation to freezing temperatures to a 
model (King and Ball, 1998) for predicting 
frost sensitivity of E. pauci! ora seedlings. 
! ey assumed that stomatal closure in 
response to increasing [CO2] would increase 
daytime leaf temperature; in e# ect, elevated 
[CO2] would amplify temporal e# ects of 
climate warming on acclimation states 
because the leaves would sense warmer 
conditions. Despite fewer days with freezing 
temperatures in the future, with con-
sequently fewer damaging frosts with lower 
average levels of impact, the model predicted 
individual weather sequences that still 
resulted in widespread plant mortality due 
to severe frosts. ! e model showed that 
delayed acclimation due to either warming 
or rising [CO2] combined with an early 
severe frost could lead to more frost damage 
and higher mortality than would occur in 
current conditions. Importantly, the model 
showed that e# ects of elevated [CO2] on 
frost damage were greater in autumn, while 
climate warming induced more frost damage 
in spring. ! us, frost damage will continue 
to be a management issue for plantation and 
forest management in regions where frosts 
persist (Woldendorp et al., 2008).

Field-based studies employing long term 
in situ CO2 enrichment at tree line in the 
Swiss Alps have con$ rmed that both the 
frequency of freezing events during the 
early growing season and the vulnerability 
to freezing of high altitude plants could 
increase under future atmospheric and 
climatic conditions (Martin et al., 2010). 
! ey studied e# ects of CO2 enrichment (566 

versus 370 ppm) on the phenology and 
freezing sensitivity of ten treeline species. 
Importantly, they used a free air CO2 
enrichment (FACE) system, enabling 
manipulation of the [CO2] around naturally 
occurring plants subject to the vagaries of 
the weather. ! e results revealed highly 
divergent responses of the species. Never-
theless, long-term exposure to elevated 
[CO2] increased the sensitivity to freezing 
in many species, but did not in% uence 
phenology (Martin et al., 2010). ! ese 
results are consistent with previous reports 
that spring phenology of conifers enclosed 
in climate-controlled chambers was a# ected 
by temperature but not elevated [CO2] 
(Slaney et al., 2007; Hall et al., 2009). ! us, 
warmer temperatures both advance the 
timing of bud break and reduce acclimation 
to freezing temperatures, with the latter 
e# ect ampli$ ed by growth under elevated 
[CO2].

12.8 Conclusion

! e rate of vegetation change is occurring 
more rapidly than expected and the nature 
of the changes is more complex than initially 
hypothesized. ! e e# ects, for example, of 
elevated [CO2] on both the incidence of 
freezing and the tolerance of freezing tem-
peratures were unexpected, but have major 
consequences for cold climate vegetation. 
Nevertheless, the observed changes in 
vegetation are consistent with predictions 
based on the role of temperature in 
mediating acclimation and the annual 
ontogenetic cycle. Treelines are shifting 
poleward and to higher elevations as woody 
species encroach into tundra and alpine 
vegetation (Kullman 2002; Hallinger et al., 
2010). Alpine species are also on the move, 
as recent studies have reported shifts 
in their distributions along elevational 
gradients in apparent response to warming 
temperatures (Cannone et al., 2007). 
However, di# erent species do not face the 
same risks due to climate change, because 
they di# er both in responses to climatic 
variables and in capacity for dispersal (Morin 
et al., 2008). ! e individualistic responses of 
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species to changes in climate and atmos-
pheric composition are likely to produce 
novel species assemblages or ‘ecological 
surprises’ (Williams and Jackson, 2007). 
Further, concerns have been raised about 
the vulnerability to extinction of individual 
species, and even whole ecosystems, par-
ticularly where topographic features limit 
migration to areas where future climatic 
conditions may enable survival (Dirnböck et 
al., 2011). Understanding how vegetation 
will change in response to global warming in 
combination with increasing atmospheric 
[CO2] is one of the greatest challenges of the 
21st century.
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