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Summary

Although trees have responded to global warming in the past — to temperatures
higher than they are now — the rate of change predicted in the 21st century is likely
to be unprecedented. Greenhouse gas emissions could cause a 3—-6°C increase in
mean land surface temperature at high and temperate latitudes. Despite this, few
experiments have isolated the effects of temperature for this scenario on trees and
forests. This review focuses on tree and forest responses at boreal and temperate
latitudes, ranging from the cellular to the ecosystem level. Adaptation to varying
temperatures revolves around the trade-off between utilizing the full growing season
and minimizing frost damage through proper timing of hardening in autumn and
dehardening in spring. But the evolutionary change in these traits must be sufficiently
rapid to compensate for the temperature changes. Many species have a positive
response to increased temperature — but how close are we to the optima? Manage-
ment is critical for a positive response of forest growth to a warmer climate,
and selection of the best species for the new conditions will be of vital importance.
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l. Introduction

There have been times in the past when vegetation responded
to warming, and times when temperatures were higher than
now. Consequently, trees are capable of adjusting to a warmer
climate (Jacobson & Dieffenbacher-Krall, 1995). The novelty
of the expected changes in the 21st century is the rate of
increase in temperature (Flenley, 1998). A range of credible
scenarios of greenhouse gas emissions could increase radiative
forcing to cause a 3—6°C increase in mean land surface temper-
ature at high and temperate latitudes this century (Houghton
et al., 1996; Kattenberg ez al., 1996).

Climate change will also involve uncertain changes in
seasonal patterns of temperature, storms, fire, precipitation,
air humidity, snow cover and frequency and severity of extreme
events (Le Houérou, 1996; Michener et al., 1997). As an
example, storms are predicted to be more common in north-
west Europe (Dorland ez 4/, 1999) breaking or uprooting
increasing numbers of trees.

Although it is appreciated that temperature always interacts
with other factors in producing an effect, we have necessarily
limited our discussion of interactions with biotic and abiotic
conditions, which are themselves affected by the global climate
change. Mycorrhizal fungi, nodulating bacteria and defoliat-
ing insects are all (affected by) under the influence of rising
temperature, which then indirectly affect the associated trees.
In the context of global warming, increases in temperature
will be inextricably linked to increases in [CO,], drought,
vapor pressure deficit (VPD) and in some regions fire fre-
quency. Rising temperatures will affect nutrient availability,
increase isoprene emission from trees in some regions, repres-
enting a carbon loss and a precursor for oxidant pollutants,
and influence occurrence of air pollutants which affect frost
hardiness.

Several reviews on trees and forest ecosystem responses
to elevated [CO,] and the future environment have been
published in recent years by the Intergovernmental Panel on
Climate Change (IPCC) and colleagues (Kramer, 1996;
Kozlowski & Pallardy, 1997; Mohren et al., 1997; Oechel
et al., 1997; Mickler & Fox, 1998; Saxe et al., 1998). This review
offers a new synthesis by singling out the effects of temperature,
which are arguably the most important of the environmental
responses of ecosystems. The review focuses on tree and forest
responses at boreal and temperate latitudes.

Il. Photosynthesis and respiration

Warmer temperatures increase rates of virtually all chemical
and biochemical processes in plants and soils in a similar way
if substrates are available, up to a point where enzymes dis-
integrate. The temperature dependencies of diffusion in the
liquid phase and of mass flow driven by osmotic pressure are
similar to those of metabolic processes (Thornley & Johnson,
1990). Thus, there is a commonality in the response of most
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plant responses. Appendix I gives a brief introduction to temper-
ature response functions. In this section, we focus on the two
central processes of photosynthesis and respiration.

1. Photosynthetic processes

Temperature affects photosynthetic processes associated with
light by altering the pigment content, light-saturated photo-
synthetic rate, the apparent quantum yield or photochemical
efficiency of PSII and photoinhibition. On balance, the effect
of warmer temperatures at temperate latitudes is positive.

The content of photosynthetic pigments is typically increased
by warmer temperatures (Michelsen ez al, 1996; Ormrod
et al., 1999). An initial increase followed by a decline indicates
that a warmer temperature induced an ontogenetic drift (Higuchi
et al., 1999).

The temperature dependence of light-saturated photo-
synthesis is of two kinds. There is an instantaneous response to
temperature, which generally rises to a maximum in the range
25-40°C and falls rapidly to zero as protein functioning is
impaired, and there can be acclimation to temperature over
periods of days/weeks (Berry & Bjérkman, 1980). Acclimation
can shift the temperature optimum by up to 10°C (Battaglia
et al., 1996). The general shape of the temperature dependence
of light-saturated photosynthesis is matched by the temper-
ature dependence of RuP2-limited photosynthesis (the max-
imum rate of electron transport) on which it mostly depends
(Kirschbaum & Farquhar, 1984; Wang et a/., 1996).

In herbaceous plants, the apparent quantum yield (the slope
of the curve relating CO, uptake to absorbed light) generally
decreases between about 15 and 35°C (Cannell & Thornley,
1998). However, in evergreen trees subject to winter inhibition
of photosynthesis, quantum yield changes during the year
with seasonal variation in maximum photochemical efficiency
of PSII (Leverenz & Oquist, 1987). This variation is largely
explained by temperature and changes in pigments of the
xanthophyll cycle (Roden & Ball, 1996; Faria ez al., 1998;
Lundmark et al, 1998; Verhoeven et al, 1999). Warm
temperatures increased apparent quantum yield in Pinus
sylvestris when measured at high temperatures (20-30°C)
while it was decreased when measured at low temperature
(5-10°C) (Wang, 1996). Lewis et al. (1999) similarly found
the apparent quantum yield and the light compensation point
to increase at elevated growing temperature. Overall, we
would expect higher temperatures to have a beneficial effect
on quantum yield in trees, except during mid-winter and at
extremely high temperatures where thylakoid membranes
are injured in a species specific manner (Méthy ez al., 1997).

High light, together with low temperature, induces stress
in trees because of photoinhibition, and down regulation of
PSII, as well as desiccation (DeLucia et al., 1991; Pavel &
Fereres, 1998; Stecher et al, 1999). Photoinhibition in Pirus
banksiana was less when growing at relatively low temper-
atures. This was attributable in part to cold induced production
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of filtering anthocyanin in the epidermis and in part because
of increased photosynthetic capacity, most likely caused by
an increased capacity at low temperatures to keep Q,, the
first stable quinone electron acceptor of PSII, oxidized at
high irradiance (Krol ezal, 1995). Antioxidant enzymes
also play a role in protecting against freezing temperatures
(Tao et al., 1998; Garcia-Plazaola et al., 1999), even in roots
(Zhao & Blumwald, 1998). But if night time temperatures
are too low, photoinhibition increases. Under such conditions
a 1°C increase in average night-time temperature allowed
Abies lasiocarpa seedlings to avoid photoinhibition during the
day, and increased photosynthesis by 650% (Germino &
Smith, 1999). By contrast, 80% shading increased photo-
synthesis by only 40%.

The high degree of co-ordination between stomatal behaviour,
photosynthetic capacity and photo-protection mechanisms
in trees growing in hot summer climates, may also help trees
cope with climate change (Faria et al, 1998). But clearly,
there is a fine balance between success and disaster, where
even small changes in temperature play a major role.

In C; trees molecular O, (resulting in photorespiration)
and CO, (resulting in photosynthesis) compete for the same
Rubisco enzyme and RuBP substrate. Photorespiration is
stimulated by a high O,: CO, ratio, and by high temper-
ature. At warmer temperatures the ratio of dissolved chloroplastic
0,: CO, is increased (owing to the lower solubility of CO,)
and the specificity of Rubisco to CO, relative to O, increases.
As a result, photorespiration tends to reduce net photo-
synthesis and the optimum temperature for light-saturated
photosynthesis increases with increasing [CO,] (Long, 1991).
In Pinus taeda photorespiration was stimulated more than
photosynthesis when temperatures were increased from 25
to 35°C (Samuelson & Teskey, 1991), while in Robinia
pseudoacacia photosynthesis and photorespiration increased
simultaneously with rising temperature, so that it was dark
respiration rather than photorespiration that contributed to
the decline of net photosynthesis at above-optimal temper-
atures (Mebrahtu ez a/., 1991). Carboxylation is not the only
process which potentially limits photosynthetic dark processes
— regeneration of RuBP may also be a bottleneck. Hikosaka
et al. (1999) found that both the changes in the temperature
dependence of carboxylation and regeneration of RuBP and
the changes in the balance of these two processes altered the
temperature dependence of the photosynthetic rate in Quercus
myrsinaefolia.

2. Leaf level photosynthesis

Using path analysis, Bassow & Bazzaz (1998) demonstrated
the relative importance of air- and leaf temperature, light,
and relative humidity for photosynthesis and leaf level con-
ductance measured over one growing season in four temperate
deciduous tree species. Averaged over a season, temperature
explained 12% of the photosynthetic variation in red oak
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and 16% in yellow birch and even less in white birch and
red maple. As a species average, variations in leaf temperature
were only weakly correlated with variations in photosynthesis
during the summer (June—Aug), while in September this
correlation was relatively higher. Photosynthesis was mainly
determined by light, and indirectly by light effects on stomatal
conductance.

Out of 27 recent studies of temperature effects on net
photosynthesis, only 12 studies had a measure for stomatal
opening, and just a few gave information on vapour pressure
deficit. Because of differences in plant age, measured needle
class (Wang ez al, 1995), growing conditions, annual variation
in response to temperature (Lewis et al., 1999), and heating
strategy (duration, soil or air heated) (Schwarz ez 4., 1997)
it is impossible to draw robust, general conclusions from all
these studies. But with comparable conditions it was found that
different species (Battaglia ez al., 1996; Sun & Sweet, 1996)
and families (Mebrahtu ez al, 1991) responded differently
to warming and heat stress. As an example Quercus macrocarpa
took longer to recover after short-term heat stress than Quercus
muehlenbergii (Hamerlynck & Knapp, 1996).

The 27 studies reinforced the expectation that rising
temperatures will increase rates of net carbon dioxide assimila-
tion to an optimum. In two studies out of three, photosynthesis
increased in response to the moderately elevated temper-
atures expected to result from global warming in this century.
Warming is likely to reduce net photosynthesis only in regions
where it is already close to the optimum temperature, and/or
it accentuates water stress. Some experimental data indicate
that temperatures > 2-3°C above summer ambient may
inhibit photosynthesis in European tree species, Picea abies
and Fagus sylvatica (Leverenz etal, 1999, ]. Leverenz,
unpublished). However, adaptation to the prevailing ambient
growing temperature determines, to an extent, the temperature
for optimal photosynthesis throughout the year (Battaglia
et al., 1996).

3. Autotrophic respiration

Estimates of the fraction of net photosynthetic production
consumed by autotrophic respiration in trees lie in the range
40-75% (Edwards ezal, 1980; Ryan, 1991; Sprugel &
Benecke, 1991; Ryan ezal, 1994, 1996a, 1997; Waring
et al., 1998; Amthor, 2000, Table 1). In a young Pinus radiata
plantation, respiration of foliage at night, woody tissues, and
roots varied from 10.5 to 17.8 Mg C ha™ yr™! (Ryan et al,
1996a). By comparison, heterotrophic respiration varied from
2.6t07.1 MgCha™yr'L.

Over the short-term, respiration rates increase exponen-
tially with temperature, and measurements of bulk respira-
tion almost always display increases in response to short-term
increases in temperature (Amthor, 1989). The response of
respiration to temperature is usually modelled as resulting
from a flux from the two components of construction and
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maintenance (Amthor, 1989). Construction respiration varies
with the amount of biomass grown and with the complexity
and energy status of the chemical compounds in the biomass
(Vertregt & Penning de Vries, 1987; Williams ez al., 1987).
The rate of biosynthesis will increase at higher temperature,
but the cost of biosynthesis will remain a fixed fraction of
the compound synthesized and so is insensitive to temperature
(Penning de Vries efal, 1974). Maintenance respiration
largely varies with the amount of living biomass, its enzyme
content and temperature (Ryan, 1991). Respiration (presumably
maintenance) may also vary with stress, and has been shown
to increase with ozone fumigation (Gerant ez 4., 1996) and
decrease with water stress (Ibrahim ez 4/, 1997). Most process-
based models of biogeochemical cycling estimate maintenance
respiration first, subtract it from net photosynthesis as a tax,
and allocate the remaining carbon to production, construction
respiration, and storage (Vegetation Ecosystem Modelling and
Analysis Project VEMAP Members, 1995; Ryan ¢z al., 1996b).
No model includes the effects of stress on maintenance respira-
ton. Only a few models couple respiration to the supply of
photosynthates and hence to gross photosynthesis, so that
the temperature response of respiration matches that of canopy
photosynthesis when averaged over several days or more
(Cannell & Thornley, 2000; Thornley & Cannell, 2000).

Because respiratory fluxes are large, if it is assumed that
they respond exponentially to temperature, they play a large
role in determining tree growth and forest production in
response to warming. Models with this assumption predict that
an increase in global temperature of 3—4°C per se will reduce
productivity, as respiration increases more rapidly than photo-
synthesis (VEMAP Members, 1995).

For most forest species and plant parts (foliage, wood,
roots) the @, value for the short-term respiration response
to temperature is 1.8—2.5 (i.e. within the range of temper-
atures normally encountered in forests, short-term respira-
tion rates will approximately double with a 10°C increase in
temperature (Amthor, 1989, 2000; Ryan, 1991; Ryan ez al,
1994)). At temperatures > 35—40°C, damage to proteins
could occur and reduce respiration, but the evidence that such
declines occur is mixed (Amthor, 1989). Seasonal changes in
temperature are often used to estimate the response of
respiration to temperature. However, seasonal variation in
respiration also incorporates phenological change (cellular
activity, growth, changes in the amount of protein or living
cells) in addition to temperature effects. Therefore, simulations
of respiration using seasonally derived Q,, values are likely
to give incorrect predictions for temperatures warmer or cooler
than those during measurement, or for different annual
patterns of temperature.

Two lines of evidence suggest that predictions from @,
estimates of the response of respiration to temperature will
overestimate respiration. First, respiration rates may acclimate
and adjust to new temperatures. Second, carbon budgets of
forests (Ryan ez al., 1994, 1997; Waring ez al., 1998) and of
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crop plants grown at different temperatures (Gifford, 1994,
1995; Tjoelker et al, 1999a; Cannell & Thornley, 2000)
suggest that partitioning of net photosynthesis to respiration
and biomass production (generally expressed as carbon use
efficiency (CUE) or the biomass fraction of net photosynthesis)
is insensitive to temperature (Fig. 1).

Evidence for acclimation of respiration comes from studies
where populations or species from cool environments have
been shown to have higher respiration rates at a given tem-
perature than those from warm environments (Criddle ez al,
1994; Reich ez al., 1996b), and sometimes, but not always
(Collier, 1996), from studies of plants in controlled environ-
ments (Tjoelker ez al., 1999a, b). Acclimation of respiration
rates strongly suggests that factors other than reaction kinetics
regulate respiration over the long-term.

The current view is that, averaged over weeks to a year,
autotrophic respiration is closely linked to net photosynthesis
(Amthor, 2000; Cannell & Thornley, 2000; Thornley &
Cannell, 2000). When enzymatically mediated reactions are
insensitive to temperature, such processes are likely limited
by substrate availability. Dewar et al. (1999) suggested the
short-term increase in respiration with temperature is driven
by the availability of labile carbon, but long-term respira-
tion is constrained by the supply of substrate from photo-
synthesis. Thus, in the long term, respiration acclimates to
substrate supply, not to temperature. Dewar (2000) has
suggested a further model that couples respiration to the supply

~ 07 1
‘::‘.. 06 1
L
- ® o 8
g 05 [ ]
€ @
; 04 A ® ® ()
I &
I_I.J\ .
O 03
=10 o] 10 20

Mean annual temperature (°C)

Fig. 1 Carbon use efficiency (CUE) of above-ground production

in a range of different forests differing in mean annual temperature.
Boreal (blue circles); Tropical (red circles); Temperate (green circles).
Carbon use efficiency equals annual above-ground biomass
production (NPP) divided by the net photosynthesis used for
above-ground components. Net photosynthesis is estimated as the
sum of above-ground production and above-ground autotrophic
respiration. Sources for data are given in Ryan et al. (1997),

Table 8. CUE was not related to mean annual temperature
(R?=0.01,P=0.74).
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of substrates which obviates the need to separate growth and
maintenance functions.

Cleatly, the view of autotrophic respiration as a tax that
increases with temperature may be incorrect. Respiration is
used by cells to generate energy for work, except in the rare
cases where respiration is used for heating or perhaps to prevent
the build-up of excess carbohydrate. Higher temperatures may
mean that the work (biosynthesis or enzyme replacement) is
accomplished faster, but there is little evidence that substantially
more work is required at higher temperatures. For autotrophic
respiration to use more net photosynthesis at higher temper-
atures, the protein turnover, maintenance of ion gradients,
and cellular repair not associated with biosynthesis would
have to increase. Experiments to determine these factors
have yet to be done, although protein replacement has been
shown to be a minor portion of what has been attributed to
maintenance respiration (Bouma ez al,, 1994). The growth-
maintenance model of plant respiration does explain much
of the short-term variation in respiration rates (Amthor, 1989;
Ryan, 1991). However, ‘maintenance’ coefficients in the same
species vary with growth (see discussion in Lavigne & Ryan,
1997), which suggests an inadequacy of this model even for
short-term measurements. If respiration is substrate limited, and
carbon use efficiency is constant with temperature, then over long
time periods, all respiration for forests is growth respiration!

4. Conclusions

Warmer temperatures at boreal and temperate latitudes may
enhance photosynthesis in trees by increasing the content of
photosynthetic pigments, increasing light-saturated photo-
synthetic rate and possibly quantum yields, lessening the
extent of winter inhibition. Effects on photoinhibition and
photorespiration are more difficult to generalize. But overall,
warming of up to 2°C is likely to be beneficial, although
species may be expected to respond differently. There is
likely to be adaptation, and in field conditions, associated
factors such as water stress may have more influence on net
photosynthesis than temperature per se. Furthermore, an
increase in photosynthesis does not directly translate into
increased growth (Brand, 1990; Chapin & Shaver, 1996;
Roden & Ball, 1996).

Although autotrophic respiration responds exponentially
to temperature in short-term experiments, with Q,, values
in the range 1.8-2.5, in the long term respiration is limited
by substrate supply and so must be linked to photosynthesis.
The fraction of gross photosynthesic production consumed
by respiration may vary within a narrow range when averaged
over weeks to a year. Consequently, in the long term, the temper-
ature response of autotrophic respiration may match that of
gross photosynthesis. Studies of acclimation of respiration
are likely to be confusing or complicated unless they are
accompanied by information about photosynthesis and respira-
tion of whole plants.

© New Phytologist (2001) 149: 369—-400 www.newphytologist.com
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Ill. Soil organic matter decomposition and
mineralization

1. Soil organic matter decomposition

Microbial (‘soil’) respiration rates have traditionally been
characterized as exponential functions of temperature (Lloyd
& Taylor, 1994) suggesting that rising temperatures will have
significant impacts on rates of soil organic carbon (SOC)
decomposition. The median Q) value for global soils is reported
to be 2.4 (range, 1.3-3.3), with Q,, values highest in cool
regions, making them most vulnerable to warming (Raich
& Schlesinger, 1992; Lloyd & Taylor, 1994; Peterjohn ez al,
1994; Kirschbaum, 1995; Van Minnen ez 4/, 1995). Models
based on these Q,, values suggest that elevated temperature
will increase CO, efflux from forest soils leading to declines
in SOC (Jenkinson eral, 1991; Rastetter et al., 1992; Kwon
& Schnoor, 1994; King ez al., 1997a; Peng & Apps, 1998).
Forests worldwide would lose approx. 12 Pg of SOC with
1°C warming, and when excluding tropical forests, losses
from mid- and high-latitude forests are expected to be on
the order of 8-9 Pg°C™! (McGuire ez al, 1992). Schimel
et al. (1994) estimated mid- and high-latitude rates of SOC
loss on the order of 8—12 PgC °C™!, but due to the quality
of SOC pools in these regions losses may take > 100 yr to be
fully realized.

Recently, it has been pointed out that the Q, values used
in current models were mostly derived from short-term
laboratory incubations of disturbed soil or from 77 situ incuba-
tions of fresh litter, and that these values may not apply to
old organic matter 7z sizu (Giardina & Ryan, 2000). Liski ez /.
(1999) found that the amount of carbon in Finnish soils of
both high and low productivity forest types actually increased
with temperature, while Jarvis & Linder (2000) found that
warming a soil by 5°C for 5 yr in northern Sweden has no
effect on the CO, efflux. The decomposition rates of forest
‘mineral’ soil (excluding litter and metabolizable SOC) from
82 sites worldwide reveal little relationship with mean
annual temperature (Giardina & Ryan, 2000). Respiration
rates of European forests, based on eddy covariance estimates
of whole ecosystem (plant + soil) respiration, appear to be
independent of mean annual temperature (Valentini ez al,
2000). Since respiration rates of European forests are dominated
by root and microbial respiration, these data suggest that
latitudinal variations in mean annual temperature are not as
important as, for example, biomass and litter production
and soil moisture, for controlling broad latitudinal variations
in SOC decomposition (Valentini ez 4., 2000). Thus it seems
possible that global soils will lose less carbon in response
to warming than currently anticipated, because the decom-
position of old organic matter is not greatly accelerated by
increasing temperatures, maybe because microbes lack sub-
strates, old organic matter is recalcitrant or increasing temper-
ature increases physico-chemical protection.
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Fig. 2 Annual decomposition rate of leaf litter from a variety of
ecosystems as a function of initial lignin concentration (LC) and
actual annual evapotranspiration (AET), which is a surrogate for
temperature and moisture. The regression equation explained 72 %
of the variability in regional litter decay rates. Redrawn from
Meentemeyer (1978).

The decomposition of litter and metabolizable SOC is
limited simultaneously by a variety of biotic and abiotic
factors (Fig. 2). Field and laboratory studies find rates of
litter and surface SOC decomposition (mass loss) positively
correlated with temperature and moisture (Bunnell ez al,
1977; Meentemeyer, 1978; Dorr & Miinnich, 1987; Belyea,
1996; Moore et al., 1999), but studies differ as to the relative
importance of the two — most likely depending on differences
in forest type and region (Berg et al, 1993). Data from 39
experiments from European and north-east American pine
forests showed that annual rates of actual evapotranspiration
(AET; an integrative variable for moisture and temperature)
explained approx. 70% of the variability in mass loss rates
(Berg et al., 1993). The interactive effects of moisture and
temperature on SOC decomposition may be due in part to
moisture-induced alterations in the temperature sensitivity
of soil respiration (Q,,) or a shift in the intercept of the
temperature vs respiration curve (Bunnell ez al,, 1977; Dorr
& Miinnich, 1987; Vourlitis ez a/., 2000). Regardless of the
mechanism, the close relationship between SOC decomposi-
tion and climate suggest that changes in moisture and
temperature will enhance the decomposition of forest litter
and labile SOC pools (Meentenmeyer, 1978; Berg et al,
1993; Schimel ez al., 1994; McGuire et al., 1995).

Within a given region or site, inital litter represents an import-
ant predictor of the initial rate of mass loss (McClaugherty
et al., 1985; Agren & Bosatta, 1987; Melillo ez al, 1989; Aber
et al., 1990; Schimel ez al., 1994; Belyea, 1996). High-quality
litter (low C: N and/or lignin : N ratios) decomposes rapidly, and
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as decay processes proceed, litter quality progressively declines
as more recalcitrant carbon accumulates. Meentenmeyer
(1978) found that the annual rate of mass loss of ‘high quality
litter’ (low lignin concentration) varied between 25 and 90%
as AET increased from 300 to 900 mm yr™', while it varied
between 5 and 25% with ‘low quality litter’ (Fig. 2). Thus,
temperature and moisture effects on SOC decomposition
vary quantitatively by orders of magnitude over the continuum
of SOC quality and degree of degradation (Townsend ez al,
1995).

Clearly, the temperature increases anticipated under
climate change have the capacity to stimulate rates of SOC
decomposition, especially for the more labile surface SOC.
However, the different responses of the various SOC pools
to temperature (Melillo ez al, 1989; Schimel ez al., 1994;
Giardina & Ryan, 2000) add uncertainty to predictions of
future SOC decomposition. The magnitude and response of
these SOC pools will also be altered by temperature-induced
changes in soil water content, disturbance regime, net primary
production (NPP) and vegetation composition (Bunnell
et al., 1977; Meentemeyer, 1978; Dérr & Miinnich, 1987;
Lloyd & Taylor, 1994; Schimel ez al., 1998; Kurz & Apps,
1999; Moore ez al., 1999). Although these interactions are
beyond the scope of the present review, their effects on SOC
decomposition are likely to be profound.

2. Mineralization

Of all the nutrients required for growth and survival,
nitrogen (N) is needed in the largest abundance (Larcher,
1995), and forest productivity is more strongly affected by
N availability than other nutrients (Pastor ez al., 1984; Oechel
& Billings, 1992).

Any increase in SOC decomposition with global warm-
ing will enhance nutrient mineralization and availability
(McClaugherty ez al., 1985; Rastetter et al, 1992; Peterjohn
et al., 1994; Melillo ez al., 1996). But results from decomposi-
tion experiments indicate that although initial rates of mass
loss of decomposing leaf litter are rapid, immobilization of
N in microbial biomass can be large and prolonged. Rapid
immobilization of N is typical for northern hardwood (Zak
et al, 1990) and coniferous forest soils (Hart ez 2/, 1994) and
arctic tundra (Nadelhoffer ez 4/, 1991; Hobbie & Chapin,
1998). Rates of soil respiration (decomposition) may be cor-
related more with rates of gross mineralization and/or microbial
immobilization than with net mineralization (Moorhead &
Reynolds, 1993).

However, results from field and laboratory experiments
indicate that elevated temperature will increase rates of nutrient
availability. In field experiments where soil temperatures of
Alaskan black spruce forests were raised by on average 8—
10°C over two growing seasons (May-Sept; Van Cleve ez al.,
1990), the availability of N, B and K was significantly
increased by soil heating (Fig. 3). Concentrations of total
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Fig. 3 The ratio of total extractable N (NH, + NO,) in heated plots
to the total extractable N in control plots from in situ experimental
manipulations of soil temperature in the organic and mineral soil
layers of black spruce (green bars) and mixed deciduous forests
(yellow bars). Data from the black spruce forest are from Van Cleve
et al. (1990), and depict the change in extractable soil N after
approx. 4 months of soil heating where soil temperatures of the
heated plots were elevated by 8—10°C over control plots. Data from
mixed deciduous forest are from Peterjohn et al. (1994), and depict
the change in daily rates of total N mineralization (NH, + NO,)
after approx. 4 months of soil heating where soil temperatures of
the heated plots were elevated by approx. 5°C over control plots.

soil N in the organic surface soil horizons increased more
than twofold, while 3—15-fold increases in exchangeable N
(mainly NH,) were observed over the 2-yr experiment (Van
Cleve et al., 1990). The higher N and P availability from soil
warming caused a significant increase in tissue N and P con-
centrations and leaf photosynthesis (Van Cleve ez al., 1990)
probably associated with faster growth (Oechel & Billings,
1992). Interestingly, NO;-N concentrations of the organic soil
layers of the experimentally warmed plot declined significantly
and, presumably, the decline of NO,-N in the warmed plot
was caused by enhanced denitrification potential (Van Cleve
et al., 1990). In a similar experiment, a North American decidu-
ous hardwood forest was exposed to a approx. 5°C soil heating
treatment (Peterjohn ez al, 1994). After 6-months, heated
plots exhibited twofold higher rates of N-mineralization in both
forest floor (litter) and mineral soil layers (Fig. 3). Interestingly,
N immobilization was not observed in warmed treatments
(Peterjohn ez al,, 1994), suggesting that elevated temper-
ature may indeed enhance rates of ner N mineralization (i.c.
gross mineralization minus immobilization). The authors
found no increase in the N,O efflux from the heated plots;
with no increase in nitrification or soil water N, the only
alternative seemed to be an increased N uptake by plants.

As with SOC decomposition, simulations suggest that
interactions between soil moisture and temperature produce
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complex patterns of N availability, so that ecosystem responses
are likely to be variable. For example, elevated temperature
coupled with a decline in soil moisture is anticipated to cause a
decline in N mineralization of temperate forest soils (McGuire
et al., 1992) but an increase in N mineralization in high-latitude
soils (i.e. arctic tundra; Moorhead & Reynolds, 1993; McKane
etal, 1997).

Most experiments assess the effect of a large step-change
in soil temperature, while actual warming will be more gradual.
Laboratory experiments (Marion & Black, 1987; Nadelhoffer
et al., 1991) and simulation studies (Moorhead & Reynolds,
1993; Waelbroeck ez al., 1997) of arctic ecosystems indicated
that a small temperature increase of 2—4°C can stimulate
microbial respiration with little effect on net N mineraliza-
tion. However, larger temperature increases, such as those
simulated in the experiments described earlier, are enough to
stimulate both microbial respiration and net N mineraliza-
tion. Because there are many similarities in the C and N
cycling dynamics of arctic tundra and boreal forest ecosystems
(Oechel & Billings, 1992), these results may be applicable to
climate-induced alterations in boreal forest N cycling. Transient
climate change simulations under a variety of temperature
forcing scenarios indicate that boreal forest net mineraliza-
tion will be likely to fluctuate between positive and negative
values during initial stages of climate change (up to 20 yr or
an increase of 0.5°C; Xiao et al, 1998). However, after an
approx. 2.5°C increase in temperature over a 110-yr period
(the so-called ‘reference warming rate’), net mineralization is
estimated to increase by only 10%. Higher rates of warming,
coupled with increases in precipitation, are anticipated to
cause larger increases in boreal forests net N mineralization
(Peng & Apps, 1998; Xiao ez al., 1998).

As with SOC decomposition, interactions between
temperature, atmospheric change (elevated [CO,] and/or
N-deposition), and vegetation change will undoubtedly alter
rates of mineralization. Although beyond the scope of this
review, changes in litter C: N ratio under elevated [CO,]
exposure will potentially alter rates of net N mineralization
(Curtis et al, 1996; Johnson etal, 1996; Kérner, 1996;
O’Neill & Norby, 1996).

Of potentially greater importance to future rates of N-
mineralization is the interaction between temperature change
and atmospheric N-deposition (Aber et 4/, 1993). In theory,
atmospheric N-deposition should increase N-mineralization
by alleviating N-immobilization. However, N-saturation and/
or soil acidification may cause a decline in ecosystem nutrient
retention (Aber ez al, 1993; Asner ez al., 1997). Finally, the
nature of vegetation change (i.e. how the vegetation change
alters the ecosystem disturbance regime), N-fixation capacity,
and nutrient use efficiency, will ultimately determine the
long-term alterations to forest mineralization dynamics (Hobbie,
1992; Chapin ez al.,, 1996; Binkley & Giardina, 1998; Schimel
et al., 1998). These dynamics are hard to predict and are likely
to vary significantly on local-to-regional spatial scales (Bazazz,
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1996) and annual-to-century time scales (Oechel & Vourlitis,
1994; Chapin ez al., 1995).

3. Conclusions

The Q,, for soil organic matter decomposition, based on
measurements of soils in laboratory experiments or fresh litter
decomposition, is commonly in the range 1.4—3.3, being
highest in cool climates. Models based on these values predict
large decreases in global soil organic matter as a result of
warming alone (e.g. 812 PgC °C™"). However, recent evidence
suggests that the decomposition of old organic matter 77 situ
may not be responsive to warming, for reasons that are not yet
clear, so global soil loss rates may be overestimated. There
are well-established empirical relationships between litter
decomposition rates and temperature, moisture (or AET)
and litter quality. Global soil decomposition will also be
affected by changes in elevated atmospheric [CO,], vegetation
cover and both natural and human disturbance — which may
be more important than temperature per se. Any increased
organic matter decomposition will mineralize N, but a large
fraction of this N may be immobilized by microbes. Laboratory
experiments, with slow soil warming, show little increase
in net N mineralization, in contrast to forest soil warming
experiments, with large step increases in temperature. Boreal
forest net mineralization may; in fact, fluctuate between positive
and negative in response to global warming. Overall, warming
effects on mineralization may be much less than effects of
continued N deposition, changes in vegetation composition
and disturbance.

IV. Phenology and frost hardiness

Trees growing at temperate and high latitudes use temper-
ature and night-length as information to regulate the cessa-
tion and onset of shoot growth and the development and
removal of frost hardiness. For deciduous trees, light inter-
ception and growth are maximized by early leaf emergence
more than by delayed leaf fall, so it is not surprising that the
cues for budburst appear to be especially complex (Cannell,
1989a).

A crucial question is whether global warming will cause
temperatures to rise outside the range in which trees can behave
optimally, when regulatory mechanisms are so disrupted
that there is incomplete exploitation of the growing season
and perhaps increased frost damage. This question challenges
our understanding of how plants use temperature and night-
length to regulate their seasonal development, much of which
is still based on classic work done between the 1950s and
1970s (Wareing, 1956; Vegis, 1964; Sarvas, 1974).

Before considering the role of temperature, it has to be
recognized that trees follow a sequence of phenomena
during each yr which seems to be partly internally regulated,
almost regardless of the environment (Fuchigami ez al, 1982).
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Thus, trees grown at a constant 15°C and constant day-length
pass through seasonal phases of hardening and deharden-
ing (Schwarz, 1968). This internal ontogenetic rhythm has
been modelled to simulate realistic behaviour (Anisko ez a/,

1994).

1. Shoot and bud growth cessation

In some tree species, the development of reproductive structures
in the autumn may be entirely a function of accumulated
day-degrees, more accurately termed ‘thermal time’ (Sarvas,
1974), and so may be vulnerable to damage by early frosts
when development continues late into the autumn. It can be
argued that trees can afford this risk, balancing a loss of seed
in some years against the production of large, well developed
seeds in others. By contrast, frost damage to vegetative shoots
and buds is less easily compensated and near-complete avoid-
ance may be of greater survival value. This may be why the
timing of shoot and bud growth cessation seems to be more
fail-safe against frost damage, using night length as the cue
(Hinninen eral, 1990) or in combination with temperature,
such that sensitivity to night-length increases as temperatures
fall (Heide, 1974; Koski & Sievanen, 1985). The dominant
role of night-length as the trigger for shoot and bud growth
cessation in trees is evident in the many reports of inherent
differences in critical night lengths among provenances and
individual genotypes (Cannell & Willett, 1976; Ekberg ez 4l
1976).

Because night is often the dominant trigger for shoot and
bud growth cessation, trees may fail to exploit the extended
growing season as warming continues.

2. Frost hardening

The level of frost hardiness is commonly defined as the
temperature which kills a defined fraction of tissues (e.g. lethal
temperature for 50%, LT). Frost kills plant tissues primarily
because cell membranes are damaged, causing electrolyte
leakage into the apoplast (especially K*) and impairment of
membrane transport properties (Arora & Palta, 1991). This
damage always occurs when ice crystals form within cells.
Intracellular ice formation may be avoided by supercooling
to ¢ —10°C, and more exceptionally to —50°C in xylem
parenchyma of tree species native to climatic zones where
minimum temperatures seldom fall below —40°C (George
et al., 1974; Burke e al., 1976). More commonly, shoot tissues
harden to —50°C and below by allowing water crystallization
only in the intercellular spaces. Ice crystallization there can
be rendered harmless, provided cell structures acclimate to
withstand both extracellular ice and the intracellular dehydra-
tion caused by lowered extracellular vapour pressure when
water freezes. This acclimation involves changes in mem-
brane lipid composition, accumulation of phospholipids and
low-molecular cryoprotectants such as sucrose and raffinose,
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water-binding to proteins and the production of antifreeze
proteins (Sakai & Larcher, 1987; Palta & Weiss, 1993). These
cellular aspects of frost hardening are beyond the scope of
this review (Guy, 1990; Li et 4, 1997) but may help to explain
why some authors distinguish two phases of shoot hardening
— one occurring before and the other after intercellular ice
crystallization.

The first phase of hardening is sometimes subdivided into
two substages, the first induced by night-length alone and
the second by temperatures cooling below 5°C (Sakai &
Larcher, 1987). In experimental conditions it can be shown
that lengthening nights alone can induce hardening to —20°C,
at least in some broadleaved tree species, perhaps associated
with substances translocated from leaves (Wareing, 1956;
Weiser, 1970; Bervaes ez al., 1978). But in nature the night-
length response is normally indistinguishable from an effect
of cooling temperatures, and hardening to ¢. =10°C often
tracks the autumn fall in daily minimum air temperatures
(Aronsson, 1975; Cannell ez al., 1985).

It is, perhaps, unhelpful to think in terms of environmental
triggers, because it is known that hardening occurs to its
maximum extent only when there is a progression and sequence
of environments, from warm short nights to warm long
nights to cool longer nights (Fuchigami ez 2/, 1971; Timmis,
1978). The important point is that cooling must occur at a
particular time relative to increasing night-lengths in order
to achieve maximum hardiness. This synchronization is likely
to be disturbed by climatic warming. The expectation is that
hardening, like growth cessation, will occur increasingly in
response to night-length, earlier than is optimal in warm
autumns. Also, warmer autumns and winters will induce
shallower levels of hardiness than at present.

The second phase of hardening is considered to be induced
by freezing temperatures, is independent of translocated sub-
stances and involves changes in cell constituents and structures
that enable cells to withstand dehydration and the physical
effects of ice formation in the intercellular spaces (Weiser,
1970). These changes may be the reason why the rate of
hardening often seems to accelerate following the first severe
frosts, even though minimum temperatures may fall no faster
than before (Cannell et 2/, 1985).

The progress of frost hardening of the shoot through both
phases can be approximately simulated by assuming that, at any
time, there is a ‘stationary’ level of hardiness that is dependent
on daily minimum air temperature and night-length. Frost
hardiness attains this level if temperatures and night-lengths
remain constant (Repo & Pelkonen, 1986; Repo ¢t al., 1990);
this level fluctuates as minimum temperatures rise and fall
(Sakai & Larcher, 1987; Repo, 1992; Nilsson & Walfridsson,
1995) and the faster minimum temperatures fall the faster
hardening occurs, with a certain delay (Greer, 1983; Cannell
et al., 1985). The relationship between the stationary level of
frost hardiness and minimum temperature has been variously
defined as a variable difference (Cannell ez 4/, 1985), as linear
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(Repo ez al, 1990), logistic (Gay & Eagles, 1991, Lolium perenne)
and piece-wise linear, with limits to the effective temperature
range (Leinonen ez al., 1995). The effect of increasing night-
lengths has generally been considered additive to the effects
of temperature, as found in experiments (Bervaes eral,
1978; Christersson, 1978; Greer, 1983), either increasing the
variable difference between minimum temperature and the
level of frost hardiness or as an additional piece-wise linear
relationship (Leinonen ez al., 1995). In order to make the
models stable, it is further necessary to have a feedback control
between the prevailing level of frost hardiness and the rate of
hardening (Cannell ez a/., 1985; Leinonen et al., 1995).

These models give reasonable fits to observed natural
patterns of hardening and some experimental results, but
they are not mechanistic and do not deal with the require-
ment for a sequence of environments and the stages of
development of frost hardiness. A significant advance would
be made if it were possible to relate the temperature and
night-length drivers to measurable processes at the cell level
which accompany frost hardening, such as the increase in dry-
to-fresh weight ratio (Ogren, 1999), total sugars (Ashworth
etal., 1993), low molecular weight proteins (Guy, 1990)
and ice crystallization itself.

3. Rest (dormancy), growth competence and
bud growth

In the autumn, buds enter a state of rest or dormancy and
require chill temperature and maybe long night-length cues
before they become responsive to warm temperatures (postrest
or quiescence) after which they require a minimum accumulative
thermal time above a threshold to develop to budburst. Efforts
to predict the effects of climatic warming on budburst
timing have prompted a re-examination of traditional ideas on
these processes (Cannell & Smith, 1986; Hinninen 1990;
Hunter & Lechowicz, 1992, Kramer, 1994a). Hinninen
(1995) provided an overview of the literature by defining three
physiological states of buds during winter: rest (dormancy);
growth competence (ability to grow) and; actual growth and
development.

The first physiological state, rest, shows that buds have a
maximal state of rest (i.e. are most dormant) in the autumn
when they are said to have ‘set’, meaning that cell division
and growth have ceased and bud development is complete.
Thereafter, the state of rest is diminished (or ‘broken’) by
exposure to chill temperatures and short-nights can substitute
for chilling, especially when the buds have received little
chilling and so are most at rest (Nienstaedt, 1966; Cannell
& Smith, 1983; Heide, 1993; Kramer, 1994a; Myking &
Heide, 1995). The process of loss of rest, or ‘rest break’, involves
changes in the balance between internal growth promotors
and inhibitors, as well as other poorly understood biochemical
processes (Rinne er al., 1994). The state of rest at any time
indicates the extent to which these processes have occurred.
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This state can be gauged by measuring the concentration of
gibberellic acid required to cause the buds to grow (Hatch &
Wialker, 1969; Couvillon & Hendershott, 1974) or more
commonly, by the number of days it takes for the buds to
grow in defined warm temperatures.

There is considerable uncertainty about the relationship
between chill temperatures and the rate of rest break — that
is, about the extent to which the state of rest is diminished
after a unit time of exposure to given chill temperatures
(Fig. 4a). Also, it is usually assumed that this relationship is
constant, although there is evidence that the maximum
effective chill temperature decreases as rest is broken, that
warming can promote rest break in early winter but nullify
it later, and that real-world fluctuating temperatures are more
effective than constant temperatures (Overcash & Campbell,
1955; Campbell & Sugano, 1975; Erez & Couvillon, 1987;
Hinninen et al., 1990; Partenen et al., 1998). The effects of
alternating temperatures can be explained theoretically by
hypothesizing a two-step process of rest break, where the
first step is a reversible formation-destruction of a thermally
unstable precursor substance and the second step is the fixation
of this substance once it reaches a critical level, contributing
to effective rest break (Fishman ef a/, 1987). At high temper-
atures, the precursor is formed rapidly, but it is also broken
down rapidly and so never amasses to a critical level; at chill
temperatures the precursor is formed slowly but eventually
amasses to the critical level where it becomes fixed and breaks
rest; warm temperatures followed by chilling can accelerate
step one and achieve step two in a shorter time.

The second physiological state, state of growth competence,
defines the ability of the buds to grow in response to warm
temperatures and varies from zero at maximal rest to one
(maximum potential growth rate at warm temperatures) when
rest is fully broken. Many authors assume that the relation-
ship between the states of growth competence and rest is linear
(Fig. 4bllIla), in which case competence is already defined by
the state of rest and the state of rest can be defined by the
competence of the buds to grow at warm temperatures
(Landsberg, 1974; Campbell & Sugano, 1979; Cannell, 1989b,
1990). However, others consider that buds attained full
competence abruptly when rest was fully broken (Fig. 4al;
Sarvas, 1974; Richardson et al., 1974), that competence falls to
a minimum during rest break and then increases (Fig. 4bll;
Kobayashi ez al., 1982), that competence remains low until
a threshold state of rest is reached (Fig. 4blIlb; Hinninen,
1990), or that competence is set in part by a night-length
trigger (Nizinski & Saugier, 1988), maybe at a particular
date in winter close to the shortest day (Hikkinen eral,
1998; Partenen ez al., 1998). Clearly, there is a high degree
of uncertainty.

The third state, state of bud growth and development,
defines the visible change in size of the buds as cell division and
enlargement progress in warm temperatures. The slope of the
growth rate-temperature relationship depends on the growth
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Fig. 4 Some contrasting, plausible, relationships which determine
the timing of spring budburst. (a) Hypothesized effects of chill
temperatures on the rate of rest break: (1) from Sarvas (1974) and
used by Hanninen (1990, 1991) and Kramer (1994b); (II) from
Landsberg (1974); (Il) the ‘Utah’ model of Richardson et al.
(1974). The lower graph shows the linear effect of night-length

on the state of rest assumed by Hanninen (1995). (b) Hypothesized
relationships between bud growth competence (ability to grow at
warm temperatures) and their state of rest. (1) from Sarvas (1974);
(I1) after Kobayashi et al. (1982); (llla) from Cannell & Smith, 1983;
(l11b) from Héanninen (1990). (c) Sigmoidal and linear responses of
bud growth rate to temperature (Hanninen, 1995).

competence. The shape of this response may be either sigmoidal
or linear above a threshold (Fig. 4c; Hinninen, 1995).
Overall, there are at least 100 possible combinations of
functions that can be used to describe rest break in response
to temperature and night-length, growth competence as a
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function of state of rest, and bud growth in response to temper-
ature. This weakness is further confounded by the fact that
the state of rest and growth competence cannot be measured
directly (except perhaps by applying growth promoters). At
present, bud phenology models are tested only by their ability
to predict observed dates of budburst. With so many parameters
and possible functions, it is not surprising that models can
be constructed which accurately simulate past long-term
records of dates of budburst (Kramer, 1994a, 1994b, 1995;
Hinninen ez al,, 1990). The problem is that different models,
with substandially different assumptions, can give equally
accurate postdictions (Hunter & Lechowicz, 1992; Hinninen,
1995; Hannerz, 1999). Also, within particular models, several
combinations of parameter values can give equally accurate
results, for example, by adjusting rate or threshold values, or
by adjusting correlated parameters determining the rates of
rest break and bud growth (Kramer, 1994a, 1994b).

A general conclusion is that our current understanding is
sufficient to simulate past dates of budburst accurately, but
models lack the realism required to predict the future, because
there is little consensus or confidence in the way intermediate
processes are represented or parameterized. The models have
accuracy without realism (Hinninen, 1995). Litte further
advance may be possible until it is possible to measure the
states of rest and growth competence directly, so that new, truly
mechanistic models can be constructed.

Meanwhile, model predictions of the likely effect of warm-
ing on the date of budburst on trees vary from no change
(Kramer, 1994a, 1995), much earlier with increased risk of
frost damage (Hinninen, 1991; Guak ez 4/, 1998) to a variable
response depending on the extent to which the chilling
requirement for rest break is currently met (Cannell & Smith,
1986; Murray ez al., 1989). In general, work in recent years
has emphasized the complex fail-safe mechanisms and
plasticity that trees have to accommodate temperature variation
(Hinninen, 1995; Kramer, 1995; Partenen ez al., 1998).

4. Elevated winter temperatures

Elevated winter temperature causing thaw can induce winter
desiccation, but also stimulate photosynthesis in Picea rubens.
Though the levels reached are only ¢ 37% of summer
photosynthesis (Schaberg ez al., 1998), the early C-gain may
prepare root growth for the onset of evapotranspiration
with spring-time bud and needle sprouting, since mostly all
C gained during winter and spring is allocated to the roots,
and none allocated during and after bud burst (Hansen
et al., 1997). Current-year needles are lost when injured by
severe or unexpected frost, which is the major cause of injury
to Picea rubens in the eastern USA (and sugar maple in eastern
Canada) (Robitaille ez 2/, 1995). The different response to
winter warming of three different red spruce provenances
indicated that one provenance could displace the others with
a warmer climate (Schaberg ez al, 1995).
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In Europe injury to conifers by high winter temperatures
combined with low light intensities was first discussed by
Prinz (1936). Though the symptom was loss of current-year
needles it was not caused by winter desiccation. In Picea abies
it was called ‘top-dying’ in the 1950s (Lees, 1991), ‘subtop-
dying’ in the 1970s (Barklund, 1983), and the ‘Red’ decline
syndrome in the early 1990s (Saxe, 1993; Saxe ez al., 2000).
Skre & Nes (1996) confirmed that elevated winter temperature
can increase needle loss in Picea abies and reduce growth the
following season, particularly in northern provenances. Warmer
winters may stimulate respiration more than photosynthesis
at low temperatures (Hamerlynck & Knapp, 1996; Skre &
Nes, 19906), cause premature dehardening (Section 1V.4), and
affect pest-pathogen activity (Jones et al., 1993).

Thus, elevated winter temperatures may be as critical as
elevated summer temperatures. Since temperatures in winter
are expected to increase more than in summer under climate
change (Kattenberg et al., 1996), needle loss under elevated
winter temperature may have important implications for the
future productivity of northern coniferous forests.

5. Frost dehardening

Frost dehardening in spring is driven mainly by temperature
and can occur at 0.5-1.5°C d7!, much faster than hardening
(Repo, 1992). Artificially short nights can hasten dehardening,
but they are unlikely to be a major driver in nature (Leinonen
et al., 1997).

In midwinter, boreal conifers maintained at temperatures
5-20°C above ambient remain hardy to —40°C and so may
remain frost protected in a warmer climate (Repo ez a/., 1996).
However, in some circumstances, sudden winter thaws can cause
sufficient dehardening to cause injury during subsequent
severe frosts, perhaps associated with increased respiration
and loss of sugars (Ogren, 1997; Lund & Livingston, 1998).

During spring, temperature affects dehardening in two
ways. First, it has a direct effect on the stationary level of
hardiness, as in the autumn. Warm minimum temperatures
decrease hardiness after a few days, thereby increasing the risk
of subsequent frost damage, while low minimum temperatures
can slow, halt or reverse dehardening, lessening the risk of frost
damage (Repo ez al., 1990). Thus, fluctuating temperatures
during early spring cause fluctuating levels of frost hardiness
(Leinonen et al., 1997). Second, warm temperatures during
spring promote ontogenetic development towards budburst.
This development is irreversible and once budburst begins
the shoots can no longer harden in response to cool temper-
atures (Fuchigami er al,, 1982; Sakai & Larcher, 1987; Repo,
1991; Leinonen ez al., 1997). The minimum frost hardiness
attained in northern conifer shoots during budburst varies
from ¢. =2 t0 —=10°C (Repo, 1991, 1992).

The gradual loss of rehardening capability with ontogenetic
development in spring may mean that climatic warming will
increase the risk of frost damage more in spring than in
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autumn (Repo ez al., 1996). However, at present, insufficient is
known about the linkage between hardiness and development
to represent this phenomenon mechanistically in models
(Leinonen et al., 1995).

6. Conclusions

Bud growth cessation in the autumn is triggered strongly by
night-length (so occurs about the same time every autumn)
and so may occur sooner than is optimal in a warmer climate.
Autumn frost hardening may occur later, but disruption of
the sequencing of cooling temperatures and lengthening
nights may lead to incomplete hardening. However, models
of the frost hardening process are largely conceptual; few describe
processes at the cell level so their predictions are uncertain.

It is clear that sudden winter thaws can cause injury
directly or after subsequent frost. Similarly, if early deharden-
ing is accompanied by ontogenetic development, making
rehardening more difficult, there may be increased risk of
spring injury before budburst.

Models of the dormancy states of buds during winter are
largely conceptual — usually assuming that buds have a state
of rest influenced by chilling, a state of growth competence
and a state of growth and development. The problem is that
none of these states can be measured directly, so there remains
uncertainty about, for instance, the relationship between rest
and chilling and between rest and growth competence. This
means that many model formulations and parameterizations
can simulate historic relationships between budburst dates
and temperature. But because the models are not mechanistic
there is limited confidence in their ability to predict responses
to future warming. Nevertheless, it is clear that trees have
evolved complex fail-safe mechanisms to accommodate sub-
stantial shifts in seasonal temperature patterns.

V. Whole tree experimental responses
to warming

1. Whole tree warming experiments

There are relatively few reports on how trees respond
experimentally to moderately warmer air temperatures during
the growth season (indirectly heating the soil). Growing five
boreal tree species from seeds for one season at elevated
temperature, Tjoelker (1997) found conifers (Larix laricina,
Picea mariana, Pinus banksiana) had the highest mean relative
growth rate (RGR) and mass at intermediate temperatures,
while broadleaved species (Populus tremuloides, Betula papyrifera)
exhibited the highest mean RGR and mass at the highest
temperatures. By contrast, Bruhn (1998) in a similar study
found that a conifer (spruce) had more to gain by elevated
temperature than a deciduous species (beech) in terms of
RGR, height increment, stem diameter and total dry mass
(Fig. 5). From these observations we therefore conclude that
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trees do not respond to temperature on a broad genetic basis
such as conifers vs broad leaved trees, but on a more restricted
level, such as species or even provenances. Though it is beyond
the scope of this review, a strong synergistic effect of elevated
temperature + [CO,] on seedling growth was noted in recent
experiments with beech and Norway spruce (Bruhn, 1998,
D. Bruhn, unpublished).

Since warmer temperature affects ontogenetic drift (Farnsworth
et al, 1995; Tjoelker, 1997), growth stimulation is sometimes
only an initial response, and in the long term it may turn
into a decline (Olszyk ez al., 1998a,b; Higuchi ez al., 1999).
As elevated temperature increase evapo-transpiration, trees
growing at warmer temperatures need larger root systems to
obtain the necessary water. But the literature does not clearly
support the view that trees grow larger roots under these
circumstances (Hawkins & McDonald, 1994; King ez 4/,
1996, 1997b). However, trees do adapt to high temperature
stress in terms of tree canopy architecture, leaf size, shape,
anatomy and orientation, and the morphology and architecture
of the root system (Mahan ez al., 1997).

In soil heating experiments temperature strongly interacts
with water and nutrients. Several studies have shown that
increasing soil temperature stimulates tree growth differently
according to species (Brand, 1990; Lopushinsky & Max,
1990; Graves & Aiello, 1997), which is one mechanism by
which global warming will alter the composition of forest
ecosystems (and move the borders of the natural distribution
of tree species). At many sites, soil temperatures are presently
still below the optimal values for growth. Warmer soils will
therefore stimulate forest growth in most regions, but this
could also be a result of rising [CO,], higher atmospheric
nitrogen deposition, warmer air, and improved management.

2. Conclusions

In relation to climate change, the growth response has been
studied far less than frost tolerance. But when specifically
looking at soil heating, Farnsworth ez 4. (1995) found that
growth rather than phenology was affected in many tree
species. In the limited number of experiments with elevated
air + soil temperature, seedlings show a species-dependent,
positive growth response to warmer temperatures up to an
optimum. For European beech, however, there may be little
to gain from warmer temperatures.

VI. Changes in species distribution at
warmer temperatures

1. Geographic ranges

There is a good correlation between January isotherms and
distribution of northern tree species. Low winter temperatures
are the main limiting factor for frost-sensitive trees in
continental regions, while high winter temperatures are an

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



New
Phytologist

Tansley review no. 123 Review " 381

e o

b

Height

European
beech

+ 22% <1-Dry mass

+ 26%
Cﬁ ‘h"ee
-16% qu\
v
Norway Ry
spruce
% Stem +29%
~19% diameter :
- 37% Dry mass +57%
Height
increment

‘diameter J

increment g

230
above

4.8°C
above

2.8C
below

ambient
temperature

Fig. 5 The growth response of 1-yr-old Picea abies and Fagus sylvatica to 4 different temperatures. Red figures indicate height increment in
percent of the reference tree that grew to spruce (90 mm) or beech (312 mm) over the first season. Black figures similarly indicate stem

diameter increment (reference trees: spruce (3.2 mm) and beech (10.5 mm)). Blue figures indicate dry mass increment of root + stem + leaves
(reference trees: spruce (1631 mg), beech (5609 mg)). The use of mature trees in this illustration should provoke the reader to question how

- and if - the existing large volume of seedling data on temperature responses translates into responses of mature trees and forest

ecosystems to global warming.

important limiting factor for some continental species that
avoid coastal areas with mild winters.

In order to monitor future climate change Carter (1996)
transplanted ecotypes of 10 north-east American temperate
tree species from different latitudes and found the temperature
difference between the provenance origin and transplanted
site to account for 29% of height growth. But most latitudinal
or oceanic/continental transfer experiments are applied to
predict how trees will adapt to climate change, rather than
to monitor such change. However, changes in day length,
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soil type and immediate biotic environment will add to the
effects of a warmer climate.

Oleksyn et al. (1998b) studied growth responses of Pinus
sylvestris populations from a wide latitudinal range to temper-
ature and photoperiod in growth chambers and in the field.
In all populations, shoot elongation was most prolonged at
low temperatures. Northern populations ceased height growth
carlier than other populations in a southern photoperiod. In
warm conditions growth cessation was regulated by the sum
of day-degrees, not by photoperiod. Since the length of the
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growing season is under strong environmentally mediated
genetic control in Scots pine, potential climatic changes such
as increasing temperature were projected to alter the length
and timing of growth in above-ground tree parts towards a
shorter growing season. This is in contrast to expectations used
in previous models. A shorter period of shoot extension, how-
ever, does not mean that overall wood production will be
negatively affected. But it is necessary to include such species
and provenance-specific responses to acclimation and adaptation
in future modelling on tree responses to climate change.

In Europe, however, the average growing season of a
number of tree species has increased by 11 d (from Macedonia
to northern Scandinavia) over the past 30 yr (Menzel &
Fabian, 1999). But this does not allow us to predict how it will
develop in the next 30 yr.

According to Persson (1994) and Stahl (1998) Pinus sylvestris
provenances transferred a few degrees southwards in Scandinavia
have high survival rates and yields, but a low stem wood
production. Based on predictions, trees will be straighter, have
fewer spike knots and injuries, have thinner annual rings,
fewer and thinner branches, less early wood, high basic den-
sity and slender thick-walled tracheids compared with local
provenances. Northern material will thus produce higher
quality timber, while southern material (transplanted north)
will produce better wood for pulp and paper. Considering
genetics is therefore important in forest management. Selection
of appropriate species and provenances may be the best tool
the forester has to meet the challenge of global warming.

2. Altitudinal ranges

Low summer temperature is the main limiting factor towards
higher elevations for tree growth, but the altitudinal root
zone temperatures of 5.5—7.5°C seem to be the critical lower
limit for growth and development (Kérner, 1998). Cold soil
reduced height growth in Pinus ponderosa low-elevation
ecotypes transplanted to higher sites, and budburst was delayed
in transplanted firs and pines. But growth responded to
increased temperature more in the low than in high elevation
ecotypes (Lopushinsky & Max, 1990). Weih & Karlsson
(1999) suggested that a similar weak growth response to
increased temperature in high altitude mountain birch was
functionally related to high leaf-N concentration, which is
genetically determined and has an adaptive value in a cold
environment. They believe that there is a trade-off between
high N productivity at low temperature and a strong response
of N productivity to temperature. In the reverse transplant
of high altitude Picea abies ecotypes to 150 m, these retained
a lower growth rate, with higher N-content, levels of
chlorophyll, carotene, photosynthesis and dark respiration
rates in needles than low altitude ecotypes (Oleksyn et al,
1998a). They explained the low growth rate of the high
altitude ecotypes at low altitude (higher temperature) by a
reduced shoot-growth period, the high respiration rates, and
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high allocation to roots, more than offsetting their higher
photosynthetic rates.

In Scandinavia, low summer temperatures are the main
limiting factor towards higher elevations for thermophile
trees (Dahl, 1990). Evergreen conifers growing at high eleva-
tions or at high latitudes have longer-lived needles than trees
of the same species growing elsewhere. A study of high altitude
(Picea abies) and latitude (Pinus sylvestris) provenances in a
common garden demonstrated that needle retention was not
a genotypic but a phenotypic character (Reich ez al, 1996a).
Needle retention therefore was not the cause of higher physio-
logical rates in high altitude and latitude ecotypes grown in
a warmer climate.

3. Models

Most models of temperate and boreal forest responses to
climate change developed in the two decades up to the second
IPCC assessment projected regional dieback (Houghton
et al., 1996). Loehle & LeBlanche (1996) pointed to several
common weaknesses of these models, for example that forest
management, climate tolerance and vegetative reproduction
had been ignored, giving previous predictions a common
multiplicative bias favouring drastic diebacks and geographical
range shrinkages, even to the point of extinction. Management
strategies are increasingly being incorporated into models of
forest responses to climate change, and indicate that predicted
losses may be partly mitigated (Lindner, 1999). Loehle (1996)
claimed that changes in forests are far more likely to be
gradual (over hundreds to thousands of years), to involve
only local dieback, and due to management to result in far
less economic loss than generally predicted.

The southern borders of boreal forests are predicted
within this century to move 500-1000 km north, as natural
competition and management turn up to 40% of present
boreal forests into broad leaved temperate forests. In the
North Arctic tundra would gradually or by management be
invaded by boreal conifers (Kellomiki & Karjalainen, 1997).
Some countries, for example Finland, will have regions that
may win and regions that may lose wood production (Beuker
et al., 1996; Talkkari, 1998). The Russian boreal forest which
contains 20% of the world’s timber resources and over half of
all boreal forests are for economical and political reasons less
likely to be managed productively to assist changes induced
by climate change (Krankina ez al, 1997). If forests do not
migrate, and planting in these regions is not sufficient to keep
up with changing climate, carbon storage could be reduced,
and the warming would induce a positive feedback to further
increase atmospheric [CO,] (Solomon & Kirilenko, 1997).

In the temperate forests of central Europe spruce is
expected to decline (Von Heining, 1996), beech may be less
dominant (Von Heinsdorf, 1999), though it could improve
in some regions (Von Felbermeier, 1994), while broadleaved
species like ash, birch, aspen, alder, maple, oak, hornbeam,
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lime and conifers like pine and European larch would thrive
(Von Ebert, 1996). Seasonal precipitation will have decisive
influence on drought limitation of temperature and [CO,]
advantages (Herbst & Hérmann, 1998). Hogg & Schwarz
(1997) studied Picea glauca, Picea pungens and Pinus sylvestris
across a climatic moisture gradient in Canada and demon-
strated the importance of soil water. A drier future climate in
the southern boreal forest of western Canada could signific-
antly reduce natural regeneration of the studied conifers in
these regions. In Scotland, where soil water is not limiting,
the area where Picea sitchensis can be profitably grown has
doubled over the last 40 yr, and models predict that warming
will again double this area in only 20 yr (Proe et al., 1996).
In the east North American forests, models predict that 30
of 80 studied tree species could expand their importance by
10%, while another 30 species would decline by 10%, and
36 of the species could shift at least 100 km north (Iverson
& Prasad, 1998). Management would improve the migration
through fragmented landscapes.

4. Conclusions

Global warming will make it possible for tree species to migrate
(or be transplanted) northwards (in the northern hemisphere).
Latitudinal transplanting experiments indicate that Northern
trees will produce higher quality timber and probably at a
higher rate. Though the length of the growing season will
increase for many trees with warmer temperature, this does
not seem to be the case for all species. Little is known about
the importance of responses to photoperiod alongside increases
in temperature.

Rising soil temperatures will induce low-elevation ecotypes
to grow at higher elevations, but at a given elevation warmer
temperature will not stimulate growth of local trees as much
as trees migrating or planted from the warmer climate of
lower altitudes. The high altitude ecotypes seem to have a
genetically determined high demand for nitrogen.

Models indicate a potential for increased growth with
increasing temperature and [CO,], but it will be limited in
regions with insufficient precipitation. Management is critical
to a positive response of forest growth to a warmer climate,
and selection of the best species and provenances for the new
conditions will be of vital importance.

VII. Adaptation and evolution

1. Genetic adaptation and phenotypic plasticity

Temperature is probably the major selecting agent causing
population differentiation along latitudinal and altitudinal
clines (Sections VI.1-2). Langlet (1936) demonstrated that
phenotypic variation among natural populations of Pinus
sylvestris was arranged along clines that parallelled Scandinavian
climates. Common garden plantations have since then provided
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data for studies of the variability in adaptive traits among
and within wild populations of forest tree species (Rehfeldt,
1988, 1989; Campbell ez 4/, 1989; Hannerz, 1998). These
studies have shown that climatic adaptation seems to be the
most important component in the evolutionary process of
temperate and boreal tree species.

A heritable trait is interpreted as being adaptive if it fits
these clines closely, and believed to be the product of natural
selection. Warm temperatures may operate indirectly by dis-
favouring genotypes with a delayed onset of growth in the
spring and premature dormancy in the autumn. These geno-
types will under-utilize a given site’s resources, are categorized
as having insufficient growth capacity (Heide, 1985), and
could possibly be ousted by genotypes expressing longer-
lasting growth (Rehfeldt ez 4/, 1999). On the other hand,
low temperature extremes may severely injure genotypes with
premature onset of vegetative growth in the spring and delayed
growth cessation in the autumn (Heide, 1985). In general,
one cannot assume that native populations are optimally
adapted to minimize frost damage and yet utilize the full
growing season in the face of varying temperatures (Rehfeldt
eral, 1999). This depends on how many generations each
species has been present in a given region and adapted its
growth phenology, the genetic variation within the adaptive
traits of hardening, dormancy and dehardening, the selec-
tion pressure from temperature extremes, and the magnitude
of gene flow among populations. It is beyond the scope of
this review to discuss all the evolutionary forces involved
(Endler, 1986; Eriksson, 1996, 1998a, 1998b; Hinninen et 4L,
2000).

Bradshaw (1965) defined phenotypic plasticity as ‘the
amount by which the expressions of individual characters of a
genotype are changed by different environments’. The many
successful transfers of provenances have led to the assumption
that long-lived conifers show a high degree of phenotypic
plasticity towards mean temperature differences. The degree
of expression of phenotypic plasticity is under genetic control
(Hoffmann & Parsons, 1991), but in conifers pertinent informa-
tion about its impact on variation pattern in adaptive traits is
not known. Genotypes with a high degree of phenotypic
plasticity have an enhanced probability of surviving fatal
temperature extremes by activating those genes that produce
phenotypes with better resistance to this particular stress.
Such genotypes must have a flexible gene regulation system,
and a species needs to attain a whole range of different pheno-
types depending on the environmental conditions, to protect it
from being eliminated by natural selection (Eriksson, 1996,
1998b), leaving more of the genotypes alive to breed, and hence
contribute to the maintenance of a large within-population
variation. On the other hand, species with a high degree of
phenotypic plasticity should express less clinal and/or eco-
typic differentiation. The only way to study the influence,
magnitude and inheritance of phenotypic plasticity in adaptive
traits, is to use clonally replicated trees from a pedigree family



384 "Review Tansley review no. 123

hierarchy, and test these clones in trials along climatic gradients.
Such trials have been established with Norway spruce in the
Nordic countries, and they will assist prediction of effects of
climate change (T. Skroppa, pers. comm.).

2. Fast formation of land races in forest trees

But to forecast temperature effects on tree and forest functioning
we need information, not only on the population dynamics
in the present tree generations, but also about the dynamic
change from one generation to the next (Loehle & LeBlanc,
1996). We may learn something from migration history, from
progeny performance from seeds produced in transferred pro-
venance trials or plantings, and from experiences with seeds
from translocated seed orchards.

After the last ice age, conifer species migrated at an average
rate of 10—40 km per century (maximum migration rate for
white spruce: 200 km per century; Schwartz, 1991). Norway
spruce, a relatively young species on the Scandinavian Peninsula,
may serve as an example. It migrated from the Russian retreat,
through the forest area at the present border between Russia
and Finland, and passed through Finland and northern
Sweden into Norway in the period 3500—500 BC (Moe, 1970;
Schmidt-Vogt, 1977). Kullmann (1995) suggested an earlier
establishment of the species in some areas. The border area
between Sweden and central Norway was crossed approx.
500 BC. In the southern part of Norway the earliest im-
migration took place in the area between the present border
between Norway and Sweden in the years 400-200 BC.
Eight hundred years later the species was established in the
Norwegian south-eastern lowlands. The migration up the
valleys to its present altitudinal boundaries was not completed
until AD 1000—1300. Norway spruce has had a short time
to adapt to local Norwegian climatic conditions, taking the
long generation interval into account. Nevertheless, the
Norwegian provenances show remarkably distinct and strong
clinal variation in both bub-set (Kohmann, 1996) and frost
hardiness in the autumn (Dzhlen ez /., 1995), a provenance
differentiation that has evolved without numerous generations
of strong natural selection in Norway, and a large within-stand
variation in, for example frost hardiness during autumn has
been maintained (Skreppa, 1991; Johnsen & Ostreng, 1994).

Seedlings from seeds harvested in planted stands with
transferred provenances perform differently from seedlings
of their original provenance. In Denmark, seedlings from seeds
harvested in first generation stands of Picea sitchensis have
better survival and are less injured by climate than seedlings
of the same provenances from direct import from North
America (Nielsen, 1994). Similar experiences are found with
Abies normaniana in Denmark (Nielsen, 1999). In Scotland,
seedlings from first generation Abies grandis stands perform
far better than direct import of the same provenance (Ennos
et al., 1998). In Germany, Douglas fir seedlings from German
stands perform better than foreign provenances (Kleinschmit
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et al., 1974). Thus, a fast formation of ‘land races’ (from one
generation to the next) seems to occur in several conifer species.

Norway spruce provenances have been extensively transferred
from southern to northern latitudes in Norway. Seeds that
were collected in stands in West Norway (lat. 61°N) and in
Central Norway (lat. 64°N) were established with seedlings
of origin Harz, Germany (lat. 52°N). In one of the stands
included in the study, the mean diameter of 15 trees of Harz
origin was 24% larger than that of the 15 trees sampled in
the adjacent stand of local provenance. In spite of this differ-
ence among the mother trees, large differences in the timing
of bub-set were observed between the progenies from the
northern located Harz stand and the original Harz proven-
ance, but not between those of the northern Harz stand and
the native northern provenances (Skroppa & Kohmann,
1997, Fig. 6). New tests have confirmed the very fast forma-
tion of ‘land races’ in Norway spruce, and it is believed that
natural selection and pollen flow from the natural northern
stands could not be the sole explanation for the very fast
adaptation to local condition from one generation to the next
(T. Skreppa, pers. comm.). All this points to low risk and
good prospects for coniferous trees with increasing temperature,
but it remains an open question whether or not a comparable
speed of change from one generation to the next is also
expressed in angiosperm trees.

3. The seed connection

Another phenomenon may contribute to our understanding
of likely effects of climate change, in the light of the fast
formation of land races in forest trees. Recent findings show
that climate and weather conditions experienced by the
parents during sexual reproduction influence the progeny in
Norway spruce (Johnsen ez al., 1996; Johnsen & Skroppa,
1996, 1997; Balduman ez al, 1999, Skreppa & Johnsen, 2000).
The phenomenon is expressed in seed orchards established
by moving parent trees, propagated as grafts, from north to
south, from high to low elevation, or from outdoor to indoor
glasshouse conditions (translocated seed orchards). The seed
produced under warm conditions gave rise to seedlings with
a delayed dehardening and flushing in spring, an extended
growth period and delayed growth cessation during summer,
and later development of frost hardiness in the autumn
compared with seedlings from seeds from the same parents
reproduced under colder conditions. These after-effects on
progenies endure for many years after sowing (Edvardsen
et al., 1996), perhaps throughout the lifetime of the trees.
These results were confirmed with controlled cross families,
making identical crosses in contrasting environments in
outside seed orchards located at latitudes 62°N and 66°N
in Finland (Skreppa ez al., 1994), inside a heated glasshouse,
and in a nearby seed orchard in Norway (Johnsen ez al,
1995). The warm conditions in the south or inside the glass-
house gave seedlings a delayed development of autumn frost
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hardiness compared with their full-sibs produced in the
northern seed orchard or the colder outside seed orchard. It
was of great interest to verify whether this was an after-effect
of the male, the female or the general parental environment.
Experiments with potted grafts, which had identical growth
conditions until the year of sexual reproduction, proved that
the altered autumn hardiness of the progenies was not related
to differences in temperature and photoperiod given during
male meiosis, microsporogenesis and pollen maturation, but
to the female reproductive environment (Johnsen ez al., 1996).
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Full-sib families

An early start of the reproductive process inside the glass-
house produced progenies which were less frost hardy than
their full-sibs from late spring crosses inside the glasshouse,
while the most frost hardy progenies originated from the
outdoor, late spring crosses (Fig. 7). A regulatory mechanism
was proposed, which senses temperature and/or photoperiod
during the reproductive process in the female flowers, and
modifies the expression of genes controlling adaptive traits
in the progeny (Johnsen ez al., 1996). Recent results indicate
that the after-effect of the female reproductive environment
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VIIl. Ecosystem level responses to warming

1. Net primary production

Net primary production (NPP) is the balance between gross
primary production and autotrophic respiration (R,). Temper-
ature affects NPP mainly by changing rates of photosynthesis,
autotrophic respiration, nutrient mineralization, and the
period of foliation and frost hardiness (McGuire ez a/., 1992,
1993; Lloyd & Taylor, 1994; Larcher, 1995; Van Minnen
et al., 1995; Melillo ez al., 1996). In boreal regions, the net
effect is expected, potentially, to be an increase in NPP (Van
Cleve eral, 1990; Oechel & Billings, 1992; Van Minnen
et al., 1995; Peng & Apps, 1998), but the direct temperature
effects on forest NPP will be substantially modified by
corresponding changes in the disturbance regime and shifts
in vegetation (Neilson, 1993; Melillo ez al, 1996; Kurz &
Apps, 1999).

In northern forests, temperature effects on N availability
may represent the most important control on forest NPP
(Pastor eral., 1984; Oechel & Billings, 1992). If C and N
cycles remain coupled (i.e. a large fraction of newly available
N is taken up by trees) then NPP should increase over the
long-term, as changes in system N capital are mirrored by
parallel changes in carbon capital (Rastetter ez al, 1992;
Asner et al., 1997). Thus, if N mineralized from a forest soil
with a C: N ratio of 10—50 is taken up by vegetation with a
C : N ratio of 60—600 (McGuire et /., 1992), the redistribu-
tion of N from soil to vegetation will increase forest NPP
(Rastetter et al., 1992; Melillo et al., 1996; Xiao et al., 1998).
In temperate deciduous and coniferous forest and taiga,
where the vegetation C : N ratio is on average 15 times that
of the soil (McGuire et al, 1992), the increase in NPP is
expected to range from small (5%; Peng & Apps, 1998) to
relatively large (10—45%; Xiao ez al., 1998) depending on
the climate change scenario. In tropical forests, where the
vegetation C : N ratio is only approx. 6 times that of the soil
C: N ratio (McGuire ez al., 1992), the temperature-induced
increase in NPP is expected to be smaller (King ez al, 1997b;
Xiao et al., 1998).

If C and N cycles become uncoupled, then NPP may or
may not increase due to climate change depending on what
causes these cycles to become uncoupled (Rastetter ez al, 1992;
Melillo ez al., 1996). Uncoupling resulting from enhanced
atmospheric N deposition may increase NPP by alleviating
N limitation (Kauppi eral, 1992; Rastetter eral, 1992)
unless soil ‘N saturation’ induces acidification and limita-
tions in other nutrients (Schulze, 1989; Asner et al., 1997).
Uncoupling also arises if rates of soil respiration (and N
mineralization) respond more rapidly to temperature than
rates of NPP and/or N uptake (Melillo ez al,, 1996). In these
situations, mineralized N may be lost from the system due
to denitrification, and/or leaching, thus reducing the soil N
capital and the forest NPP response. However, fine root
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production is highly correlated with N availability and NPP
(Nadelhoffer ez al., 1985; Nadelhoffer & Raich, 1992), so
rapid root growth could counteract the potential for long-term
losses of N from forest soils (Van Cleve ez al, 1990). Because
soil microbes compete effectively with plant roots for mineralized
N, prolonged immobilization of N in microbial biomass
could also uncouple N mineralization and plant uptake (Zak
et al., 1990; Aber ez al., 1993; Moorhead & Reynolds, 1993;
Hart ez al,, 1994).

Simulations of the effects on ecosystems of business-as-usual
climate change scenarios with elevated atmospheric [CO,]
predict large potential increases in global forest NPP over the
next 50—100 yr, especially at high latitudes (White ez 4/, 2000a)
due principally to CO, and N-enhanced photosynthesis,
increased N uptake and C : N ratio of vegetation (McGuire
et al., 1992, 1993; Rastetter ez al., 1992; VEMAP Members,
1995; Peng & Apps, 1998). In regions where temperature
change may reduce soil moisture (i.e. Southern Europe, South-
east Asia, and Australia) (Fig. 9), elevated atmospheric [CO,]
may increase NPP by increasing stomatal conductance and
alleviating drought stress (McGuire ez af., 1992, 1993; Xiao
et al., 1998). However, the effects of elevated CO, on allevi-
ating drought stress are unclear, because although elevated
CO, can cause declines in stomatal conductance, the degree
of stomatal closure may very depending on environmental
conditions (Heath, 1998; Bunce, 2000), and an increases in
leaf area under elevated CO, may ultimately lead to a higher
water use on a whole-plant basis (Heath ez 4/, 1997). If water
use increases, then the interaction between temperature and
elevated CO, may exacerbate soil water limitation, causing
declines in NPP in arid and semiarid forests.

Temperature-induced changes in disturbance regimes
could have a major impact on forest NPP because early and
mid-successional species have relatively higher productivity
than late successional species (Houghton ez al,, 1998). Kurz
& Apps (1999) argued that the productivity of Canadian
forests is likely to decline in the future, regardless of climate
change and/or elevated atmospheric [CO,], because forests
are approaching older, less productive age classes. An increase
in fire frequency with climate change, may reset many Canadian
forests to more productive early and mid-successional age
classes. But more frequent fires also lead to large losses in
soil C and N, especially for tropical regions, causing NPP to
decline (Asner et al, 1997). Clearly, interactions between
temperature, atmospheric [CO,], and disturbance have pro-
found implications for forest NPP.

2. Net ecosystem production

Net ecosystem production (NEP) is the difference between
NPP and heterotrophic (‘soil’) respiration (R ) (Melillo ez al,
1996); if it is positive, there is an increase in the net C
storage of the ecosystem. Because both NPP and R, are large
temperature-sensitive quantities, temperature change and
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associated changes in hydrology and disturbance can
profoundly alter NEP. Transient changes in the magnitude
and direction of NEP may be large as ecosystem components
adjust to climate change (Oechel eral, 1993; Oechel &
Vourtlitis, 1994; VEMAP Members, 1995; McKane ez 4/, 1997;
Xiao et al., 1998).

There is considerable evidence that northern forests and
other terrestrial ecosystems may currently be a carbon sink —

Fig. 9 Simulated winter (December, January,
February (DJF), green bars) and summer (June,
July, August (JJA), yellow bars) temperature
(a) precipitation (b) and soil moisture change
(c) for Central North America (CNA), South-east
Asia (SEA), the Sahel (SAH), Southern Europe
(SEU), and Australia (AUS). Data represent the
average change in temperature, precipitation,
and soil moisture from preindustrial to
2030-2050 due to atmospheric greenhouse
gas and aerosol forcing as predicted by the
UKMO-GCM and MRI-GCM. Redrawn from
Kattenberg et al. (1996).

that is, NEP is positive, presumably in response to increasing
[CO,], temperature and N deposition. Certainly, a terrestrial
sink is required to balance the global carbon budget (Houghton
et al, 1998). There is evidence for a northern C sink from
analyses of the global CO, flask network (Conway ez al., 1994),
isotope tracers and both forward and inverse modelling of
atmospheric [CO,] concentrations (Ciais ez 2/, 1995; Denning
et al., 1995; Enting et al., 1995), direct measurements of NEP

www.newphytologist.com  © New Phytologist (2001) 149: 369-400



New
Phytologist

from eddy covariance (Wofsy ez al, 1993; Goulden ez al., 1996a;
Chen etal, 1999; Valentini eral, 2000; but see Goulden
et al., 1998), and the increasing seasonal amplitude of [CO,]
at northern latitudes (Keeling ez a/., 1996; Randerson ez al,
1997). Also, there is evidence that many forests are growing
faster than hitherto, from analyses of growth data across Europe
(Spiecker ez al., 19906), tree ring patterns average over northern
regions and near the tree-line (Briffa eral, 1998; Rolland
et al., 1998), satellite and ground observations of growing
season length (Goulden ez 4/, 1996b; Myneni ez al., 1997)
and forest inventories, which combine land use and climate
effects (Dixon et al., 1994; Houghton, 1996).

Most simulation models predict an increase in forest NEP
with climate change and increasing [CO,] over the next 50—
100 yr, especially at northern latitudes, although they differ
in the extent to which photosynthesis is enhanced, water
stress is alleviated, N mineralization, plant and soil respiration
are increased and root allocation is increased — all of which are
uncertain to varying degrees (Norby, 1987; McGuire ez al.,
1992; Rastetter et al., 1992; Polley et al., 1993; Hudson et al.,
1994; VEMAP Members, 1995; Koch & Mooney, 1996;
Melillo et al., 1996; King ez al., 1997a; Peng & Apps, 1998;
Xiao et al, 1998; White et al., 2000a). However, models
differ considerably in their predictions of regional distribu-
tions in NEP and in the period over which NEP will be
increased — as CO, enhancement of photosynthesis satu-
rates and soil respiration increases with temperature (Cao &
Woodward, 1998; White et al., 2000b).

Climate change alone, without accounting for the direct
effects of [CO,], is predicted by some models to result in a
net loss of carbon (negative NEP) on the assumption that R,
will respond to warming more than NP, but these estimates
may need to be revised if soil respiration is not shown to be an
exponential function of temperature (see Section I1I; VEMAP
Members, 1995; White ez al.,, 2000a,b). Other models predict
a positive effect of climate change alone on NEP in northern
forests, because NPP is greatly enhanced by accelerated N-
mineralization (Rastetter ef al, 1992; Hudson ez al., 1994;
VEMAP, 1995; King ez al., 1997a; Xiao ez al., 1998).

Long-term measurements of NEP in the arctic tundra
indicate that climatic warming and drying in the early 1980s
resulted in substantial losses of terrestrial carbon (Oechel
et al., 1993, 1995). Although warming and drying have con-
tinued, net losses of ecosystem C have diminished, and the
ecosystem has been a net C sink during warm, dry periods
(Vourlitis & Oechel, 1997, 1999), perhaps indicating that the
system has adapted metabolically to the change in climate
(Oechel et al.,, 2000). Although the mechanism is unclear, it is
possible that ecosystem adjustment, increases in N availability
and/or changes in plant community composition could stimulate
NPP enough to compensate for C losses from decomposition
(Rastetter et al., 1992; Chapin et al., 1995; McKane ez al., 1997).

Temperature-induced change in the distribution of species
and vegetation types (Section VI) may have a significant
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effect on NEP. The Hybrid model suggests that about 30%
of the predicted increase in NEP at northern latitudes this
century could potentially be attributable to increased forest
area (White et /., 2000a). Indeed, data collected from soil cores
in northern Alaska indicate that soil C accumulation rates
were substantially higher during the warm mid-Holocene
(6.7+1.6gCm™y!) compared with the cool late-Holocene
(1.2+0.3 gCm™ y!; Marion & Oechel, 1993). The increase
in soil C accumulation was due in part to the migration of
boreal forest vegetation during the warm mid-Holocene into
regions that are currently dominated by wet-sedge arctic tundra
(Billings, 1987; Marion & Oechel, 1993). Clearly, the magni-
tude of this effect depends on the rate and spatial distribution
of vegetation change, the type of vegetation replacement,
changes in the disturbance regime, land use change and climatic
and atmospheric effects ([CO,] and pollution) on production
(Melillo ez al., 1996). Some early models predicted large
transient losses of C as forests die back, recruit, and redistribute
(Neilson, 1993; Smith & Shugart, 1993). NEP in the temperate
region might decline and/or become negative if deciduous
forest were replaced by deciduous savanna, conifer forest, or
‘mixed’ forest, because these new vegetation types have lower
rates of NPP than temperate deciduous forest (Van Minnen
et al., 1995; VEMAP Members, 1995; King ez al., 1997a).
In contrast, boreal forest migration into arctic and subarctic
tundra is likely to enhance C sequestration in regions currently
covered by tundra (Billings, 1987; Marion & Oechel, 1993;
Plochl & Cramer, 1995; White ez al., 2000a).

Temperature effects on disturbance regimes (e.g. fire
frequency) will also alter long-term C sequestration of forests.
These changes will affect both NPP and SOM decomposition
by altering the age distribution of forests, litter quantity and
quality; soil C and N pools, nutrient availability, microclimate,
and the potential for exotic species invasion (D’Antonio &
Vitousek, 1992; Asner ez al., 1997; Kurz & Apps, 1999).

3. Conclusions

Increasing temperatures have the potential to increase the
NPP of northern forests, depending especially on the extent
to which additional N is mineralized and is taken up by the
trees rather than immobilized or lost to the system. Most
models predict that likely scenarios of climate change and
increasing [CO,] will enhance global forest NPP over the
next 50—100 yr, especially at high latitudes. However, changes
in disturbance regime may prevent potential increases being
realized in some regions, because, for instance, changes in
forest age structure. There is considerable evidence that the
NPP of northern forests currently exceeds heterotrophic
respiration — that is, that they are currently contributing to
the terrestrial carbon sink (positive NEP) required to balance
the global carbon budget. Most models predict that this sink
will persist for many decades in response to increasing [CO,]
and climate change, but they differ in regional and temporal
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detail. Climate change alone is often predicted to produce a
carbon source (negative NEP), but this may not be the case
if the temperature response functions for soil respiration
need to be revised, if N-mineralization is greatly accelerated
and/or ecosystems adapt to warmer temperatures, as may be
occurring in the arctic tundra. Finally, NEP may be increased
in the boreal region by the spread of conifer forests but decreased
in temperate regions by the loss of deciduous forests.

Acknowledgements

This work was made possible by grants from The Danish
Agricultural and Veterinary Research Council. Opinions
expressed in the article are not necessarily those of the
granting agencies or Institutions. We thank those colleagues
who generously provided their unpublished data for inclusion
in figures. The principal author wishes to thank Professor
W. C. Occhel for inspiring discussions during a 3-months’
sabbatical at San Diego State University where the foundation
for this review was conceived. Thanks to Professor T. A. Mansfield

for constructive discussions over many years.

References
Aber JD, Magill A, Boone R, Melillo JM, Steudler P, Bowden R. 1993.

Plant and soil responses to chronic nitrogen additions at the Harvard
Forests, Massachusetts. Ecological Applications 3: 156-166.

Aber JD, Melillo JM, McClaugherty CA. 1990. Predicting long-term
patterns of mass loss, nitrogen dynamics, and soil organic matter
formation from initial fine litter chemistry in temperate forest
ecosystems. Canadian Journal of Botany 68: 2201-2208.

Agren GI. 1985. Theory for growth of plants derived from the nitrogen
productivity concept. Physiologia Plantarum 64: 17-28.

Agren GI. 1996. Nitrogen productivity or photosynthesis minus
respiration to calculate plant growth? Oikos 76: 529-535.

Agren GI, Bosatta E. 1987. Theoretical analysis of the long-term
dynamics of carbon and nitrogen in soils. Ecology 68: 1181~
1189.

Amthor JS. 1989. Respiration and crop productivity. New York, USA:
Springer-Verlag.

Amthor JS. 2000. The McCree — de Wit-Penning de Vries — Thornley
respiration paradigms: 30 years later. Annals of Botany 86: 1-20.

Amzallag GN. 1999. Plant evolution: toward an adaptive theory.

In: Lerner HR, ed. Plant responses to environmental stresses. From
phytohormones to genome reorganization. New York, USA: Marcel
Dekker Inc., 171-245.

Andersson B. 1994. After-effect of maternal environment on autumn
frost hardiness in Pinus sylvestris seedlings in relation to cultivation
techniques. Tree Physiology 14: 13—322.

Anisko T, Lindstrom OM, Hoogenboom G. 1994. Development of
a cold hardiness model for deciduous woody plants. Physiologia
Plantarum 91: 375-382.

Aronsson A. 1975. Influence of photo and thermoperiod on the initial
stages of frost hardening and dehardening of phytotron-grown seedlings
of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.)
Karst.). Studia Forestalia Suecica no. 128. Stockholm, Sweden:

Royal College of Forestry.

Arora R, Palta JP. 1991. A loss in plasma membrane ATPase activity and
its recovery coincides with incipient freeze-thaw injury and post-thaw
recovery in onion bulb scale tissue. Plant Physiology 95: 845—852.

New
Phytologist

Arrhenius S. 1889. Uber die Reaktionsgeschwindigkei bei der Inversion
von Rohrzucker durch Siuren. Zeitschrift fiir Physikalische Chemie 4:
226-248.

Arrhenius S. 1915. Quantitative laws in biological chemistry. London,

UK: Bell.

Ashworth EN, Stirm VE, Volenec JJ. 1993. Seasonal variations in soluble
sugars and starch within woody stems of Cornus sericea L. Tree Physiology
13: 370-388.

Asner GP, Seastedt TR, Townsend AR. 1997. The decoupling of
terrestrial carbon and nitrogen cycles. Bioscience 47: 226-234.

Balduman LM, Aitken SN, Harmon M, Adams WT. 1999. Genetic
variation in cold hardiness of Douglas-fir in relation to parent tree
environment. Canadian Journal of Forest Research 29: 62-72.

Barklund P. 1983. Die-back in mature and young Norway spruce,
plausible causes: drought, frost, acid precipitation, fungi. Svensk
Skovbrugs Tidsskrift 2/83: 29-40.

Bassow SL, Bazzaz FA. 1998. How environmental conditions affect
canopy leaf-level photosyn-thesis in four deciduous tree species. Ecology
79: 2660-2675.

Battaglia M, Beadle C, Loughhead S. 1996. Photosynthetic temperature
responses of Eucalyptus globulus and Eucalyptus nitens. Tree Physiology 16:
81-89.

Bazazz FA. 1996. Plants in changing environments. Cambridge, UK:
Cambridge University Press.

Belyea LR. 1996. Separating the effects of litter quality and microenvironment
on decomposition rates in a pattered peatland. Oikos77: 529-539.

Berg B, Berg MP, Bottner P, Box E, Breymeyer A, Calvo de Anta R,
Couteaux M, Escudero A, Gallardo A, Kratz W, Madeira M,
Milkénen E, McClaugherty C, Meentenmeyer V, Munoz F, Piussi P,
Remacle J, Vizr de Santo A. 1993. Litter mass loss rates in pine forests
of Europe and Eastern United States: Some relationships with climate
and litter quality. Biogeochemistry 20: 127-159.

Berry ], Bjorkman O. 1980. Photosynthetic response and adaptation to
temperature in higher plants. Annual Review of Plant Physiology 31: 491-543.

Berry JA, Raison JK. 1981. Responses of macrophytes to temperature.

In: Lange OL, Nobel PS, Osmond CB, Ziegler H, eds. Physiological
plant ecology i. Responses to the physical environment. Berlin, Germany:
Springer-Verlag, 277-338.

Bervaes JCAM, Ketchie DO, Kuiper PCJ. 1978. Cold hardiness of
pine needles and apple bark as affected by alteration of day length and
temperature. Physiologia Plantarum 44: 365-368.

Beuker E, Kolstrom M, Kellomiki S. 1996. Changes in wood production
of Picea abiesand Pinus sylvestris under a warmer climate: composition of
field measurements and results of a mathematical model. Silva Fennica
30: 239-246.

Bigras F, Bonlieu J. 1997. Influence of maternal environment on frost
tolerance of Picea glauca progenies. In: Proceedings of the Twenty-Sixth
Meeting of the Canadian Tree Improvement Association, Part 2, 91.

Billings WD. 1987. Carbon balance of Alaskan tundra and taiga ecosystems:
Past, present, and, future. Quaternary Science Review 6: 165-177.

Binkley D, Giardina C. 1998. Why do tree species affect soils? The Warp
and Woof of tree—soil interactions. Biogeochemistry 42: 89-106.

Bouma TJ, De Visser R, Janssen JHJA, De Kock MJ, Van Leeuwen PH,
Lambers H. 1994. Respiratory energy requirements and rate of protein
turnover in vivo determined by the use of an inhibitor of protein synthesis
and a probe to assess its effect. Physiologia Plantarum 92: 585-594.

Bradshaw AD. 1965. Evolutionary significance of phenotypic plasticity in
plants. Advances in Genetics 13: 115-153.

Brand DG. 1990. Growth analysis of responses by planted white pine
and white spruce to changes in soil temperature, fertility, and brush
competition. Forest Ecology and Management 30: 125-138.

Briffa KR, Schweingruber FH, Jones PD, Osborn TJ, Harris IC,
Shiyatov SG, Vaganov EA, Grudd H. 1998. Trees tell of past climates:
but are they speaking less clearly today? Philosophical Transactions of the
Royal Society series B (London) B353: 65-73.

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



New
Phytologist

Bruhn D. 1998. Viekst af rodgran (Picea abies [L.] Karst.) og bog (Fagus
sylvatica L.) ved kombinationer af ambient- og forhajer CO, og fire
temperaturregimer. MSc thesis. Copenhagen University, Botanical
Institute, Department of Ecology, Copenhagen, Denmark.

Bunce JA. 2000. Responses of stomatal conductance to light, humidity, and
temperature in winter wheat and barley grown at three concentrations of
carbon dioxide in the field. Global Change Biology 6: 371-382.

Bunnell FL, Tait DEN, Flanagan PW, Van Cleve K. 1977. Microbial
respiration and substrate weight loss — I. A general model of the
influences of abiotic variables. Soi/ Biology and Biochemistry 9:

33-40.

Burke M]J, Gusta LV, Quamme HA, WeiSeries CJ, Li PH. 1976. Freezing
and injury in plants. Annual Review of Plant Physiology 27: 507 -528.

Campbell RK, Pawauk WA, Harris AS. 1989. Microgeographic genetic
variation of Sitka spruce in southeastern Alaska. Canadian Journal of
Forest Research 19: 1004-1019.

Campbell RK, Sugano Al. 1975. Phenology of bud burst in Douglas-fir
related to provenance, photoperiod, chilling and flushing temperature.
Botanical Gazette 136: 290-298.

Campbell RK, Sugano Al 1979. Gene ecology of budburst phenology
in Douglas fir: response to flushing temperature and chilling. Botanical
Gazette 140: 223-231.

Cannell MGR. 1989a. Physiological basis of wood production: a review.
Scandinavian Journal of Forestry 4: 459—490.

Cannell MGR. 1989b. Chilling, thermal time and the date of flowering
of trees. In: Wright CJ, ed. Manipulation of fruiting. London, UK:
Butterworths, 99-113.

Cannell MGR. 1990. Modeling the phenology of trees. Silva Carelica 15:
11-27.

Cannell MGR, Sheppard L], Smith RI, Murray MB. 1985. Autumn
frost damage on young Picea sitchensis. 2. Shoot frost hardening and the
probability of frost damage in Scotland. Foreszry 58: 145-166.

Cannell MGR, Smith RI. 1983. Thermal time, chill days and prediction
of budburst in Picea sitchensis. Journal of Applied Ecology 20: 951-963.

Cannell MGR, Smith RI. 1986. Climatic warming, spring budburst and
frost damage on trees. Journal of Applied Ecology 22: 931-941.

Cannell MGR, Thornley JHM. 1998. Temperature and CO, responses of
leaf and canopy photosynthesis: a clarification using the non-rectangular
hyperbola model of photo-synthesis. Annals of Botany 82: 883—-892.

Cannell MGR, Thornley JHM. 2000. Modelling plant respiration: some
guiding principles. Annals of Botany 85: 45-54.

Cannell MGR, Willett SC. 1976. Shoot growth phenology, dry matter
distribution and root: shoot ratios of provenances of Populus trichocarpa,
Picea sitchensis and Pinus contorta growing in Scotland. Silvae Genetica
25:49-59.

Cao M, Woodward FI. 1998. Dynamic response of terrestrial ecosystem
carbon cycling to global change. Nazure 393: 249-252.

Carter KK. 1996. Provenance tests as indicators of growth response to
climate change in 10 north temperate tree species. Canadian Journal of
Forest Research 26: 1089-1095.

Chapin FS III, Reynolds HL, D’Antonio CM, Eckhart VM. 1996.

The functional role of species in terrestrial ecosystems. In: Walker B,
Steften W, eds. Global change and terrestrial ecosystems. International
geosphere=biosphere programme book series no. 2. Cambridge, UK:
Cambridge University Press, 403—428.

Chapin FS III, Shaver GR. 1996. Physiological and growth responses of
arctic plants to a field experiment simulating climatic change. Ecology77:
822-840.

Chapin FS III, Shaver GR, Goblin AE, Nadelhoffer KJ, Laundre JA.
1995. Responses of arctic tundra to experimental and observed changes
in climate. Ecology76: 694-711.

Chen W], Black TA, Yang PC, Barr AG, Neumann HH, Nesic Z,
Blanken PD, Novak MD, Eley J, Ketler R], Cuenca R. 1999. Effects
of climatic variability on the annual carbon sequestration by a boreal

aspen forest. Global Change Biology 5: 41-53.

© New Phytologist (2001) 149: 369—-400 www.newphytologist.com

Tansley review no. 123 Review 391

Christersson L. 1978. The influence of photoperiod and temperature on
the development of frost hardiness in seedlings of Pinus silvestris and
Picea abies. Physiologia Plantarum 44: 288—-294.

Ciais P, Tans PP, Trolier M, White JWC, Francey RJ. 1995. A large
northern hemisphere terrestrial CO, sink indicated by the 3C/12C
ratio of atmospheric CO,. Science 296: 1098-1101.

Clarkson DT, Earnshaw M]J, White PJ, Cooper HD. 1988. Temperature
dependent factors influencing nutrient uptake: an analysis of responses
at different levels of organization. In: Long SP, Woodward FI, eds.
Plants and temperature, symposia of the Society for Experimental Biology.
Cambridge, UK: The Company of Biologists Ltd, 281-309.

Collier DE. 1996. No difference in leaf respiration rates among temperate,
subarctic, and arctic species grown under controlled conditions. Cana-
dian Journal of Botany 74: 317-320.

Conway TJ, Tans PP, Waterman LS, Thoning KW, Kitzis DR, Masarie
KA, Zhang N. 1994. Evidence for inter-annual variability of the carbon
cycle from the National Oceanic and Atmospheric/Climate Monitoring
and Diagnostics Laboratory global air sampling network. Journal of
Geophysical Research 99: 22831-22855.

Couvillon GA, Hendershott CH. 1974. A characterization of the
after-rest period of flower buds of two peach cultivars of different
chilling requirements. Journal of the American Society of Horticultural
Science 99: 23-26.

Criddle RS, Hopkin MS, McArthur ED, Hansen LD. 1994. Plant
distribution and the temperature coefficient of metabolism. Plant,

Cell & Environment 17: 233—243.

Curtis PS, Zak DR, Preguitzer KS, Lussenhop J, Terri JA. 1996. Linking
above- and below-ground responses to rising CO, in northern deciduous
forest species. In: Koch GW, Mooney HA, eds. Carbon dioxide and
terrestrial ecosystems. San Diego, CA, USA: Academic Press Inc., 41-70.

Dzhlen AG, Johnsen @, Kohmann K. 1995. Autumn frost hardiness
in young seedlings of Nor-way spruce from Norwegian provenances
and seed orchards. (Norwegian with English summary). Rapport Fra
Skogforsk 1: 1-24.

Dahl E. 1990. Probable effects of climatic change due to the greenhouse
effect on plant producti-vity and survival in North Europe. In: Holten ]I,
ed. Effects of climate change on terrestrial ecosystems. Report from a
seminar in Trondheim 16.01. 1990 Norsk Institutt for Naturforskning,
Trondheim, Norway.

D’Antonio CM, Vitousek PM. 1992. Biological invasions by exotic
grasses, the grass-fire cycle, and global change. Annual Review of Ecology
and Systematics 23: 63—87.

DeLucia EH, Day TA, Oquist G. 1991. The potential for photoinhibition
of Pinus sylvestris L. seedlings exposed to high light and low soil
temperature. Journal of Experimental Botany 42: 611-617.

Denning AS, Fung IY, Randall D. 1995. Latitudinal gradient of
atmospheric CO, due to seasonal exchange with land biota. Nature
376: 240-243.

Dewar RC. 2000. A model of the coupling between respiration, active
processes and passive transport. Annals of Botany 86: 279-286.

Dewar RC, Medlyn BE, McMurtrie RE. 1999. Acclimation of
respiration/ photosynthesis ratio to temperature: insights form a
model. Global Change Biology 5: 615—622.

Dixon RK, Brown S, Houghton RA, Solomon AM, Trexler MC,
Wisniewski J. 1994. Carbon pools and flux of global forest ecosystems.
Science 263: 185-190.

Donohue K, Schmitt J. 1998. Maternal environmental effects in plants.
Adaptive plasticity? In: Mousseau TA, Fox CW, eds. Maternal effects as
adaptations. Oxford, UK: Oxford University Press, 137-158.

Dorland C, Tol RS], Palutikof JP. 1999. Vulnerability of the Netherlands
and Northwest Europe to storm damage under climate change. Climatic
Change 43: 513-535.

Dormling I, Johnsen @. 1992. Effects of the parental environment on
full-sib families of Pinus Sylvestris. Canadian Journal of Forest Research 22:
88-100.



392 "Review Tansley review no. 123

Dérr H, Miinnich KO. 1987. Annual variation in soil respiration in
selected areas of the temperate zone. 7e/lus 39B: 114-121.

Edvardsen @M, Johnsen @, Dietrichson J. 1996. Growth rhythm and
frost hardiness in northern progeny trials with plants from Lyngdal
seed orchard. (Norwegian with English summary). Rapporr Fra Skogforsk
9: 1-9.

Edwards NT, Shugart HH Jr, McLaughlin SB, Harris WF, Reichle DE.
1980. Carbon metabolism in terrestrial ecosystems. In: Reichle DE, ed.
Dynamic properties of forest ecosystems. Cambridge, UK: Cambridge
University Press, 499-536.

Ekberg I, Dormling I, Eriksson G, von Wettstein D. 1976. Inheritance
of the photoperiodic response in forest trees. In: Cannell MGR, Last FT,
eds. Tree physiology and yield improvement. London, UK: Academic Press,
207-221.

Endler JA. 1986. Natural selection in the wild. Monographs in population
biology. 21. Princeton, NJ, USA: Princeton University Press.

Ennos R, Worrell R, Malcolm DC. 1998. The genetic management of
native species in Scotland. Forestry 71: 1-23.

Enting IG, Trudinger CM, Francy R]J. 1995. A synthesis inversion
of the concentration and 8'3C of atmospheric CO,. Zéllus Series B47:
35-52.

Erez A, Couvillon GA. 1987. Characterization of the influence of
moderate temperatures on rest completion in peach. Journal of the
American Society of Horticultural Science 112: 677—-680.

Eriksson G. 1996. Evolutionary genetics and conservation of forest tree
genetic resources. In: Turok J, Eriksson G, Kleinschmidt ], Canger S,
eds. Noble hardwoods network. Report of the first meeting, 24—27 March,
1996, Escherode, Germany. Rome, ltaly: International Plant Genetic
Resources Institute, 159-167.

Eriksson G. 1998a. Evolutionary forces influencing variation among
populations of. Pinus Sylvestris. Silva Fennica 32: 173-184.

Eriksson G. 1998b. Sampling for genetic resources populations in the
absence of genetic knowledge. In: Turok J, Collin E, Demesure B,
Eriksson G, Kleinschmit J, Rusanen M, Stephan R, eds. Noble hardwood
network. Report of the second meeting, 22-25 March, 1997 Lourizan, Spain.
Rome, Italy: International Plant Genetic Resources Institute, 61-75.

Faria T, Silvério D, Breia E, Cabral R, Abadia A, Abadia J, Pereira JS,
Chaves MM. 1998. Differences in the response of carbon assimilation
to summer stress (water deficits, high light and temperature) in four
Mediterranean tree species. Physiologia Plantarum 102: 419—-428.

Farnsworth EJ, Nufez-Farfén J, Careaga SA, Bazzaz FA. 1995.
Phenology and growth of three temperate forest life forms in response
to artificial soil warming. Journal of Ecology 83: 967—-977.

Fishman S, Erez A, Couvillon GA. 1987. The temperature dependence of
dormancy breaking in plants: mathematical analysis of a two-step model
involving a cooperative transition. journal of Theoretical Biology 124:
473—483.

Flenley JR. 1998. Tropical forests under the climates of the last 30 000
years. Climatic Change 39: 177-197.

Fuchigami LH, WeiSeries CJ, Evert DR. 1971. Induction of cold
acclimation in Cornus stolonifera Michx. Plant Physiology 47: 98—103.
Fuchigami LH, WeiSeries CJ, Kobayashi K, Timmis R, Gusta LV. 1982.

A degree growth stage model and cold acclimation in temperate woody
plants. In: Li PH, Sakai A, eds. Plant cold hardiness and freezing stress.
Mechanisms and crop implications, vol. 2. New York, USA: Academic
Press, 93—-116.

Garcia-Plazaola JI, Artetxe U, Becerril JM. 1999. Diurnal changes
in antioxidant and carotenoid composition in the Mediterranean
schlerophyll tree Quercus ilex (L.) during winter. Plant Science 143:
125-133.

Gay AP, Eagles CF. 1991. Quantitative analysis of cold hardening and
dehardening in Lolium. Annals of Botany 76: 339-345.

George M, Burke M], Pellet HM, Johnson AG. 1974. Low
temperature exotherms and woody plant distribution. Horticultural

Science9: 519-522.

New
Phytologist

Gerant D, Podor M, Grieu P, Afif D, Cornu S, Morabito D, Banvoy J,
Robin C, Dizen-gremel P. 1996. Carbon metabolism enzyme activities
and carbon partitioning in Pinus halepensis Mill. Exposed to mild
drought and ozone. Journal of Plant Physiology 148: 142-147.

Germino M]J, Smith WK. 1999. Sky exposure, crown architecture, and
low-temperature photo-inhibition in conifer seedlings at alpine treeline.
Plant, Cell & Environment 22: 407—-415.

Giardina CP, Ryan MG. 2000. Evidence that decomposition rates of
organic mineral soil do not vary with temperature. Nature 404: 858 —861.

Gifford RM. 1994. The global carbon cycle: a viewpoint on the missing
sink. Australian Journal of Plant Physiology 21: 1-15.

Gifford RM. 1995. Whole plant respiration and photosynthesis of wheat
under increased CO, concentration and temperature. Global Change
Biology 1: 385-396.

Goulden ML, Munger JW, Fan SM, Daube BC, Wofsy SC. 1996a.
Measurements of carbon sequestration by long-term eddy covariance:
Methods and a critical evaluation of accuracy. Global Change Biology 2:
168-182.

Goulden ML, Munger JW, Fan SM, Daube BC, Wofsy SC. 1996b.
Exchange of carbon dioxide by a deciduous forest: response to
inter-annual climate variability. Science 271: 1576-1578.

Goulden ML, Wofsy SC, Harden JW, Trumbore SE, Crill PE, Gower
ST, Fries T, Daube BC, Fan S, Sutton DJ, Bazzaz FA, Munger JW.
1998. Sensitivity of boreal forest carbon balance to soil thaw.

Science 279: 214-217.

Graves WE, Aiello AS. 1997. High root-zone temperature causes similar
changes in water relations and growth of silver maples from 33° and
44°N latitude. Journal of the American Society of Horticultural Science
122: 195-199.

Greenwood MS, Hutchison KW. 1996. Genetic aftereffects of increased
temperature in Larix. In: Hom J, Birdsey R, O’Brian K, eds. Proceedings
1995 meeting of the northern global change program, 14— 16 March, 1995.
56-62.

Greer DH. 1983. Temperature regulation of the development of frost
hardiness in Pinus radiata D. Don. Australian Journal of Plant Physiology
10: 539-547.

Guak S, Olsyzk DM, Fuchigami LH, Tingey DT. 1998. Effects of
elevated CO, and tempera-ture on cold hardiness and spring bud burst
and growth in Douglas fir (Pseudotsuga menziesii). Tree Physiology 18:
671-679.

Guy CL. 1990. Cold acclimation and freezing stress tolerance: role of
protein metabolism. Annual Review of Plant Physiology and Plant
Molecular Biology 41: 187-223.

Hikkinen R, Linkosalo T, Hari P. 1998. Effects of dormancy and
environmental factors on timing of bud burst in Betula pendula. Tree
Physiology 18: 707-712.

Hamerlynck E, Knapp AK. 1996. Photosynthetic and stomatal responses
to high temperature and light in two oaks at the western limit of their
range. Tiee Physiology 16: 557-565.

Hannerz M. 1998. Genetic and seasonal variation in hardiness and
growth rhythm in boreal and temperate conifers — a review and
annotated bibliography. Skogforsk Report 2: 1-140.

Hannerz M. 1999. Evaluation of temperature models for predicting bud
burst in Norway spruce. Canadian Journal of Forest Research 29: 9-19.

Hinninen H. 1990. Modeling bud dormancy release in trees from cool
and temperate regions. Acta Forestalia Fennica 213: 1-47.

Hinninen H. 1991. Does climatic warming increase the risk of frost
damage in northern trees? Plant, Cell & Environment 14: 449—454.

Hinninen H. 1995. Effects of climatic change on trees from cool and
temperate regions: an ecophysiological approach to modeling of bud
burst phenology. Canadian Journal of Botany 73: 183-199.

Hinninen H, Beuker E, Johnsen @, Leinonen I, Murray M, Sheppard L,
Skrgppa T. 2000. Impacts of climate change on cold hardiness.

In: Brigas F, Colombo S, eds. Conifer cold hardiness. Dordrecht, The
Netherlands: Kluwer Academic Publishers. (In press.)

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



New
Phytologist

Hinninen H, Hikkinen R, Hari P, Koski V. 1990. Timing of growth
cessation in relation to climatic adaptation of northern woody plants.
Tree Physiology 6: 29-39.

Hansen ], Tiirk R, Vogg G, Heim R, Beck E. 1997. Conifer
carbohydrate physiology: updating classical views. In: Rennenberg H,
Eschrich W, Ziegler H, eds. Trees — contribution to modern tree physiology.
Leiden, The Netherlands: Backhuys Publishers, 97-108.

Hart SC, Nason GE, Myrold DD, Perry DA. 1994. Dynamics of
gross nitrogen transformations in an old-growth forest: the carbon
connection. Ecology 75: 880—891.

Hatch AH, Walker DR. 1969. Rest intensity of dormant peach and apricot
leaf buds as influenced by temperature, cold hardiness and respiration.
Journal of the American Society of Horticultural Science 94: 304-307.

Hawkins BJ, McDonald S. 1994. The influences of temperature and
soil water on growth, pho-tosynthesis, and nitrogen fixation of red
alder (Alnus rubra) seedlings. Canadian Journal of Forest Research 24:
1029-1032.

Heath JL. 1998. Stomata of trees growing in CO,-enriched air show
reduced sensitivity to vapour pressure deficit and drought. Planz,

Cell & Environment 21: 1077-1088.

Heath JL, Kerstiens G, Tyree MT. 1997. Stem hydraulic conductance
of European beech (Fagus sylvatica L.) and pedunculate oak (Quercus
robur L.) grown in elevated CO,,. Journal of Experimental Botany 48:
1487-1489.

Heide OM. 1974. Growth and dormancy in Norway spruce ecotypes
(Picea abies) 1. Interaction of photoperiod, and temperature. Physiologia
Plantarum 30: 1-12.

Heide OM. 1985. Physiological aspects of climatic adaptation in plants
with special reference to high-latitude environments. In: Kaurin A,
Junttila O, Nilsen J, eds. Plant production in the north. Tromse, Norway:
Norwegian University Press, 1-22.

Heide OM. 1993. Daylength and thermal time responses of budburst
during dormancy in some northern deciduous trees. Physiologia
Plantarum 88: 531-540.

Herbst M, Hormann G. 1998. Predicting effects of temperature increase
on the water balance of beech forest — an application of the ‘Kausha’
model. Climate Change 40: 683—698.

Higuchi H, Sakuratani T, Utsunomiya N. 1999. Photosynthesis, leaf
morphology, and shoot growth as affected by temperatures in cherimoya
(Annona cherimola Mill.) trees. Scientia Horticulturae 80: 91-104.

Hikosaka K, Murakami A, Hirose T. 1999. Balancing carboxylation
and regeneration of ribulose-1,5-bisphosphate in leaf photosynthesis:
temperature acclimation of an evergreen tree, Quercus myrsinaefolia.
Plant, Cell & Environment 22: 841—849.

Hobbie SE. 1992. Effects of plant species on nutrient cycling. Trends in
Ecology and Evolution 7: 336—339.

Hobbie SE, Chapin FS III. 1998. The response of tundra plant biomass,
aboveground production, nitrogen, and CO, flux to experimental
warming. Ecology 79: 1526-1544.

Hoffmann AA, Parsons PA. 1991. Evolutionary genetics and environmental
stress. Oxford, UK: Oxford Science Publications.

Hogg EH, Schwarz AG. 1997. Regeneration of planted conifers across
climatic moisture gradients on the Canadian prairies: implications for
distribution and climate change. Journal of Biogeography 24: 527 -534.

Le Houérou HN. 1996. Climate Change, drought and desertification.
Journal of Arid Environments 34: 133-185.

Houghton JT, Davidson EA, Woodwell GM. 1998. Missing sinks,
feedbacks, and understanding the role of terrestrial ecosystems in the
global carbon balance. Global Biogeochemical Cycles 12: 25-34.

Houghton JT, Meiro-Fillao LG, Callander BA, Harris N, Kattenburg A,
Maskell K. 1996. Climate change 1995 — the science of climate change.
Second assessment report of the intergovernmental panel on climate change.
Cambridge, UK: Cambridge University Press.

Houghton RA. 1996. Terrestrial sources ans sinks of carbon inferred from

terrestrial data. 7ellus Series B 48: 420—432.

© New Phytologist (2001) 149: 369—-400 www.newphytologist.com

Tansley review no. 123 Review " 393

Hudson RLM, Gherini SA, Golstein RA. 1994. Modeling the global
carbon cycle: nitrogen fertilization of the terrestrial biosphere and the
missing CO, sink. Global Biogeochemical Cycles 8: 307—333.

Hunter AF, Lechowicz MJ. 1992. Predicting the timing of bud burst in
temperate trees. Journal of Applied Ecology 29: 597-604.

Ibrahim L, Proe MF, Cameron AD. 1997. Main effects of nitrogen
supply and drought stress upon whole-plant carbon allocation in poplar.
Canadian Journal of Forest Research 27: 1413-1419.

Ingestad T. 1979. A definition of optimum nutrient requirements in birch
seedlings. I1I. Influence of pH and temperature of nutrient solution.
Physiologia Plantarum 46: 31-35.

Iverson LR, Prasad AM. 1998. Predicting abundance of 80 tree species
following climate change in the eastern United States. Ecological
Monographs 68: 465—485.

Jablonka E, Lamb M]. 1995. Epigenetic inheritance and evolution. The
Lamarckian dimension. Oxford, UK: Oxford University Press.

Jacobson GL Jr, Dieffenbacher-Krall A. 1995. White pine and climate
change. Insights from the past. Journal of Forestry 93: 39—-42.

Jarvis PG, Linder S. 2000. Constraints to growth of boreal forests. Nazure
405: 904-905.

Jenkinson DS, Adams DE, Wild A. 1991. Model estimates of CO,
emissions from soil in response to global warming. Nazure351:
304-306.

Johnsen @, Dietrichson J, Skaret G. 1989. Phenotypic changes in
progenies of northern clones of Picea abies (L.) Karst. grown in a
southern seed orchard. III. Climatic damage in a progeny trial.
Scandinavian Journal of Forest Research 4: 343-350.

Johnsen @, Ostreng G. 1994. Effects of plus tree selection and seed
orchard environment on progenies of Picea abies. Canadian Journal
of Forest Research 24: 32-38.

Johnsen @, Skroppa T. 1996. Adaptive properties of Picea abies progenies
are influenced by environmental signals during sexual reproduction.
Euphytica 92: 67-71.

Johnsen @, Skroppa T. 1997. Parents of Norway spruce adjust the
performance of their progeny according to changes in climate and
weather conditions during female flowering. A review. In: Mohren GMJ,
Kramer K, Sabaté S, eds. Impacts of global change on tree physiology
and forest ecosystems. Dordrecht, The Netherlands: Kluwer
Academic Publisher, 159-163.

Johnsen @, Skroppa T. 2000. Provenances and families show different
patterns of relationship between bud-set and frost hardiness in Picea
abies. Canadian Journal of Forest Research. (in press.)

Johnsen @, Skroppa T, Haug G, Apeland I, @streng G. 1995. Sexual
reproduction in a green-house and reduced autumn frost hardiness of
Picea abies progenies. Tree Physiology 15: 551-555.

Johnsen @, Skroppa T, Junttila O, Dahlen OG. 1996. Influence of the
female flowering environment on autumn frost-hardiness of Picea abies
progenies. Theoretical Applied Genetics 92: 797-802.

Johnson DW, Henderson PH, Ball JT, Walker RF. 1996. Effects of CO,
and N on growth and N dynamics in ponderosa pine: results from the
first two growing seasons. In: Koch GW, Mooney HA, eds. Carbon
dioxide and terrestrial ecosystems. San Diego, CA, USA: Academic Press
Inc., 23-40.

Johnson IR, Thornley JHM. 1985. Temperature dependence of plant and
crop processes. Annals of Botany 55: 1-24.

Jones EA, Reed DD, Mroz GD, Liechty HA, Cattelino PJ. 1993.
Climate stress as a precursor to forest decline: paper birch in northern
Michigan. 1985-90. Canadian Journal of Forest Research 23:

229-233.

Kattenberg A, Giorgi F, Grassl H, Meehl GA, Mitchell JFB,

Stoufer R], Tokioka T, Wea-ver AJ, Wigley TML. 1996. Climate
models—projections of future climate. In: Houghton JT, Meira-Filho LG,
Callander BA, Harris N, Kattenberg A, Maskell K, eds. Climate

change 1995: the science of climate change. Cambridge, UK: Cambridge
University Press, 285-358.



394 "Review Tansley review no. 123

Kauppi PE, Mielikainen K, Kuusela K. 1992. Biomass and carbon budget
of European Forests. Science 256: 70-74.

Keeling CD, Chin JFS, Whorf TP. 1996. Increased activity of northern
vegetation inferred from atmospheric CO, measurements. Nature 382:
146-149.

Kellomiki S, Katjalainen T. 1997. Auswirkungen von méglichen Klima-
verinderungen auf die borealen Wiilder. AFZ der Wald 52: 758-761.

King AW, Post WM, Waullschleger SD. 1997a. The potential response
of terrestrial carbon storage to changes in climate and atmospheric CO,.
Climatic Change 35: 199—227.

King JS, Thomas RB, Strain BR. 1996. Growth and carbon
accumulation in root systems of Pinus taeda and Pinus ponderosa
seedlings as affected by varying CO,, temperature and nitrogen.

Tree Physiology 16: 635—642.

King JS, Thomas RB, Strain BR. 1997b. Morphology and tissue quality
of seedling root systems of Pinus taeda and Pinus ponderosa as affected by
varying CO,, temperature and nitrogen. Plant and Soil 195: 107-119.

Kirschbaum MUF. 1995. The temperature dependence of soil organic
matter decomposition and the effect of global warming on soil organic C
storage. Soil Biology and Biochemistry 27: 753-760.

Kirschbaum MUF, Farquhar GD. 1984. Temperature dependence of
whole-leaf photosynthesis in Eucalyptus pauciflora Sieb. Ex Spreng.
Australian Journal of Plant Physiology 11: 519-538.

Kleinschmit J, Racz J, Weissgerber H, Dietze W, Dieterich H,
Dimpflmeier R. 1974. Ergeb-nisse aus dem internationalen
Douglasien-herkunftversuch von 1970 in der Bundesrepublik
Deutschland. Silvae Genetica 23: 167-176.

Kobayashi KD, Fuchigami LH, English M]. 1982. Modelling
temperature requirements for rest development in Cornus sericea.
Journal of American Society of Horticultural Science 107: 914-918.

Koch GW, Mooney HA, eds. 1996. Carbon dioxide and terrestrial
ecosystems. San Diego, CA, USA: Academic Press Inc.

Kohmann K. 1996. Night length reactions of Norway spruce plants of
different provenances and seed orchards. (Norwegian with English
summary). Rapport Fra Skogforsk 15/96: 1-15.

Kohmann K, Johnsen @. 1994. The timing of bud-set in seedlings of
Picea abies from seed crops of a cool versus a warm summer. Silvae
Genetica 43: 328-332.

Kérner C. 1996. The response of complex multispecies systems to
elevated CO,. In: Walker B, Steffen W, eds. Global change and terrestrial
ecosystems. International geosphere—biosphere programme book series no. 2.
Cambridge, UK: Cambridge University Press, 20—42.

Kérner C. 1998. A re-assessment of high elevation treeline positions and
their explanation. Oecologia 115: 445—459.

Koski V, Sievanen R. 1985. Timing of growth cessation in relation to
the variations in the grow-ing season. In: Tigerstedt P, Puttonen MA,
Koski V, eds. Crop physiology of forest trees. Helsinki, Finland: Helsinki
University Press, 167—-193.

Kozlowski TT, Pallardy SG. 1997. Growth control in woody plans.
London, UK: Academic Press, 236—270.

Kramer K. 1994a. A modeling analysis on the effects of climatic warming
on the probability of spring frost damage to tree species in The
Netherlands and Germany. Plant, Cell & Environment 17: 367-377.

Kramer K. 1994b. Selecting a model to predict the onset of growth of
Fagus sylvatica. Journal of Applied Ecology 31: 172-181.

Kramer K. 1995. Phenotypic plasticity of the phenology of seven
European tree species in relation to climatic warming. Plant, Cell
& Environment 18: 93—104.

Kramer K. 1996. Phenology and growth of European trees in relation to
climate change. PhD thesis, Institute for Forestry and Nature Research
in Wageningen, The Netherlands.

Krankina ON, Dixon RK, Kirilenko AP, Kobak KI. 1997. Global
climate change adaptation: Examples from Russian boreal forests.
Climatic Change 36: 197-215.

Krol M, Gray GR, Hurry VM, Oquist G, Malek L, Huner NPA. 1995.

New
Phytologist

Low-temperature stress and photoperiod affect an increased tolerance
to photoinhibition in Pinus banksiana seedlings. Canadian Journal of
Botany73: 1119-1127.

Kullmann L. 1995. New and firm evidence for Mid-Holocene appearance
of Picea abies in the Scandes Mountains, Sweden. Journal of Ecology 83:
439-447.

Kumamoto J, Raison JK, Lyons JM. 1971. Temperature ‘breaks in
Arrhenius plots: a thermodynamic consequence of a phase change.
Journal of Theoretical Biology 31: 47-51.

Kurz WA, Apps MJ. 1999. A 70-year retrospective analysis of carbon
fluxes in the Canadian forest sector. Ecological Applications 9:

526-547.

Kwon OY, Schnoor JL. 1994. Simple global carbon model: The
atmosphere-terrestrial bio-sphere—ocean interaction. Global
Biogeochemical Cycles 8: 295-305.

Landsberg JJ. 1974. Apple fruit bud development and growth: analysis
and an empirical model. Annals of Borany 38: 1013-1023.

Langlet O. 1936. Studier &ver tallens fysiologiska variabilitet och dess
samband med klimatet. Meddelanden Frin Statens Skogforsiksanstalt 29:
219-470.

Larcher W. 1995. Physiological plant ecology, 3rd edn. New York, USA:
Springer Verlag.

Laudien H. 1973. Changing reaction systems. In: Precht H,
Christophersen J, Hensel H, Larcher W, eds. Zemperature and life.
Berlin, Germany: Springer Verlag, 355-399.

Lavigne MB, Ryan MG. 1997. Growth and maintenance respiration rates
of aspen, black spruce and jack pine stems at northern and southern
BOREAS sites. Tiee Physiology 17: 543—-551.

Lees JA. 1991. A dendrochronological investigation into factors affecting ‘top
dying’ of Norway spruce [picea abies (L.) Karst.] in England and Wales.
MSc thesis, Department of Geography, Coventry Polytechnic, UK.

Leinonen I, Repo T, Hinninen H. 1997. Changing environmental effects
on frost hardiness of Scots pine during dehardening. Annals of Botany79:
133-138.

Leinonen I, Repo T, Hinninen H, Burr KE. 1995. A second-order
dynamic model for the frost hardiness of trees. Annals of Botany 76:
89-95.

Leverenz J, Bruhn D, Saxe H. 1999. Responses of two provenances of
Fagus sylvatica seedlings to a combination of four temperature and two
CO, treatments during their first growing season: gas exchange of
leaves and roots. New Phytologist 144: 437—454.

Leverenz JW, Oquist G. 1987. Quantum yields of photosynthesis at
temperatures between —2°C and 35°C in a cold-tolerant C; plant
(Pinus sylvestris) during the course of one year. Plant, Cell &
Environment 10: 287-295.

Lewis JD, Olszyk D, Tingey DT. 1999. Seasonal patterns of photosynthetic
light response in Douglas-fir seedlings subjected to elevated atmospheric
CO, and temperature. Tiee Physiology 19: 243-252.

Li PH, Chen THH, eds. 1997. Plant cold hardiness. Molecular biology,
biochemistry and physiology. New York, USA: Plenum Press.

Lindgren D, Wang Q. 1986. Are genetic results influenced by the
environment during seed maturation? In: Proceedings of the [UFRO
Conference on Breeding Theory, Progeny Testing and Seed Orchards.
Williamsburg, VA, USA, 192-199.

Lindgren D, Wei R-P. 1994. Effects of maternal environment on
mortality and growth in young Pinus sylvestris in field trials. Tree
Physiology 14: 323-327.

Lindner M. 1999. Waldbaustrategien im Kontext méoglicher
Klimainderungen. Forstwissen-Schafiliche Centralblart 118: 1-13.

Liski J, Ilvesniemi H, Makela A, Westman CJ. 1999. CO, emissions
from soil in response to climatic warming are overestimated — the
decomposition of old soil organic matter is tolerant of temperature.
Ambio 28: 171-174.

Lloyd JL, Taylor JA. 1994. On the temperature dependence of soil
respiration. Functional Ecology 8: 315-323.

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



New
Phytologist

Loehle C. 1996. Forest responses to climate change. Do simulations
predict unrealistic dieback? Journal of Forestry 94: 13-15.

Loehle C, LeBlanche D. 1996. Model-based assessments of climate change
effects on forests: a critical review. Ecological Modelling 90: 1-31.

Long SP. 1991. Modification of the response of photosynthetic
productivity to rising temperature by atmospheric carbon dioxide
concentrations: has its importance been underestimated? Plant, Cell &
Environment 14: 729-740.

Lopushinsky W, Max TA. 1990. Effect of soil temperature on root and
shoot growth and on budburst timing in conifer seedling transplants.
New Forests 4: 107-124.

Lund AE, Livingston WH. 1998. Freezing cycles enhance winter injury in
Picea rubens. Tree Physiology 19: 65—69.

Lundmark T, Bergh ], Strand M, Koppel A. 1998. Seasonal variation of
maximal photochemical efficiency in boreal Norway spruce stands. Trees
13: 63-67.

Mahan JR, McMichael BL, Wanjura DF. 1997. Reduction of high
temperature stress in plants. In: Basra AS, Basra RK, eds. Mechanisms
of environmental stress resistance in plants. Amsterdam, The Netherlands:
Harwood Academic Publishers, 137-150.

Marion GM, Black CH. 1987. The effect of time and temperature on
nitrogen mineralization in arctic tundra soils. Soz/ Science Society of
America Journal 51: 1501-1507.

Marion GM, Oechel WC. 1993. Mid- to late-Holocene carbon balance in
arctic Alaska and its implications for future global warming. Holocene 3:
193-200.

McClaugherty CA, Pastor J, Aber JD, Melillo JM. 1985. Forest litter
decomposition in relation to soil nitrogen dynamics and litter quality.
Ecology 66: 266—-275.

McGuire AD, Joyce LA, Kicklighter DW, Melillo JM, Esser G,
Vorosmarty CJ. 1993. Productivity response of climax temperate
forests to elevated temperature and carbon dioxide: a North American
comparison between two global models. Climatic Change 24: 287-310.

McGuire AD, Melillo JM, Joyce LA, Kicklighter DW, Grace AL, Moore
B, Vorosmarty CJ. 1992. Interactions between carbon and nitrogen
dynamics in estimating net primary productivity for potential vegetation
in North America. Global Biogeochemical Cycles 6: 101-124.

McGuire AD, Melillo JM, Kicklighter DW, Joyce LA. 1995.
Equilibrium responses of soil carbon to climate change: Empirical
and process-based estimates. Journal of Biogeography 22: 785-796.

McKane RB, Rastetter EB, Shaver GR, Nadelhoffer KJ, Giblin AE,
Laundre JA, Chapin FS III. 1997. Reconstruction and analysis of
historical changes in carbon storage in arctic tundra. Ecology 78:
1188-1198.

Mebrahtu T, Hanover JW, Layne DR, Flore JA. 1991. Leaf temperature
effects on net photosynthesis, dark respiration, and photorespiration
of seedlings of black locust families with contrasting growth rates.
Canadian Journal of Forest Research 21: 1616-1621.

Meentemeyer V. 1978. Macroclimate and lignin control of litter
decomposition rates. Ecology 59: 465—472.

Melillo JM, Aber JD, Linkins AE, Ricca A, Fry B, Nadelhoffer KJ. 1989.
Carbon and nitrogen dynamics along the decay continuum: plant litter
to soil organic matter. Plant and Soil 115: 189-198.

Melillo JM, Prentice IC, Farquhar GD, Schulze ED, Sala OE. 1996.
Terrestrial biotic responses to environmental change and feedbacks to
climate. In: Houghton JT, Meira Filho LG, Callander BA, Harris N,
Kattenberg A, Maskell K, eds. Climate Change 1995: the science of
climate change. The Intergovernmental Panel for Climate Change.

New York, USA: Cambridge University Press, 444—481.

Menzel A, Fabian P. 1999. Growing season extended in Europe. Nature
397: 659.

Méthy M, Gillon D, Houssard C. 1997. Temperature-induced changes
of photosystem II activity in Quercus ilex and Pinus halepensis. Canadian
Journal of Forest Research 27: 31-38.

Michelsen A, Jonasson S, Sleep D, Havstrom M, Callaghan TV. 1996.

© New Phytologist (2001) 149: 369—-400 www.newphytologist.com

Tansley review no. 123 Review " 395

Shoot biomass, 8'3C, nitrogen and chlorophyll responses of two arctic
dwarf shrubs to 7% situ shading, nutrient application and warming
simulating climatic change. Oecologia 105: 1-12.

Michener WK, Blood ER, Bildstein KL, Brinson MM, Gardner LR.
1997. Climate change, hurricanes and tropical storms, and rising sea
level in coastal wetlands. Ecological Applications7:770—801.

Mickler RA, Fox S. 1998. The productivity and sustainability of southern
forest ecosystems in a changing environment. Ecological studies 128. New
York, USA: Springer-Verlag Inc.

Moe D. 1970. The post-glacial immigration of Picea abies into
Fennoscandia. Botaniske Notiseries 123: 61-66.

Mohren GM]J, Kramer K, Sabaté S. 1997. Impacts of Global Change on
tree physiology and forest ecosystems. Proceedings of the international
conference on impacts of global change on tree physiology and forest
ecosystems, 26—29, November, 1996, Wageningen, The Netherlands.
London, UK: Kluwer Academic Publishers.

Moore TR, Trofymow JA, Taylor B, Prescott C, Camire C, Duschene L,
Fyles J, Kozak L, Kranabetter M, Morrison I, Siltanen M, Smith S,
Titus B, Visser S, Wein R, Zoltai S. 1999. Litter decomposition rates
in Canadian Forests. Global Change Biology 5: 75—82.

Moorhead DL, Reynolds JF. 1993. Effects of climate change on
decomposition in arctic tussock tundra: a modeling synthesis. Arctic
and Alpine Research 25: 403—-412.

Murray MB, Cannell MGR, Smith RI. 1989. Date of budburst of fifteen
tree species in Britain following climatic warming. Journal of Applied
Ecology 26: 693—-700.

Myking T, Heide OM. 1995. Dormancy release and chilling requirement
of buds of latitudinal ecotypes of Betula pendula and B. pubescens. Tree
Physiology 15: 697-704.

Myneni RB, Keeling CD, Nemani RR. 1997. Increased plant growth in
the northern high latitudes from 1981 to 1991. Nature 386: 698.

Nadelhoffer KJ, Aber JD, Melillo JM. 1985. Fine roots, net primary
production, and soil nitrogen availability: a new hypothesis. Ecology
66: 1377-1390.

Nadelhoffer KJ, Giblin AE, Shaver GR, Laundre JA. 1991. Effects of
temperature and substrate quality on element mineralization in six
arctic soils. Ecology 72: 242—253.

Nadelhoffer KJ, Raich JW. 1992. Fine root production estimates and
belowground carbon allocation in forest ecosystems. Ecology 73:
1139-1147.

Neilson RP. 1993. Vegetation redistribution: a possible biosphere source
of CO, during climate change. Water, Air, and Soil Pollution 70: 659—
673.

Nielsen UB. 1994. Genetic variation in Sitka Spruce (Picea sitchensis
(Bong.) Carr.) with respect to height growth, stem form and frost
hardiness — investigated on the basis of Danish provenance, progeny and
clonal field experiments. (Danish with Eng. summary). Forskingsserien.
Danish Landscape and Forest Research Institute, Horsholm, Denmark 11:
1-330.

Nielsen UB. 1999. Comparison of Danish first generation or later seed
sources with direct imports — examples from Sitka spruce, Nordmanns
fir and Noble fir. Aktuelt Fra Skogforskningen 3: 11.

Nienstaedt H. 1966. Dormancy and dormancy release in white spruce.
Forest Science 12: 374—384.

Nilsson J-E, Walfridsson EA. 1995. Phenological variation among
plus-tree clones of Pinus sylvestris (L.) in northern Sweden. Sifvae
Genetica 44: 20—-28.

Nizinski JJ, Saugier B. 1988. A model of leaf budding and
development for a mature Quercus forest. Journal of Applied Ecology
25: 643-652.

Norby RJ. 1987. Nodulation and nitrogenase activity in nitrogen-fixing
woody plants stimulated by CO, enrichment of the atmosphere.
Physiological Plantarum 71: 77-82.

O’Neill EG, Norby R]. 1996. Litter quality and decomposition rates of
foliar litter produced under CO, enrichment. In: Koch GW, Mooney



New
Phytologist

Tansley review no. 123

396 "Review

HA, eds. Carbon dioxide and terrestrial ecosystems. San Diego, CA, USA:
Academic Press, Inc., 87-104.

Oechel WC, Billings WD. 1992. Anticipated effects of global change
on carbon balance of arctic plants and ecosystems. In: Chapin FS III,
Jeffries R, Shaver G, Reynolds J, Svaboda ], eds. Physiological ecology of
arctic plants: implications for climate change. New York, USA: Academic
Press, 139-168.

Oechel WC, Callaghan T, Gilmanov T, Holten JI, Maxwell B, Molau U,
Sveinbjornsson B. 1997. Global change and arctic terrestrial ecosystems.
Ecological studies 124. New York, USA: Springer-Verlag Inc.

Oechel WC, Hastings SJ, Voutlitis G, Jenkins MA, Riechers G, Grulke
N. 1993. Recent change of arctic tundra ecosystems from a carbon sink
to a source. Nature 361: 520—523.

Oechel WC, Vourlitis GL. 1994. The effects of climate change on
land-atmosphere feedbacks in arctic tundra regions. Trends in Ecology
and Evolution 9: 324—329.

Oechel WC, Vourlitis GL, Hastings SJ, Bochkarev SA. 1995. Change in
arctic CO, flux over two decades: Effects of climate change at Barrow,
Alaska. Ecological Applications 5: 846—855.

Oechel WC, Vourlitis GL, Hastings SJ, Zulueta R, Hinzman LD,

Kane D. 2000. Acclimation of ecosystem CO, exchange in the Alaskan
Arctic in response to decadal climate warming. Nature 406: 978-981.

Ogren E. 1997. Relationship between temperature, respiratory loss of
sugar and premature dehardening in dormant Scots pine seedlings.
Tree Physiology 17: 47-51.

Ogren E. 1999. Fall frost resistance in willows used for biomass
production. II. Predictive relationships with sugar concentration and
dry matter content. Tiee Physiology 19: 755-760.

Oleksyn J, Modrzyaski ], Tjoelker MG, Zytkowiak R, Reich PB,
Karolewski P. 1998a. Growth and physiology of Picea abies populations
from elevational transects: common garden evidence for altitudinal
ecotypes and cold adaptation. Functional Ecology 12: 573-590.

Oleksyn J, Tjoelker MG, Reich PB. 1998b. Adaptation to changing
environment in Scots pine populations across a latitudinal gradient.
Silva Fennica 32: 129-140.

Olszyk D, Wise C, VanEss E, Apple M, Tingey D. 1998b. Phenology
and growth of shoots, needles, and buds of Douglas-fir seedlings with
elevated CO, and (or) temperature. Canadian Journal of Botany 76:
1991-2001.

Olszyk D, Wise C, VanEss E, Tingey D. 1998a. Elevated temperature but not
elevated CO, affects long-term patterns of stem diameter and height of
Douglas-fir seedlings. Canadian Journal of Forest Research 28: 1046—1054.

Ormrod DP, Lesser VM, Olszyk DM, Tingey DT. 1999. Elevated
temperature and carbon dioxide affect chlorophylls and carotenoids
in douglas-fir seedlings. International Journal of Plant Science 160:
529-534.

Overcash JP, Campbell JA. 1955. The effect of inherent warm and cold
periods on breaking the rest period of peach leaf buds. Proceedings of the
American Society of Horticultural Science 66: 87-92.

Palta JP, Weiss LS. 1993. Ice formation and freezing injury: an overview
on the survival mechanisms and molecular aspects of injury and cold
acclimation in herbaceous plants. In: Li PH, Christersson L, eds.
Advances in plant cold hardiness. Boca Raton, FL, USA: CRC Press
Inc, 143-176.

Partenen J, Koski V, Hinninen H. 1998. Effects of photoperiod and
temperature on the timing of bud burst in Norway spruce (Picea abies).
Tree Physiology 18: 811-816.

Pastor J, Aber JD, McClaugherty CA, Melillo JM. 1984. Aboveground
production and N and P cycling along a nitrogen mineralization
gradient on Blackhawk Island, Wisconsin. Ecology 65: 256—268.

Pavel EW, Fereres E. 1998. Low soil temperatures induce water deficits in
olive (Olea europa-ea) trees. Physiologia Plantarum 104: 525-532.

Peng C, Apps MJ. 1998. Simulating carbon dynamics along the Boreal
Forest Transect Case Study (BFTCS) in Central Canada. II: Sensitivity
to climate change. Global Biogeochemical Cycles 12: 393—-402.

Penning de Vries FWT, Brunsting AHM, van Laar HH. 1974. Products,
requirements and efficiency of biosynthesis: a quantitative approach.
Journal of Theoretical Biology 45: 339-377.

Persson B. 1994. Effects of climate and provenance transfer on survival,
production and stem quality of Scots pine (Pinus sylvestris L.) in
northern Sweden. Report 37. Dissertation. Department of Forest Yield
Research, Swedish University of Agricultural Sciences.

Peterjohn WT, Melillo JM, Steudler PA, Newkirk KM, Bowles FP, Aber JD.
1994. Responses of trace gas fluxes and N availability to experimentally
elevated soil temperatures. Ecological Applications 4: 617-625.

Pléchl M, Cramer W. 1995. Possible impacts of global warming on
tundra and boreal forest ecosystems: comparison of some
biogeochemical models. Journal of Biogeography 22: 775-783.

Polley HW, Johnson HB, Marino BD, Mayeux HS. 1993. Increase in
C, plant water-use efficiency and biomass over glacial to present CO,
concentrations. Nature 361: 61-63.

Prinz H. 1936. Respiratory loss as a plant geographic factor in mild winter
coastal regions (in Norwegian). Skogbrukeren 4: 57—61.

Proe MF, Allison SM, Matthews KB. 1996. Assessment of the impact of
climate change on the growth of Sitka spruce in Scotland. Canadian
Journal of Forest Research 26: 1914-1921.

Raich JW, Schlesinger WH. 1992. The global carbon dioxide flux in
soil respiration and its relationship to vegetation and climate. 7é/fus 44B:
81-99.

Randerson ]JT, Thompson MV, Conmaw TJ, Fung IY, Field CB.

1997. The contribution of terrestrial sources and sinks to trends in the
seasonal cycle of atmospheric carbon dioxide. Global Biogeochemical
Cycles 11: 535-560.

Rastetter EB, McKane RB, Shaver GR, Melillo JM. 1992. Changes in C
storage by terrestrial ecosystems: how C—N interactions restrict responses
to CO, and temperature. Water, Air, and Soil Pollution 64: 327-344.

Rehfeldt GE. 1988. Ecological genetics of Pinus contorta from Rocky
Mountains (USA): a synthesis. Silvae Genetica 37: 131-135.

Rehfeldt GE. 1989. Ecological adaptations in Douglas-Fir (Pseudotsuga
menziesii var. glauca): a synthesis. Forest Ecology and Management 28:
203-215.

Rehfeldt GE, Ying CC, Spittlehouse DL, Hamilton DA Jr. 1999.
Genetic responses to climate in Pinus contorta: niche breadth, climate
change, and reforestation. Ecological Monographs 69: 375—407.

Reich PB, Oleksyn J, Modrzynski J, Tjoelker MG. 1996a. Evidence
that longer needle retention of spruce and pine populations at high
elevations and high latitudes is largely a phenotypic response. Tree
Physiology 16: 643—647.

Reich PB, Oleksyn ], Tjoelker MG. 1996b. Needle respiration and
nitrogen concentration in Scots Pine populations from a broad
latitudinal range: a common garden test with field-grown trees.
Functional Ecology 10: 768-776.

Repo T. 1991. Rehardening potential of Scots pine seedlings during
dehardening. Silva Fennica25: 13-21.

Repo T. 1992. Seasonal changes of frost hardiness in Picea abies and
Pinus sylvestris in Finland. Canadian Journal of Forest Research 22:
1949-1957.

Repo T, Hinninen H, Kellomiki S. 1996. The effects of long-term
elevation of air temperature and CO, on frost hardiness of Scots pine.
Plant, Cell & Environment 19: 209-216.

Repo T, Makela A, Hinninen H. 1990. Modelling frost resistance of
trees. Silva Carelia 15: 61-74.

Repo T, Pelkonen P. 1986. Temperature step response of hardening
in Pinus sylvestris seedlings. Scandinavian Journal of Forest Research 1:
271-284.

Richardson EA, Seeley SD, Walker DR. 1974. A model for estimating the
completion of rest of Redhaven and Elberta peach trees. Horticultural
Science 9: 331-332.

Rinne P, Saarelainen A, Junttila O. 1994. Growth cessation and bud
dormancy in relation to ABA level in seedlings and coppice shoots of

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



Roden ]S, Ball
species during hig
[(CO,]. Global Chang

Rolland C, Petitcolas V,
for Picea abies, Larix deciduay
alpine timberline since 1750.

Ryan MG. 1991. The effect of climai
Ecological Applications 1: 157-167.

Ryan MG, Hubbard RM, Pongracic S, Rai
1996a. Autotrophic respiration in Pinus radk
status. Tree Physiology 16: 333—343.

Ryan MG, Hunt ER Jr, McMurtrie RE, Agren GI,
Rastetter EB, Pulliam WM, Raison RJ, Linder S. 19
models of ecosystem function for temperate conifer forestsY
description and validation. In: Breymeyer Al, Hall DO, Agre
Melillo JM, eds. Global change: effects on coniferous forests and gr.
(SCOPE). London, UK: John Wiley and Sons. 313-362.

Ryan MG, Lavigne MB, Gower S. 1997. Annual carbon cost of
autotrophic respiration in boreal forest ecosystems in relation to species
and climate. Journal of Geophysical Research 102: 28871-28884.

Ryan MG, Linder S, Vose JM, Hubbard RM. 1994. Dark respiration in
pines. In: Gholz HL, Linder S, McMurtrie RE, eds. Pine ecosystems.
Ecological Bulletins 43. Uppsala, Sweden, 50-63.

Sakai A, Larcher W. 1987. Frost survival of plants. Berlin, Germany:
Springer Verlag.

Samuelson L], Teskey RO. 1991. Net photosynthesis and leaf conduct-
ance of loblolly pine seedlings in 2 and 21% oxygen as influenced by
irradiance, temperature and provenance. Tree Physiology 8: 205—-211.

Sarvas R. 1974. Investigations on the annual cycle of development of
forest trees. II. Autumn dormancy and winter dormancy.
Communicationes Instituti Forestalis Fenniae 84: 101.

Saxe H. 1993. Triggering and predisposing factors in the ‘Red” decline
syndrome of Norway spruce (Picea abies). Trees 8: 39—48.

Saxe H, Ellsworth DS, Heath J. 1998. Tree and forest functioning in an
enriched CO, atmosphere. Tansley Review no. 98. New Phytologist 139:
395-436.

Saxe H, Leverenz ], Knudsen JE, Rzbild A, Paludan-Miiller G,

Hansen JK, Larsen JB. 2000. Rode rodgraner, varme vintre, havsalt og
luftforurening — resultater fra et rammeprogram [‘Red’ decline syndrome
of Norway spruce, warm winters, sea salt and air pollution — results from
a research programme; in Danish]. Skoven 9: 398—-406.

Schaberg PG, Shane JB, Cali PF, Donnelly JR, Strimbeck GR. 1998.
Photosynthetic capacity of red spruce during winter. Tree Physiology
18: 271-276.

Schaberg PG, Wilkinson RC, Shane JB, Donnelly JR, Cali PF. 1995.
Winter photosynthesis of red spruce from three Vermont seed sources.
Tree Physiology 15: 345—350.

Schimel DS, Braswell BH, Holland EA, McKeown R, Ojima DS,
Painter TH, Parton WJ, Townsend AR. 1994. Climatic, edaphic and
biotic controls over storage and turnover of carbon in soils. Global
Biogeochemical Cycles 8: 279-293.

Schimel JP, Cates RG, Ruess R. 1998. The role of balsam poplar
secondary chemicals in controlling soil nutrient dynamics through
succession in the Alaskan taiga. Biogeochemistry 42: 221-234.

Schmidt-Vogt H. 1977. Die Fichte. Band I. Taxonomie — Verbreitung —
Morphologie — O/eo/ogz'e — Waldgensellschafien. Hamburg, Germany:
Verlag Paul Parey.

Schoolfield RM, Sharpe PJH, Magnuson CE. 1981. Non-linear

regression of biological temperature-dependent rate models based on

absolute reaction-rate theory. Journal of Theoretical Biology 88: 719-731.

© New Phytologist (2001) 149: 369-400 www.newphytologist.com

Solomon AM,
biomass: what 1
Letters 6: 139148

Spiecker H, Mielikainen
in European forests. In:
no. 5. Heidelberg, Germany:

Sprugel DG, Benecke U. 1991.
photosynthesis. In: Lassoie JP, Hin
approaches in forest tree ecophysiology. B
329-351.

Stdhl EG. 1998. Changes in wood and stem pr:
caused by provenance transfer. Silva Fennica 32:

Stecher G, Schwienbacher F, Mayr S, Bauer H. 1999%
stress on photosynthesis and antioxidants of exposed an
of Picea abies (L.) Karst. & Pinus cembra L. Phyton 39: 20

Stoehr MU, L'Hirondelle SJ, Binder WD, Webber JE. 1998.
environmental after-effects on germination, growth and adaptive
in selected white spruce families. Canadian Journal of Forest Researc
418-426.

Sun O], Sweet GB. 1996. Genotypic variation in light and temperature
response of photosynthesis in Nothofagus solandrivar. cliffortioides and N.
menziesii. Australian Journal of Plant Physiology 23: 421-428.

Talkkari A. 1998. The development of forest resources and potential wood
yield in Finland under changing climatic conditions. Forest Ecology and
Management 106: 97-106.

Tao D-L, Oquist G, Wingsle G. 1998. Active oxygen scavengers during
cold acclimation of Scots pine seedlings in relation to freezing tolerance.
Cryobiology 37: 38—45.

Thornley JHM, Cannell MGR. 2000. Modelling the components of plant
respiration: representation and realism. Annals of Botany 85: 55—67.

Thornley JHM, Johnson IR. 1990. Plant and crop modelling: a mathematical
approach to plant and crop physiology. Oxford, UK: Clarendon.

Timmis R. 1978. Frost hardening of containerized conifer seedlings under
constant and sequenced temperatures. Weyerhau Series Company, Forestry
Research Technical report 042—3301/78/37. Tacoma, WA, USA:
Weyerhau Series Co.



398 "Review Tansley review no. 123

Tjoelker MG. 1997. Acclimation in plant growth and its determinants to
elevated carbon dioxide and temperature: interspecific variation among five
boreal tree species. PhD thesis, University of Minnesota, USA.

Tjoelker MG, Oleksyn J, Reich PB. 1999a. Acclimation of respiration to
temperature and CO, in seedlings of boreal tree species in relation to
plant size and relative growth rate. Global Change Biology 5: 679-691.

Tjoelker MG, Reich PB, Oleksyn J. 1999b. Changes in leaf nitrogen and
carbohydrates underlie temperature and CO, acclimation of dark respiration
in five boreal tree species. Plant, Cell & Environment 22: 767-778.

Townsend AR, Vitousek PM, Trumbore SE. 1995. Soil organic matter
dynamics along gradients in temperature and land use on the island of
Hawaii. Ecology76: 721-733.

Valentini R, Matteucci G, Dolman AJ, Schulze ED, Rebmann C,
Moors EJ, Granier A, Gross P, Jensen NO, Pilegaard K, Lindroth A,
Grelle A, Bernhofer C, Grumwald T, Aubinet M, Cuelemans R,
Kowalski AS, Vesla T, Rannik U, Berbigier P, Loustau D,
Goumundsson J, Thorgeirsson H, Ibrom A, Morgenstern K,
Clement R, Moncrieff ], Montagnani L, Minerbi S, Jarvis PG. 2000.
Respiration as the main determinant of carbon balance in European
forests. Nature 404: 861-865.

Van Cleve K, Oechel WC, Hom JL. 1990. Response of black spruce
(Picea mariana) ecosy-stems to soil temperature modification in
interior Alaska. Canadian Journal of Forest Research 20: 1530—1535.

Van der Have TM, De Jong G. 1996. Adult size in ectotherms: temperature
effects on growth and differentiation. Journal of Theoretical Biology 183:
329-340.

Van Minnen JG, Goldewijk KK, Leemans R. 1995. The importance of
feedback processes and vegetation transition in the terrestrial carbon
cycle. Journal of Biogeography 22: 805-814.

Vegis A. 1964. Dormancy in higher plants. Annual Review of Plant
Physiology 15: 185-224.

VEMAP Members. 1995. Vegetation Ecosystem Modeling and Analysis
Project: comparing biogeography and biogeochemistry models in a
continental-scale study of terrestrial ecosystem responses to climate
change and CO, doubling. Global Biogeochemical Cycles 9: 407—437.

Verhoeven AS, Adams WW III, Demmig-Adams B. 1999. The
xanthophyll cycle and acclimation of Pinus ponderosa and Malva
neglecta to winter stress. Oecologia 118: 277-287.

Vertregt N, Penning de Vries FWT. 1987. A rapid method for
determining the efficiency of biosynthesis of plant biomass. Journal
of Theoretical Biology 128: 109-119.

Von Ebert H-P. 1996. Klimazinderung und Baumartenentwicklung. The
success of tree species in a changing climate in Central Europe. Forst und
Holz51: 802—804.

Von Felbermeier B. 1994. Arcalverinderungen der Buche infolge von
Klimainderungen. AFZ der Wald 49: 222-224.

Von Heining B. 1996. Klimainderung und Standortseignung der Fichte in
Ostbayern. AFZ der Wald 51: 1012-1014.

Von Heinsdorf D. 1999. Buchen- und Eichenanbau aus Sicht
prognostizierter Klimaverinderun-gen. AFZ der Wald 54: 567-571.

New
Phytologist

Vourlitis GL, Oechel WC. 1997. Landscape-scale CO,, H,O vapor,
and energy flux of moist-wet coastal tundra ecosystems over two
growing-seasons. Journal of Ecology 85: 575-590.

Vourlitis GL, Oechel WC. 1999. Eddy covariance measurements of net
CO, flux and energy balance of an Alaskan moist-tussock tundra
ecosystem. Ecology 80: 686—701.

Vourlitis GL, Oechel WC, Hope A, Stow D, Boynton B, Verfaillie J Jr,
Zulueta R, Hastings SJ. 2000. Physiological models for scaling
plot-measurements of CO, flux across an arctic tundra landscape.
Ecological Applications 10: 60-72.

Waelbroeck C, Monfray P, Oechel WC, Hastings S, Vourlitis G. 1997.
The impact of perma-frost thawing on the carbon dynamics of tundra.
Geophysical Research Letters 24: 229—-232.

Wang KY. 1996. Apparent quantum yield in Scots pine after four years of
exposure to elevated temperature and CO,. Photosynthetica 32: 339—353.

Wang KY, Kellomiki S, Laitinen K. 1995. Effects of needle age,
long-term temperature and CO, treatment on the photosynthesis of
Scots pine. Tree Physiology 15: 211-218.

Wang KY, Kellomiki S, Laitinen K. 1996. Acclimation of photosynthetic
parameters in Scots pine after three years exposure to elevated temperature
and CO,. Agricultural and Forest Meteorology 82: 195-217.

Wareing PF. 1956. Photoperiodism in woody plants. Annual Review of
Plant Physiology 7: 191-124.

Waring RH, Landsberg JJ, Williams M. 1998. Net primary production of
forests: a constant fraction of gross primary production? Tree Physiology
18: 129-134.

Weih M, Karlsson PS. 1999. Growth response of altitudinal ecotypes of
mountain birch to temperature and fertilisation. Oecologia 119: 16-23.

Weiser CJ. 1970. Cold resistance and injury in woody plants. Science 196:
1269-1278.

White A, Cannell MGR, Friend AD. 2000a. The high-latitude terrestrial
carbon sink: a model analysis. Global Change Biology 6: 227-247 .

White A, Cannell MGR, Friend AD. 2000b. CO, stabilization, climate
change and the terrestrial carbon sink. Global Change Biology 6: 1-17.

Williams KF, Percival F, Merino J, Mooney HA. 1987. Estimation of
tissue construction cost from heat of combustion and organic nitrogen
content. Plant, Cell & Environment 10: 725-734.

Wofsy SC, Goulden ML, Munger JW, Fan SM, Bakwin PS, Daube BC,
Bassow SL, Bazzaz FA. 1993. Net exchange of CO, in a mid-latitude
forest. Science 260: 1314-1317.

Xiao X, Melillo JM, Kicklighter DW, McGuire AD, Prinn RG,

Wang C, Stone PH, Sokolov A. 1998. Transient climate change
and net ecosystem production of the terrestrial biosphere. Global
Biogeochemical Cycles 12: 345-3060.

Zak DR, Groffman PM, Pregitzer KS, Christensen S, Tiedje JM. 1990.
The vernal dam: plant—microbe competition for nitrogen in northern
hardwood forests. Ecology 71: 651-656.

Zhao S, Blumwald E. 1998. Changes in oxidation—reduction state and
antioxidant enzymes in the roots of jack pine seedlings during cold

acclimation. Physiologia Plantarum 104: 134-142.

www.newphytologist.com  © New Phytologist (2001) 149: 369—400



New
Phytologist

Appendix |. Temperature response functions

The theory of temperature responses of chemical reactions
and plant processes has been elaborated by Johnson &
Thornley (1985), and Agren (1985, 1996) and colleagues. It
is beyond the scope of this review to cover kinetic theory in
any detail. However, this review would be incomplete without
noting that, to account for the fact that a 3% increase of
absolute temperature leads to a 2—300% increase in reaction
rate in simple chemical reactions (Arrhenius, 1889, 1915)
formulated his well known relationship between absolute
temperature and the rate of a process. However, the Arrhenius
function does not provide a convenient or accurate rep-
resentation of the temperature dependence of biological
processes. Arrhenius equations are monotonous functions
of the absolute temperature, excluding the possibility of an
optimum rate, which is typical for biological systems, where
reactions are catalysed by enzymes that lose their catalytic func-
tion when denatured at high temperatures. After decades of
Arrhenius-plots with added breakpoints to explain enzyme
behaviour Kumamoto ez 2/ (1971) and Sharpe & DeMichele
(1977) formulated a uniform model of the temperature response
of poikilotherms (plants, insects, microorganisms). It described
the process rate in the whole temperature range and was assumed
to have a general applicability for all processes controlled by
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enzyme kinetics. The model was later reformulated by
Schoolfield ez al. (1981), and used by Van der Have & De Jong
(1996) to describe growth rates and rates of cell differentiation.
Various polynomial functions have been used to describe the
temperature responses of plant and soil processes. The sigmoidal
cubic function is, perhaps, the most transparent with the right
overall shape — starting at zero at a minimum temperature,
rising nonlinearly with a point of inflexion and a peak rate
falling rapidly to zero at a maximum temperature (Cannell
& Thornley, 1998). An empirical approach is to use Q,, based
on the observation that, over a restricted range, a given temper-
ature increment often increases the reaction rate by a constant
factor. The Q,,-equation can be algebraically reformulated
into an Arrhenius equation (Johnson & Thornley, 1985) but it
has no theoretical justification. It is just a convenient expression
that has been widely used to describe temperature effects on
nutrient- and carbon uptake, respiration and growth (Berry
& Raison, 1981; Clarkson ez al., 1988; Long, 1991).The rate
of development of plants and single organs is often conveniently
described using the day-degree concept, where development
is linearly related to an achieved temperature sum above
a threshold (Laudien, 1973; Sharpe & DeMichele, 1977;
Ingestad, 1979; Johnson & Thornley, 1985). This approach
implicitly assumes that the development rate has a linear
temperature response over the range considered.
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Have you seen the latest
New Phytologist Special Issue?

Root Dynamics and Global Change: An Ecosystem Perspective
Editors Norby RJ, Fitter AH, Jackson RB
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As the reality of human-mediated global change becomes increasingly accepted by a sceptical public, so the scientific
research that has identified this situation has become increasingly high profile. However, while we can almost see the
leaves before us changing, the same is not true of plant roots — we ignore this hidden half at our peril. This Special
Issue addresses root dynamics in the face of a globally changing environment and asks the key questions: Do
atmospheric and climatic changes alter root production and root longevity? How do the changes impact on the whole
plant and its microbial symbiotic partners? And, ultimately, how do these changes alter the ecosystem itself? The
ecosystem perspective is especially important — root turnover is a key component of ecosystem metabolism and the
capacity of ecosystems to store carbon. It is clear that the prime challenges still concern how to reach and analyze
the roots themselves, but where there are gaps in our knowledge, many researchers are finding that the visible half —
the leaves — often does provide a good analogy for roots. The reviews and original research reported here
provide a comprehensive overview of the subject, and point the way ahead for systematic scientific exploration of this
compelling topic of our times.

If you are interested in obtaining a copy, then let us know at Central Office (newphytol@lancaster.ac.uk) or the USA
Office (newphytol@ornl.gov).
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