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Abstract Temperature affects a cascade of ecological
processes and functions of forests. With future higher
global temperatures being inevitable it is critical to
understand and predict how forest ecosystems and tree
species will respond. This paper reviews experimental
warming studies in boreal and temperate forests or tree
species beyond the direct effects of higher temperature on
plant ecophysiology by scaling up to forest level responses
and considering the indirect effects of higher temperature.
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In direct response to higher temperature (1) leaves emerged
earlier and senesced later, resulting in a longer growing
season (2) the abundance of herbivorous insects increased
and their performance was enhanced and (3) soil nitrogen
mineralization and leaf litter decomposition were acceler-
ated. Besides these generalizations across species, plant
ecophysiological traits were highly species-specific.
Moreover, we showed that the effect of temperature on
photosynthesis is strongly dependent on the position of the
leaf or plant within the forest (canopy or understory) and
the time of the year. Indirect effects of higher temperature
included among others higher carbon storage in trees due to
increased soil nitrogen availability and changes in insect
performance due to alterations in plant ecophysiological
traits. Unfortunately only a few studies extrapolated results
to forest ecosystem level and considered the indirect effects
of higher temperature. Thus more intensive, long-term
studies are needed to further confirm the emerging trends
shown in this review. Experimental warming studies pro-
vide us with a useful tool to examine the cascade of eco-
logical processes in forest ecosystems that will change with
future higher temperature.

Keywords Climate change - Forest ecosystem - Global
warming - Insect—plant interaction - Nitrogen cycling -
Plant phenology

Introduction

Climate change is causing an increase in global mean
temperature and a decrease in the diurnal temperature range
(IPCC 2007), which may have wide-ranging implications
for forest ecosystems (Saxe et al. 2001). Forests cover
approximately 30 % of the land surface of the world and
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contribute to approximately 50 % of the net primary pro-
duction in terrestrial ecosystems (Hyvonen et al. 2007).
Therefore, forests can influence the climate via bidirec-
tional transfer of energy, water, and carbon dioxide (CO,)
with the atmosphere (Bonan 2008). Moreover, forests pro-
vide numerous ecosystem services, i.e., benefits from a
multitude of resources and functions arising from the eco-
system, such as harboring biodiversity, regulating hydro-
logic cycles, and protecting soils from erosion. Temperature
affects all biological processes in forests, including plant
growth (Bronson et al. 2009; Farnsworth et al. 1995; Lahti
et al. 2005), phenology (Morin et al. 2010; Nakamura et al.
2010), herbivory (Ayres and Lombardero 2000; Bale et al.
2002), and nitrogen (N) cycling (Peterjohn et al. 1994;
Rustad et al. 2001). It is thus critical that we understand how
tree species and forest ecosystems are likely to respond to
future higher temperatures, and open-field warming exper-
iments can be an effective approach in studying such
response (Fig. 1). In experimental warming, different

Fig. 1 Photographs of open-field warming experiments employing
diverse warming methods: warming by open-top canopy chamber (a),
branch heating cable (b), soil heating cable (c¢), and infrared (IR)
lamp (d)
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methods can be used to warm distinct ecosystem compo-
nents, e.g., heating cables can be used to warm branches or
soils, and infrared (IR) lamps or passive field chambers can
be used to warm plants and soils.

Warming experiments are very useful for testing whether
trends observed from long-term monitoring of natural
populations will be maintained with a larger change in
temperature, because temperatures can be experimentally
controlled to reach levels that are outside the range of natural
variability (Morin et al. 2010). Moreover, experimental
warming enables us to directly test the effect of temperature
elevation on ecosystem functions with fewer confounding
factors, e.g., other variables that covary spatially and tem-
porally with temperature. Results from warming experi-
ments have also been used in models to predict changes in
ecosystem functions, and thus to assess the vulnerability of
ecosystems to climate change (Aronson and McNulty 2009;
Peterjohn et al. 1993, 1994; Rastetter et al. 1991).

Given the usefulness of experimental warming studies in
understanding the response of trees and forests to future
climate change, it is important to determine the scope of
these studies, and to assess the information and trends
generated from them. The results of warming experiments
have previously been analyzed in several review papers
that have each focused on different aspects. For example,
Shaver et al. (2000) provided a conceptual framework for
implementing warming experiments and interpreting
results derived from them, whereas Hyvonen et al. (2007)
analyzed the impacts of increased temperature along with
other environmental factors on carbon (C) sequestration in
forests. Three other review papers presented meta-analyses
that were conducted to determine the changes in important
processes, such as plant growth, photosynthesis and respi-
ration, and N mineralization, with temperature (Rustad
et al. 2001; Way and Oren 2010; Wu et al. 2011). Although
the findings and insights from these studies have been very
useful for understanding the response of specific plants, we
need further evaluation of the experimental results to scale
them up in the context of forest ecosystem functions such
as C and N cycles.

Our research has previously focused on the ecological
processes of the C cycle and the budget of East Asian forest
ecosystems, in which tree growth and the soil nutrient cycle
play significant functional roles (special issue of the Journal
of Plant Research 2010, vol 123). Through intensive studies
on tree growth, leaf phenology, photosynthesis, and soil C
and N cycles, it has become apparent that open-field
warming experiments should be incorporated into research
on ecosystem functions. In this paper, we review the key
findings of warming studies conducted on tree species and
forest ecosystems in temperate and boreal regions where
large temperature changes are prominent during the year.
We focus mainly on the processes responsible for forest
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ecosystem functions and ecological interactions, i.e., plant
phenology and photosynthetic productivity, and their pos-
sible influence on herbivory and N cycling, as these have not
previously been reviewed and are of relevance to the alter-
ations in forest ecosystems under climate change. On the
basis of this synthesis, we suggest future directions for
experimental warming research on trees and forest
ecosystems.

Changes in plant phenology in response to experimental
warming

A change in plant phenology is one of the most sensitive
and observable biological responses to climate change
(Polgar and Primack 2011; Schwartz 2003), and is consid-
ered to be controlled by temperature and photoperiod at
mid- to high latitudes, and by rainfall and evapotranspira-
tion at low latitudes (Menzel et al. 2006; Spano et al. 1999).
Shifts in the timing and length of the growing season have
been reported in leaf phenology studies based on ground
observations, remote sensing, and climatological analysis
(Badeck et al. 2004; Linderholm 2006). During the last
50 years, leaf unfolding has, on average, been advanced by
1-3 days and leaf senescence has been delayed by 1-2 days
per decade (Cleland et al. 2007; Menzel et al. 2006; Par-
mesan and Yohe 2003; Walther et al. 2002). Although a
change in temperature is the dominant feature of climate
change, the interaction between temperature and plant
phenology via the ecophysiological functions of ecosystems
is, surprisingly, not well understood (e.g., Way 2011). The
effect of warming experiments on leaf phenology has been
used to extrapolate the behavior of plants under future cli-
mate conditions, but this approach has recently been ques-
tioned by Wolkovich et al. (2012), who showed that
warming experiments would underpredict the changes in
leafing and flowering phenology for a wide range of species.
To determine the effect of climate change on tree species
and forest ecosystems, we must not only consider the direct
effect of temperature on leaf phenology but also whether
any changes in leaf phenology affect plant growth and
allocation to reproduction, interactions with insects and
pathogens, light availability to other plants via shading, and
CO, exchange between the atmosphere and ecosystems. In
this section, we review the phenological responses of leaves
of tree species and forest ecosystems to an increase in
temperature through experimental warming.

Warming methods to investigate phenological changes
in tree species and forest ecosystems

Different responses to warming may be observed depend-
ing on the warming method used (Bronson et al. 2009).

However, to our knowledge, there has been no previous
comparison of the different methods for the same species
and/or the same degree of warming. When we compared
studies using different methods for aboveground warming
(Table 1), i.e., open-top chamber (OTC), whole-tree
chamber, IR lamp, and branch heating cable, we found that
none of these methods elicited a consistent trend in phe-
nological changes. We acknowledge that the value of such
a comparison is limited, as only single studies exist for
some methods and different species have been used for
each method. Each method, however, has its restrictions in
what volume or area it can warm up; thus, the warming
method needs to be carefully selected depending on the
target of investigation. For example, Nakamura et al.
(2010) noted that the heating cable should cover the ter-
minal bud on branches in order to affect leaf phenology. In
conclusion, all methods increased the temperature, and
although not one comparison of methods was shown across
one species or ecosystem it appeared that across all
methods investigated effects on phenology depended more
on the tree species or forest ecosystems in which the
warming experiment was performed, and the degree of
warming than the method used.

Phenological changes in response to the degree
of warming in trees

Field observations of leaf phenology are correlated with
gradual increases in temperature over the course of decades,
whereas experimental warming studies often set a target
warming temperature, which may determine the magnitude
of the plant phenological response. Linear extrapolation of
the effect of temperature thus obtained beyond its historical
range has been argued (Ibanez et al. 2010; Menzel et al.
2005; Richardson et al. 2010) and some long-term records
show contrasting results for this relationship through time
(Menzel et al. 2005; Sparks and Menzel 2002). However,
there is a linear relationship between plant phenological
response and temperature with increasing altitude (Vitasse
et al. 2010). We conducted a meta-analysis and found that,
within the range of experimental temperatures, there was no
significant correlation between temperature increase and the
days of advanced leaf unfolding or delayed leaf senescence
(Fig. 2a, b). However, two studies, which each examined
two levels of elevated temperature, found that spring phe-
nology (budbreak and leaf expansion) occurred earlier
under higher temperature conditions (Morin et al. 2010;
Repo et al. 1996).

In the meta-analysis, we also estimated the rate of
advancement or delay, i.e., the number of days of
advancement in spring leaf phenology and delay in autumn
leaf phenology divided by the increase in temperature (°C).
We found that the advancement rate of leaf unfolding was
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Fig. 2 The number of days and
rate of leaf phenological change
in response to temperature (°C) o
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et al. 2010; Nakamura et al.
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negatively correlated with temperature increase (Fig. 2c¢),
while the delay rate of leaf senescence was not correlated
with temperature (Fig. 2d). Similarly, Morin et al. (2010)
also found that the advancement rate of leaf unfolding
decreased with increasing temperature when they com-
pared two different temperature levels. This decrease in
advancement rate may be caused by a lack of chilling
requirements to break bud dormancy or a nonlinear effect
of increasing temperature on cell growth (Morin et al.
2010).

Although the target temperatures in these studies reflect
a climate change scenario (e.g., IPCC 2007) for the species
and regions studied, care needs to be taken when designing
such experiments, and ideally different degrees of warming
should be included (Morin et al. 2010). When the selected
target temperature is too high, it may reduce the pheno-
logical response (Table 1; Morin et al. 2010), leading to an
underprediction of phenological changes compared with
field observations, as shown by Wolkovich et al. (2012) for
multiple species.

Most of the experimental warming studies on tree
species investigated phenological change under warming
and a few applied phenological models (Guak et al. 1998;
Gunderson et al. 2012; Morin et al. 2010). Moreover,
analyses using model or temperature-related parameters
mostly focused on thermal sum, and other factors such as
photoperiod and chilling requirements were not fully
analyzed. For example, several studies reported budbreak
did not advance under warming and suggested that other
requirements, e.g., photoperiod and chilling, were not

4 5 6

i

2 3 4 5 6
Temperature (°C)

satisfied (Nakamura et al. 2010; Norby et al. 2003; Xu
et al. 2012). In addition, belowground warming showed
no change in leaf phenology (Bergh and Linder 1999;
Bronson et al. 2009; Farnsworth et al. 1995), and thus in
these temperate forest species soil temperature did not
appear to control leaf phenology. In contrast, in non-
temperate regions, where frozen soils determine spring
phenology, soil warming could have an effect on leaf
phenology (Totland and Alatalo 2002; Wookey et al.
1993). Unfortunately, none of these field studies exam-
ined which requirements were lacking, although studies
carried out over multiple years may provide some insights
into the role of photoperiod which is not expected to
change between years.

To better understand the physiological mechanisms
behind leaf phenology in spring, the effect of fluctuating
temperature as well as the experimental combination of
temperature with other environmental factors such as day
length on the timing of leaf budbreak should be examined.
From an ecological perspective, any damage caused by late
frosts or a shortage of precipitation may be worth consid-
ering when predicting the effects of earlier leaf budbreak
on photosynthetic C gain in the life of such leaves.

Changes in leaf and canopy photosynthesis
under warming

Photosynthesis is the fundamental biochemical process for
plant growth that determines vegetation structure and
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dynamics, and hence is one of the largest terrestrial C
fluxes (Schlesinger 1997). A warmer temperature 1is
expected to have significant influence across ecological
hierarchy. Future warmer climate could affect photosyn-
thesis and consequently also affect biomass allocation,
growth, establishment, and survival of trees (Loik et al.
2004; Saxe et al. 2001). Plants increase their photosyn-
thetic rate until the optimal temperature for maximum
productivity is reached, but a change in growth temperature
can shift the maximum productivity and optimal tempera-
ture (Berry and Bjorkman 1980). The thermal acclimation
of photosynthesis is well documented (e.g., Hikosaka et al.
2006) but its response is species-specific and diverse (Berry
and Bjorkman 1980) and the effects on plant growth are
less well elaborated. A species-specific response can lead
to changes in tree species composition under future climate
change (Walther et al. 2002). In addition, phenotypic
plasticity in traits responsible for photosynthetic C gain and
growth should also be considered in predicting the effects
of warming on plants (Nicotra et al. 2010). Therefore, it is
important to experimentally determine how photosynthesis
and plant growth may change under a warmer temperature.

Phenological changes in response to warming affect
plant photosynthesis and growth by changing photosyn-
thetic recovery in spring and the length of the growing
season. Warmer spring temperatures can reduce the time
needed for the dehardening of trees and help them to
achieve earlier or even higher maximum photosynthetic
rates, because the beginning of photosynthesis in spring is
tightly linked to temperature (Polgar and Primack 2011;
Strand and Lundmark 1995). Although few open-field
experimental warming studies on trees have investigated
the relationship between phenology and photosynthesis,
advanced photosynthetic recovery in spring by soil
warming treatment has been reported in boreal spruce stand
(Bergh and Linder 1999) and temperate tree seedlings (Jo
et al. 2011). Questions remain, however, regarding the
quantitative consequences of leaf phenological changes
and photosynthetic C gain at the single-leaf, whole-plant,
and forest ecosystem scales. For example, warmer tem-
peratures may extend the growing season and potentially
increase the photosynthetic C gain, when it is not offset by
increased leaf longevity, which is known to be negatively
correlated with photosynthesis (Mediavilla and Escudero
2003; Reich et al. 1992).

The effect of experimental warming on photosynthesis
and plant growth was determined on seedlings, saplings
and juvenile trees especially in boreal, cool-temperate and
temperate regions, while difficulty of accessing the crown
of tall trees constraints warming experiments on forest
canopy. Most of the studies were conducted on conifers
(Bergh and Linder 1999; Bronson and Gower 2010; Danby
and Hik 2007; Han et al. 2009; Wang et al. 1995; Yin et al.
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2008; Zhao and Liu 2009), and in two studies, the response
of oak and maple seedlings was determined (Arend et al.
2011; Gunderson et al. 2000). Responses of leaf photo-
synthesis or plant growth are species-specific and/or
dependent on the ontogenetic stage of the trees. For
example, seedlings/saplings responded positively to war-
mer conditions in Quercus species (+2 °C, Arend et al.
2011), Picea asperata and Abies faxoniana (+0.5-0.7 °C,
Yin et al. 2008) and Picea glauca (+1.8 °C, Danby and
Hik 2007), but negatively in Picea mariana (+5.0 °C,
Bronson and Gower 2010) and Quercus rubra (4+3 °C and
46 °C, Wertin et al. 2011). In adult trees Pinus sylvestris
(+2.0 °C, Wang et al. 1995) responded negatively but
Picea abies (+5.0 °C, Bergh and Linder 1999) responded
positively. In Acer saccharum, Gunderson et al. (2000)
pointed out that the photosynthetic response to warmer
conditions differ between the ecotypes, and also between
the temperature regime of the experiments, i.e., constantly
high (in growth chamber) vs. fluctuating diurnally (open-
field system).

From the available information, it is still difficult to
discern a consistent relationship between photosynthesis,
respiration and growth, and an increase in temperature
(Arend et al. 2011; Bronson and Gower 2010; Danby and
Hik 2007; Gunderson et al. 2000; Wang et al. 1995; Yin
et al. 2008), because other factors such as N, water, and
light availability also affect these processes. However,
Way and Oren (2010) recently published a review and
synthesis of the effect of temperature increases on leaf
photosynthesis, respiration, and plant growth for various
tree species of different biomes, and raised the possibility
of making generalizations about plant responses to tem-
perature increases if we consider broad ranges of species.
For example, for an increase in temperature of 3—6 °C, they
showed a positive biomass response ratio of 1.38 in tem-
perate species. Also they showed that deciduous trees had
higher growth rate than evergreen trees. This could be
attributed to the higher photosynthetic capacity (measured
at growth temperature, and represented by the maximum
velocity of carboxylation, Vi .x), higher biomass alloca-
tion to leaves and weak increase of respiratory C loss of
deciduous trees under a higher growth temperature (Way
and Oren 2010).

In addition to experimental studies on growth and pho-
tosynthetic responses to higher growth temperatures in
seedlings/saplings, those on ecophysiological conse-
quences between leaf-level photosynthesis, phenology, and
biomass growth under variable environmental conditions
are needed since plants must survive under a wider range of
light, nutrient, and soil water conditions in the field. This
issue would be critical for regeneration of forests. Under
warmer temperatures leaves may show earlier expansion
and delayed senescence which lead to longer leaf longevity
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Fig. 3 Instantaneous
photosynthetic response of
seedlings (a—c) and leaves in
branches at canopy-top (d-f) to (a)

temperature conditions SN
simulated by the authors using
3D model Y-plant (Pearcy et al.
2005). In the model three air
temperature regimes were
examined; daily minimum-—
maximum temperature of
15-25 °C (thick solid line),
20-30 °C (solid line), and
25-35 °C (broken line). For
seedlings, high light (b) and
understory light (c¢) conditions
were examined, and for leaves
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Quercus crispula seedlings in sunlit and understory
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in branches at canopy-top, two d . " ;- .
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photosynthesis (daily A) and = T i o
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WUE) are also shown in the 2 =

Table, with the reduction rate of A off . . . . ) .

daily A due to increasing 6 12 18 6 12 18

temperature compared to that Time of day (JST) Time of day (JST)

under current normal condition

in parentheses

Ts. Seedling Branch at canopy top
(min-max) Sunlit Understory C, 385 ppm C,470 ppm
Daily A 15-25 530.7 2220 472.6 520.3
DalyWOB, __ ____E 2o S &2 AN L
Daily A 20-30 475.1(-10.5%) 219.8(-1.0%) 429.7(-9.1%) 486.8 (—6.4%)
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Daily A 25-35 307.3 (—42.1%) 194.5(—12.4%) 283.1(—40.1%) 332.8 (—36.0%)
Daily WUE 2.50 2.75 2.50 2.96

Daily A, mmol CO, m? d!; Daily WUE, mmol CO, mol"! H,O. Numbers in parentheses
indicate the reductions of A and WUE compared to those under lowest temperature conditions.

(growing season length), but they may face severe high
temperature stress under high light conditions either in
open field or under large canopy gap since they decrease
stomatal conductance and hence photosynthetic activity,
especially in midday (Fig. 3b). On the other hand, in forest
understory, higher temperature has weaker influence on
photosynthetic activity (Fig. 3c). Indeed, Yin et al. (2008)
showed higher growth in Abies faxoniana under low light
conditions than under high light conditions in their
warming experiment. In high light environment, soil water
and nutrient availability should be critical since plants
must cope with the higher transpirational demand and
photoinhibitory damage (Muraoka et al. 2000; Valladares
and Pearcy 1997) and the possible water stress is predicted
by reduced water use efficiency in higher temperature
(Fig. 3).

Understanding of the photosynthetic response to higher
temperature is also crucial to predict the canopy-level
photosynthesis of forest ecosystem. Again, warmer condi-
tion may expand the growing season of the canopy, but in
summer, high light and high temperature conditions reduce
stomatal conductance and hence photosynthetic activity at
the canopy-top irrespective of the increasing atmospheric
CO, concentration (Fig. 3e, f). Indeed, there is evidence
that combination of heat stress and severe drought reduced
gross primary production (GPP) of forest ecosystems in
western Europe in summer of 2003 (Reichstein et al. 2006).
In Alaska, summer drought in 2004 decreased GPP of
deciduous forests (Welp et al. 2007). In East Asia, pro-
longed dry season in tropical forests, and prolonged rainy
season which led to less incident radiation in temperate
forests in 2003, resulted in less GPP (Saigusa et al. 2008).
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Ito (2010) predicted by his model simulation that higher
temperature may lengthen the growing season but increase
of summer precipitation in central Japan would reduce GPP
in the near future. Since climate change involves not only
changes in temperature but also in the precipitation, sen-
sitivity of forest canopy photosynthesis to the combined
micrometeorological conditions should be studied by
linking open-field experiments, long-term monitoring of
CO, flux and simulation models (cf. Muraoka et al. 2010).
Open-field experiments on leaves and up-scaling analyses
using simulation models are crucial to link plant pheno-
logical and ecophysiological changes with forest canopy
functions under possible climate change. Furthermore,
more warming studies in the forest canopy, where access is
difficult, are needed. As a first attempt, heating cables
(Nakamura et al. 2010) and an open-top canopy chamber
(Muraoka, unpublished) are being applied to a cool-tem-
perate, deciduous broadleaf tree (Quercus crispula) to
determine leaf phenology, and photosynthetic and respi-
ratory responses to temperature, and to estimate leaf-level
effects on the forest canopy C budget. In these investiga-
tions, thermal acclimation of photosynthetic and respiration
rates is also being examined.

Further potential issues relating to leaf, whole-plant
and canopy photosynthesis and phenology

Based on the findings in the literature and our observations
in the forest ecosystems, the photosynthetic response to
warming can be illustrated as shown in Fig. 4 (see also
Richardson et al. 2010). Here, we focus on both seedling
and canopy-top photosynthesis, by considering the high
and low light conditions, and also by considering photo-
synthetic ‘capacity’ and ‘activity’ separately. Also, photo-
synthetic and phenological responses should be separately
considered for adult trees (canopy-top) and seedlings due
to ontogenetic mechanisms (cf. Vitasse 2013). In both high
and low light regimes, warming may lengthen the growing
season by earlier leaf expansion and delayed senescence as
mentioned above and shown in Table 1.

First, in high light regime, which is the case for leaves at
canopy-top or seedling/juvenile plants in habitats with
large gap in canopy, leaf-level photosynthetic capacity
(represented by Vi n.x or light-saturated photosynthetic
rate, An.x) may increase or be similar to the current con-
ditions (Fig. 4a, b). However, strong light and midday
temperature along with high vapor pressure deficit (VPD),
in summer and co-occurring drought may reduce the pho-
tosynthetic activity via stomatal closure (Fig. 4c). On the
other hand, if the rainfall increases and radiation decreases
in early summer as predicted for East Asia, photosynthetic
C gain will be reduced because of shortage in light
(Fig. 4d).
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Fig. 4 Hypothetical responses of photosynthetic productivity in
deciduous trees and forest canopy to future warming environment
throughout the seasons. The possible patterns were considered for
high light environment for canopy-top leaves, juvenile and seedlings
in open habitat (a—d) and low light environment for understory plants

(e-h). Bold lines represent the present condition, and thin lines
represent future conditions. See text for details

Second, in low light regime, which is the case for
understory plants such as seedlings/saplings, photosyn-
thetic capacity may increase weakly or show no-response
under warming (Fig. 4e, f). Here photosynthetic activity of
understory plants may depend on the density and phenology
of forest canopy that determine the light availability of those
plants. In the case warming does not change forest canopy
density, warming may be beneficial to understory plants if
they can expand their leaves earlier than the forest canopy
(e.g., Augspurger and Bartlett 2003; Taylor and Pearcy
1976; Vitasse 2013) (Fig. 4g). However, if the canopy
density was low with thin layer or with several significant
gaps, photosynthetic activity of understory plants may be
reduced in summer (Fig. 4h) since sunflecks would cause
stomatal closure (Fig. 4f), while sunflecks are in general
beneficial to understory plants (Pearcy et al. 1994).

Our findings shown here suggest the necessity of further
research focusing on the photosynthetic ‘activity’ and not
only photosynthetic ‘capacity’ of seedlings and forest
canopy throughout the phenological phases, by considering
multiple micrometeorological and ecological factors which
affect leaf physiological reactions. Especially for seedlings/
saplings, various light, nutrient, and soil water regimes
should be also considered since they must survive in a
given habitat and would be more susceptible to changing
environments than mature trees. In these studies, in situ
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measurements and modeling for canopy photosynthesis,
and measurements of leaf photosynthesis and biomass
allocation of seedlings/saplings under artificial warming
conditions should be beneficial for our further ecophysio-
logical understanding of plant response or vulnerability to
warming.

Changes in herbivory in response to experimental
warming

Most herbivorous insects are very sensitive to changes in
temperature, which can directly affect their activity,
development, phenology, and survival (Bale et al. 2002;
Karban and Strauss 2004). In addition to the direct effects
of temperature elevation, insect responses also reflect
indirect effects of temperature through plant ecophysio-
logical changes (e.g., leaf phenology and photosynthesis)
(Masters et al. 1998). The previous sections have shown
that future warmer temperatures are expected to influence
metabolic processes related to photosynthetic activity and
to advance the timing of leaf emergence in trees. These
interactions between climate change, plant ecophysiologi-
cal processes, and forest disturbance as a result of herbiv-
ory may be critical in determining how climate change
affects evapotranspiration, CO, flux, and heat transfer in
forest ecosystems, thereby creating feedbacks to climate
(Ayres and Lombardero 2000; Dale et al. 2000; Kurz et al.
2008; Logan et al. 2003). For example, one alarming sce-
nario is that global warming-induced insect outbreaks
would increase the incidence of forest fires and exacerbate
global warming by releasing C from forest ecosystems
(Ayres and Lombardero 2000). However, the impact of
insects owing to global warming on ecosystem functions of
forests is not well documented (but see Kurz et al. 2008). In
this section, we discuss how plant ecophysiological pro-
cesses may alter herbivory under global warming and
review the response of herbivorous insects to the experi-
mental warming of tree species.

Indirect effects through changes in host plant chemistry

Variation in the quality of plant leaves can have a signifi-
cant impact on the performance of herbivorous insects
(e.g., Karban and Baldwin 1997). However, little infor-
mation currently exists regarding elevated temperature-
induced changes in host plant chemistry and their potential
effects on insect performance, even from laboratory
experiments (Bidart-Bouzat and Imeh-Nathaniel 2008;
Zvereva and Kozlov 2006).

Temperature may affect the primary and secondary
metabolism of plants by altering photosynthetic activity,
which will have implications for the development of

herbivores (Ayres and Lombardero 2000; Veteli et al.
2002; Williams et al. 2003). It is well known that sec-
ondary metabolites (e.g., phenolics and tannins) play an
important role in plant defense against herbivory (Bidart-
Bouzat and Imeh-Nathaniel 2008), but elevated tempera-
tures may dilute these secondary metabolites due to
increased C allocation to plant growth. Indeed, a meta-
analysis of laboratory studies showed that increased tem-
peratures had no effect on either N concentration or the
C/N ratio or leaf mechanical characteristics, but led to
decreased concentrations of carbohydrates and phenolics
(Zvereva and Kozlov 2006).

Few warming experiments have investigated the effects
of temperature elevation on plant chemistry and/or her-
bivory of tree species. However, in one such study, it was
found that willow (Salix myrsinifolia) seedlings that were
warmed using closed-top chambers exhibited increased
stem biomass and a reduced concentration of several phe-
nolic compounds in their leaves (Veteli et al. 2002), sug-
gesting that the increased C allocation to growth may have
diluted the concentration of these phenolics; this temper-
ature elevation also increased the growth rate of beetle
larvae (Phratora vitellinae). In a separate study on maple
(Acer rubrum) seedling leaves, elevated temperatures
within OTCs reduced N and leaf water but did not affect
phenolics in mature leaves (Williams et al. 2003); these
temperature-induced changes in host plant quality had no
effect on the performance of gypsy moth larvae (Lymantria
dispar). These species-specific responses of plant chemis-
try under warming may lead to distinct responses of plant—
insect interactions in forests.

Indirect effects through phenological asynchrony
between herbivorous insects and plants

Synchronization of egg hatching and budbreak is believed
to be an important determinant of defoliation levels in
forests (Harrington et al. 1999; Hunter 1992). When
interacting species respond in different ways to increased
temperatures, plant—insect interactions tend to be disrupted
(Parmesan 2006). Under climate change scenarios, there is
likely to be increased asynchrony between host plants and
herbivorous insects (Bale et al. 2002), and a change in the
timing of egg hatching relative to budbreak could lead to a
reduction in herbivory. To date, only one warming exper-
iment on tree species has examined the phenological stages
of both host plants and herbivorous insects. In this study,
elevated temperatures using cloches during the summer
season markedly advanced the phenological stages of both
the dwarf shrub (Dryas octopetala) and aphids (Acyrtho-
siphon svalbardicum) by approximately 5 days, and led to
an 11-fold increase in the number of aphid overwintering
eggs (Strathdee et al. 1993). It was also shown that
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temperature elevation had larger direct effects than indirect
effects on the herbivore population, as experimental
warming did not increase phenological asynchrony, which
did not support the predictions made by climate change
scenarios. There remains a paucity of experimental data on
the responses of herbivorous insects to future higher tem-
peratures in forest ecosystems, with only four studies
having investigated this to date (Richardson et al. 2002;
Strathdee et al. 1993; Veteli et al. 2002; Williams et al.
2003). Therefore, to better understand the mechanisms of
how forest ecosystem functions will respond via herbivo-
rous insect populations to future higher temperatures, we
should continue to focus on the indirect effects of tem-
perature through plant ecophysiological processes in open-
field warming experiments.

Changes in N cycling and plant growth in response
to experimental warming

Plant production in most temperate forests is limited by N,
and thus it is important to determine how future increase in
temperature will alter N cycling in forests (Aber et al.
1989; Vitousek and Horwarth 1991). In the majority of the
warming experiments reviewed, N mineralization
increased under a warming treatment (Butler et al. 2012;
Liikewille and Wright 1997; Melillo et al. 2011; Peterjohn
et al. 1994). In Harvard forest, a mixed deciduous forest
located in Massachusetts, USA, a soil warming treatment
using heating cables increased the net N mineralization
rates and ammonium concentrations (Peterjohn et al.
1994). Similarly, in a catchment of a Norwegian boreal
forest, soil warming using heating cables increased N
release by mineralization (Liikewille and Wright 1997). In
contrast, no change in soil inorganic N was observed in an
experiment conducted on the Tibetan Plateau, where spruce
seedlings were warmed with IR lamps (Liu et al. 2011). In
addition, decrease in mineral N during winter under soil
warming treatment in a cool temperate forest was also
reported (Ueda et al. 2013).

Increased rates of litter decomposition in forests under
experimental warming are also consistent with the higher
rates of N mineralization observed. For example, soil
warming using heating cables induced an increase in mass
loss of maple and spruce litter (Rustad and Fernandez 1998).
In a northern hardwood forest, the percentage mass of beech
litter in soil warmed by 7.5 °C was significantly lower than
that in the control and soil warmed by 2.5 °C, and there was a
greater decrease in N concentration of the beech litter as the
heating level increased (McHale et al. 1998).

Increased N mineralization in forests at higher temper-
atures will result in more N being available for plants,
which can support increased plant growth and alter plant
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allometry (Melillo et al. 2011). In the Harvard forest
experiment, where higher N mineralization rates were
observed after six months of soil warming (Peterjohn et al.
1994), additional seven years of warming treatment led to
increased C storage in woody tissues (Melillo et al. 2011).
Although the growing season was lengthened under the
warming treatment, most of the plant C gain was attributed
to higher N availability, because N is the major limiting
factor for plant growth in this forest ecosystem. In addition,
fine root biomass decreased under the warming treatment,
probably also due to more N made available for plants
because fewer C resources needed to be allocated to
belowground parts to acquire N (Melillo et al. 2011).

Increased N availability in response to warming also has
the potential to alter forest composition, since tree species
have distinct strategies for acquiring N (Butler et al. 2012).
Seven years of warming in Harvard forest induced a large
increase in net N mineralization, with the greatest increase
being observed in the foliar N content and relative growth
rate of red maple (A. rubrum). Although the foliar N content
of red oak (Q. rubra) and white ash (Fraxinus americana)
also increased under the warming treatment, this increase
was lower than that for red maple. These species-specific
responses to increased N mineralization under warming
may lead to changes in canopy dominance in the long term,
which would gradually change forest functions such as
photosynthesis. Thus, to better understand the interaction
between plants and biogeochemical cycles in forest eco-
systems, further investigations via open-field warming
approach are needed.

Concluding remarks

In this paper, we reviewed current knowledge on the
influence of increased temperature on plant phenology, leaf
photosynthesis, leaf traits and herbivory, and N cycling and
plant growth, mainly by analyzing open-field warming
studies on tree species and forest ecosystems. Direct effects
of higher temperature included (1) earlier emergence and
later senescence of leaves which resulted in a longer
growing season (2) increased abundance and enhanced
performance of herbivorous insects and (3) accelerated soil
N mineralization and leaf litter decomposition. As we
mentioned above further experimental cases are still nee-
ded to achieve general understanding on the possible
response of plants and forests to rising temperature.

For further understanding and prediction of plant eco-
physiological and soil biogeochemical responses, several
issues should be addressed in current and future research
on the assessment of climate change impacts on terres-
trial ecosystems (Rustad 2008; Saxe et al. 2001; Shaver
et al. 2000). These issues include (1) the application of
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Fig. 5 Representation of the
reviewed influence of higher
temperatures on the ecological

components of forest !
ecosystems. Solid lines indicate !
positive (4) or negative (—) 1
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processes. The dashed line ’

indicates a possible influence : +
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in this paper. Numerous studies .
have examined the direct effects !

of higher temperatures on '
individual processes, but their
indirect effects on ecological
and/or biogeochemical
processes and their interactions
in a given forest ecosystem must
also be investigated to
determine the dynamic
influences of local and global
warming
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Litter decomposition
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experimental knowledge to obtain a general understanding
and prediction of ecological processes, (2) cross-scale or
cross-hierarchy analyses and/or integration of the experi-
mental results over space and time, and (3) identifying
interactions between the physiological and biogeochemical
processes, the responses of which occur across different
time-scales for a given ecosystem (Fig. 5). For example, in
the evaluation of photosynthetic and growth responses in
plants, we should consider the in situ conditions of the
habitats and the spatial position in the forests, depending
on whether we are addressing questions on forest regen-
eration processes or forest canopy photosynthesis in C
cycling. Experimental results from seedling experiments
can be applied in answering the former question but not for
the latter. This indicates that further research at forest-level
must consider the ontogenetic difference of tree responses
to environmental changes (Vitasse 2013). In the cases for
herbivory and soil C and N cycles, high biodiversity and
their ecological interaction throughout the seasons should
be considered. As shown in Fig. 5 questions on mecha-
nistic and quantitative consequences of plant ecophysio-
logical and biogeochemical responses, together with
biological interactions, should be tackled.
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The ecophysiological processes involved in the above
dynamics may not only respond to mean temperatures, but
also to the range of temperatures, which are likely to
provide the environmental cues for physiological and
developmental activities. Consideration of such tempera-
ture regimes in the design of warming experiments will be
critical for determining the “tipping point” of ecosystem
functions and associated physiological processes, plant
growth, species persistence and ecological interactions. To
detect any signature changes in ecosystem functions and to
provide mechanistic understanding on the changes due to
recent and future climate change, combined studies of
long-term observation and warming experiments should
also be conducted.
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