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Combined effects of rising [CO2] and temperature on boreal
forests: growth, physiology and limitations1

Joseph R. Stinziano and Danielle A. Way

Abstract: Climate change is expected to be most pronounced at high latitudes, but we have little data on how dominant boreal
tree species will respond to rising temperatures and CO2 concentrations ([CO2]). We review the mechanisms through which
elevated growth temperatures and atmospheric CO2 alter tree physiology and growth, focusing on the dominant species in
northern forests. Water and nutrient availability, as well as day length, are likely to constrain the ability of these forests to
respond positively to warmer, potentially longer growing seasons and higher CO2 levels. We also analyze published tree
responses to future climate scenarios for key boreal tree species and show that (i) high [CO2] increases biomass and net
photosynthetic rates compared with ambient [CO2], under both current temperatures and warmer climates; (ii) increases in
temperature above current levels have little effect on growth or carbon gain; and (iii) the combination of elevated [CO2] and
elevated temperatures increases plant biomass, but this effect appears to have a threshold above a 5 °C increase in growth tempera-
tures. While rising temperatures and [CO2], therefore, have the potential to increase the productivity of northern forest species (based
on experiments that supply ample water and fertilizer), this response is likely to be limited by these soil resources and the photoperiod
in the field, and may not occur under the more extreme warming conditions predicted for the future in this region.
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Résumé : On s'attend que les changements climatiques soient plus prononcés à des latitudes élevées, mais il n'existe que peu de
données sur la façon dont des espèces dominantes d'arbres de la forêt boréale répondront à l'accroissement des températures et
des concentrations de CO2 ([CO2]). Les auteurs passent en revue les mécanismes par lesquels les températures de croissance
élevées et le [CO2] atmosphérique modifient la physiologie et la croissance des arbres, en se concentrant sur les espèces
dominantes des forêts du Nord. La disponibilité en eau et en nutriments de même que la durée du jour limiteront probablement
la capacité de ces forêts à répondre positivement à des saisons de croissance plus chaudes et potentiellement plus longues et à
des niveaux de CO2 plus élevés. Les auteurs ont aussi analysé les données publiées sur la réponse aux scénarios climatiques futurs
des espèces clés d'arbres de la forêt boréale et ils ont montré que (i) des niveaux élevés de CO2 augmentent la biomasse et les taux
nets de photosynthèse comparativement au [CO2] ambiant, tant aux températures actuelles que sous des climats plus chauds;
(ii) les augmentations de température au-dessus des niveaux actuels ont peu d'effets sur la croissance ou le gain en carbone, et
(iii) la combinaison de [CO2] élevé et de températures élevées augmente la biomasse végétale, mais cet effet semble avoir un seuil
inférieur à une augmentation de 5 °C des températures de croissance. Alors que l'augmentation des températures et du [CO2]
pourrait ainsi avoir la potentiel d'augmenter la productivité des espèces des forêts du Nord (selon des expériences où l'apport en
eau et en fertilisants est suffisant), cette réponse sera probablement limitée par ces ressources du sol et la photopériode de la
zone, et pourrait ne pas se produire avec le réchauffement le plus extrême prédit dans cette région, dans le futur.

Mots-clés : séquestration du carbone, réchauffement climatique, conifères, changement global, capacité photosynthétique.

Introduction
Atmospheric CO2 concentrations ([CO2]) are projected to reach

730–1020 ppm by the year 2100, mainly due to anthropogenic
fossil fuel burning and land use change (Meehl et al. 2007). This in
turn will lead to a global mean temperature increase of 1.5 to 6 °C
in that same period, but even greater warming at high latitudes,
with increases of up to 8 °C in boreal regions (Serreze et al. 2000;
Meehl et al. 2007). Significant climate warming has already oc-
curred, with four of the five hottest decades in the last 150 years
occurring in the last 60 years (Kaufman et al. 2009). Not only will
there be increases in temperature and [CO2], but temperature
variability and precipitation patterns are also expected to change
in coming decades (Meehl et al. 2007). Precipitation may increase

in parts of the boreal forest; however, it is likely to become more
variable, such that there is a greater risk of both droughts and
flooding (Meehl et al. 2007). These environmental changes will
alter the productivity of high latitude forests, but predicting how
climate change will affect these systems requires both a deeper
understanding of how key tree species will respond to rising tem-
perature and [CO2], and also what factors might limit their ability
to respond to climate change.

The boreal forest accounts for 33% of the Earth’s total forested
area (FAO 2001). Given the extent of this ecosystem, changes in
forest carbon fluxes and productivity driven by climate change
can in turn impact global carbon cycling and climate. A recent
study found increases in the seasonal amplitude of atmospheric
[CO2], indicating a significant and unexpected shift in the global
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carbon cycle (Graven et al. 2013). While the underlying cause of
this shift is not known, the alterations in seasonal atmospheric
[CO2] patterns have been attributed to fluxes from high latitude
forests, implying dramatic changes in the physiological and eco-
logical functions that determine carbon cycling in boreal forest
landscapes.

Current simulations suggest that increasing temperatures and
CO2 levels will stimulate net primary productivity (NPP) in high
latitude forests (Qian et al. 2010). However, interactions between
environmental variables other than CO2 and temperature will
complicate our ability to predict boreal forest growth under fu-
ture climates (Kurz et al. 2008). In 2002, North American boreal
forests switched from being a carbon sink (that absorbed more
CO2 than they emitted) to being a carbon source, owing to in-
creased fire damage and insect outbreaks (Kurz et al. 2008), both
disturbances that are likely to become more common in the fu-
ture. More frequent water stress, caused by changes in precipita-
tion regimes and a warmer environment with a higher vapour
pressure deficit (VPD), is also expected in coming decades. At the
same time, one key environmental factor, photoperiod, will re-
main stable as the climate changes. Photoperiod could constrain
the response of trees to a changing climate, as day length is an
important cue for determining the beginning and end of the
growing season (Körner and Basler 2010). The purpose of this pa-
per is, therefore, to review the potential impacts of elevated tem-
perature and [CO2] on photosynthesis and growth in high latitude
forests, and use meta-analytical techniques to provide a synthesis
of experimental results of the effects of these climate change
factors on boreal tree species.

Impact of elevated temperatures

Effects of warming on physiology
Warming is expected to impact both photosynthesis and respi-

ration, thereby affecting boreal carbon fluxes. Elevated tempera-
tures can impact photosynthesis positively (e.g., by stimulating
enzyme function) and negatively (e.g., through heat lability of key
enzymes or membrane stability) (Sage and Kubien 2007; Yamori
et al. 2014). Because photosynthesis is not linearly related to leaf
temperature, the direct effect of warming on CO2 assimilation rates
depends on how close the tree already is to its thermal optimum:
slight temperature increases will stimulate carbon gain if the tree
is below the photosynthetic thermal optimum, while a greater
degree of warming will inhibit CO2 uptake by pushing the system
into supraoptimal temperatures (Yamori et al. 2014).

While short-term increases in temperature impact photosyn-
thesis, trees acclimate to warmer growth environments, and this
response includes acclimation of the photosynthetic apparatus
(Berry and Björkman, 1980; Yamori et al. 2014). Overall, photosyn-
thetic capacity in trees is not altered by growth at elevated tem-
peratures (Way and Oren 2010): this means that maximum
carboxylation rates of RuBisCO (Vcmax), a key Calvin cycle enzyme,
and maximum rates of electron transport (Jmax) measured at 25 °C
are similar in trees that develop at current or future tempera-
tures. But because temperature directly affects enzyme kinetics,
Vcmax and Jmax assessed at the higher leaf temperatures predicted
for the future are usually increased in warming experiments (Way
and Oren 2010). This potential stimulation of carbon fixation ca-
pacity with warming could enhance photosynthetic rates in for-
ests that experience elevated temperatures, but will likely not
occur equally in all species. In a recent meta-analysis, Way and
Yamori (2014) found that evergreen woody species, like those that
dominate boreal forests, showed the least ability to acclimate
photosynthesis to high growth temperatures. Indeed, photosyn-
thesis in many boreal species appears to be either unaffected by
elevated temperatures or susceptible to heat inhibition under re-
alistically warmer future temperatures. Light-saturated rates of
photosynthesis in Picea mariana did not respond to warming in the

field (Bronson and Gower 2010), and neither net photosynthetic
rates nor Vcmax were affected by an 8 °C increase in growth tem-
perature in Populus balsamifera (Silim et al. 2010). In Populus deltoides
and P. balsamifera, temperatures above 33 °C decreased net photo-
synthetic rates, driven by a decline in ATPase activity in RuBisCO
activase and a subsequent reduction in the RuBisCO activation
state (Hozain et al. 2010). Heat inhibition of the activation state of
RuBisCO has also been implicated in reduced photosynthetic ca-
pacity in Picea mariana seedlings grown at elevated temperatures
(Sage et al. 2008; Way and Sage 2008b).

Unlike photosynthesis, respiration rates increase exponentially
with temperature, up to a threshold. This means that warming
might be expected to increase rates of respiration in trees: unless
CO2 fixation rates keep pace, this response would lead to a de-
crease in net CO2 assimilation rates (Anet) (Way and Yamori 2014).
However, as with photosynthesis, respiration can acclimate to
elevated growth temperatures (Atkin et al. 2005). Tjoelker et al.
(1999) found that respiration measured at a common temperature
was lower in trees grown at 30 °C (day) – 24 °C (night) than for
those grown at lower temperatures (18 °C (day) – 12 °C (night), and
24 °C (day) – 18 °C (night)) in five North American boreal tree
species (Populus tremuloides, Betula papyrifera, Larix laricina, Pinus
banksiana, and Picea mariana). Leaves of Populus balsamifera also
acclimate respiration to high temperatures (Silim et al. 2010), and
Bronson and Gower (2010) found acclimation of both foliar and
stem respiration in P. mariana to elevated growth temperatures.
This reduction in respiration in warm-grown trees can offset re-
ductions in photosynthesis: lower respiration rates in P. mariana
seedlings grown at high temperatures allowed them to achieve
higher net CO2 assimilation rates than seedlings grown at ambi-
ent temperature, but only for temperatures above 30 °C (Way and
Sage 2008a).

Effects of warming on phenology
Entrance into, and release from dormancy is critical for trees to

survive winter at high latitudes (Hänninen and Tanino 2011;
Cooke et al. 2012). Bud-set occurs toward the end of the active
growth phase each year, and its timing is a function of the
temperature, photoperiod, and environmental conditions experi-
enced during embryonic development (Kvaalen and Johnsen 2008;
Cooke et al. 2012). Increases in growth temperature can, therefore,
alter the timing of bud set, bud burst, and other dormancy-related
events in multiple ways (Way 2011). In Picea mariana, soil and air
warming advanced spring bud burst by almost 2 weeks and in-
creased tree growth over a 3 year period, suggesting that warming
may lengthen the growing season and increase forest productivity
(Bronson et al. 2009). This is supported by work in Populus tremuloides,
where warming from 1936 to 2006 was associated with an ad-
vance in spring flowering (Beaubien and Hamann 2011), and a
study that found both elevated temperature and [CO2] caused
new shoots in Picea abies to reach the carbon break-even point
(the point at which the new shoot becomes a carbon source)
several weeks earlier than control trees (Hall et al. 2009). While
a direct effect of temperature on key phenological events is
expected, temperature cues may also work through maternal
effects: in P. abies, warmer temperatures during embryonic de-
velopment lead to delayed bud set and a longer growing season
in the resultant seedlings (Kvaalen and Johnsen 2008), which
could improve the match between seasonal climate and phe-
nology in seedlings developing at warmer temperatures.

Effects of warming on the treeline
The high latitude warming that has occurred in the last 60 years

exhibits substantial temporal variability, with the most extreme
warming during winter (Serreze et al. 2000). Winter warming is an
important factor in treeline advance (Harsch et al. 2009), and the
boreal treeline in Canada may be expected to advance signifi-
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cantly this century as the climate warms. This expectation is
based on both a climate-envelope approach, as well as on move-
ments of trees in past geological periods of warming. But a meta-
analysis of changes in treelines since 1900 found that while they
advanced in over half of the studies, the rest of the studies re-
ported a stable treeline, with two studies even reporting a retreat
(Harsch et al. 2009).

So why might treelines not advance in response to rising
temperatures in coming decades? In North America, the main
treeline-forming species are Picea glauca, which dominates in the
northwest (Walker et al. 2012), and P. mariana, which forms the
treeline in the lower Mackenzie Valley and eastern Canada (Rowe
1972; Burns and Honkala 1990). Cone production and seed germi-
nation rates in P. glauca decrease toward the treeline, and repro-
ductive capacity is thought to be limited by low temperatures,
as higher summer temperatures increase reproductive output
(Walker et al. 2012). Warming is also expected to increase growth
rates in P. glauca (Danby and Hik 2007), which may allow for
greater reproductive output at the northern edge of the boreal
forest. However the northern limit of Picea glauca has yet to
respond to warming, likely due to the difficulty of stand estab-
lishment at the forest–tundra ecotone (Walker et al. 2012). En-
vironmental conditions are harsher outside of the moderating
influences of an existing forest, owing to increased wind shear,
VPDs, and irradiance close to the ground. For P. mariana, seeds
produced from trees in the forest–tundra region had lower masses
than seeds from forest regions and were unable to germinate
(Black and Bliss 1980), indicating that stand establishment may
also be limited by reproductive ability. Germination in this spe-
cies is inhibited by low temperatures (<15 °C), and only occurs in
the field after burning, both traits that may prevent substantial
increases in recruitment north of the treeline in coming decades
(Black and Bliss 1980). As well, P. mariana germlings are sensitive
to soil water potential (Black and Bliss 1980), such that warmer
conditions in the future may restrict recruitment above the tree-
line by increasing evapotranspiration and drying the soils. Taken
together, the results from these two species indicate that boreal
treelines may not advance as fast or as far as is often expected
based purely on a climate-envelope approach.

Constraints on tree responses to warming
The same types of interactions that limit treeline movement

can also constrain the ability of boreal tree species to respond to
warming in situ. In particular, constraints imposed by photope-
riod and water availability are likely to be two of the biggest
limitations to increases in carbon uptake and productivity in
northern forests in response to warming.

The cues used by trees in northern latitudes to sense seasonality
and regulate the length of the growing season include both tem-
perature and day length. For example, the timing of spring bud
burst in trees reflects a composite of interacting factors: seasonal
temperatures, photoperiod, temperature by photoperiod interac-
tions, and a genotype-dependent response to the environment
(Hänninen and Tanino 2011; Way 2011; Cooke et al. 2012). Thus,
while climate change can lead to earlier spring growth and de-
layed fall senescence/dormancy where temperature is the domi-
nant cue, species that rely on photoperiod to regulate the growing
season may show little change in their growing season length
under warming.

Which species are most likely to be constrained in their response
to warming by photoperiod? In a recent study, Basler and Körner
(2012) investigated the effects of different photoperiod treatments on
dormancy release in 14 tree species. In late-successional species, in-
cluding Picea abies and Abies alba, short photoperiods delayed bud
burst, implying that the ability to increase the growing season
length under a warmer climate will be limited by day length cues.
In contrast, the bud burst of early-successional tree species (such
as Larix decidua) was not photoperiod-limited (Basler and Körner

2012). It is thus possible that photoperiod may constrain phe-
nological responses to rising temperatures in dominant late-
successional coniferous species to a greater extent than in the
deciduous species that tend to appear early in succession.

While day length cues are likely to limit the duration of leaf
presence in the canopy, they can also regulate the physiological
activity of those leaves. In temperate, deciduous trees, seasonal
variation in photosynthetic capacity is tightly correlated with
photoperiod, more so than with changes in temperature (Bauerle
et al. 2012). This means that even though deciduous leaves may
remain green later into the autumn in a warmer climate, those
leaves have lost most of their ability to fix CO2 under the short
photoperiods that occur late in the season. This may explain
recent reports of asymmetric responses of northern forests to
warming in spring versus autumn (Barichivich et al. 2013). The
photosynthetic activity of high latitude forests is closely coupled
to temperature, such that warming over the last 60 years has
allowed photosynthetic activity to occur about 6 days earlier in
the spring. However, in the autumn, the photosynthetically active
season is only growing at half the pace at which thermal limita-
tions to growth are being lifted by climate warming (Barichivich
et al. 2013), which may indicate that photoperiodic constraints are
limiting CO2 uptake in boreal forests late in the year.

Overall, there are few studies looking at the interaction of day
length and temperature on growing season length in trees, and
none to our knowledge investigating this in a boreal species. We
put forward four possible scenarios regarding this interaction.
(i) No temperature stimulation, no photoperiodic constraints (Fig. 1A):
in this scenario, net carbon uptake rates are not enhanced by
warming; however, the growing season is lengthened, leading to a
total increase in carbon fixation over the year. (ii) Temperature
stimulation, no photoperiodic constraints (Fig. 1B): in this “best
case” situation, net carbon uptake of northern forest species will
increase, owing to both a longer growing season and higher net
photosynthetic rates. (iii) Temperature inhibition, photoperiodic
constraints (Fig. 1C): in this “worst case” scenario, net carbon fix-
ation is reduced by warming and the current growing season
length is maintained through photoperiod constraints, resulting
in a net reduction in annual forest carbon uptake. (iv) Tempera-
ture by photoperiod interactions lead to asymmetric effects
(Fig. 1D): in this scenario, there is an advance in the start of the
growing season, as has already been observed (Beaubien and
Hamann 2011; Barichivich et al. 2013), but in the autumn, photo-
period constrains leaf retention or physiological activity, such
that the end of the growing season is relatively unresponsive to
warming (Fig. 1D). This last scenario is consistent with the re-
sponse of temperate trees (Bauerle et al. 2012).

In boreal forests, there could be more than a decoupling of
earlier spring onsets of the growing season with later autumnal
ends to the growing season. Earlier springs are correlated with
declines in midsummer productivity in boreal forests, likely due
to greater evapotranspiration and associated water deficits when
spring arrives early (Buermann et al. 2013). Thus, we may expect to
see a shift in the growing season towards earlier dates in these
forests (Fig. 1D), but an overall suppression of annual productivity
due to greater drought stress (Buermann et al. 2013), although
warmer springs can also enhance boreal tree growth (Wilmking
et al. 2004). Plant water demand is greater at high temperatures: a
linear rise in air temperature exponentially increases the VPD,
greatly enhancing the driving force for transpirational water loss.
If water becomes more limiting in a warmer climate, then lower
stomatal conductance may limit CO2 uptake, potentially offset-
ting any temperature-related enhancements of photosynthetic
rates. For example, in Alaskan Picea glauca, late 20th century
drought stress has led to a negative correlation between high
temperatures and radial tree ring width, which implies a reduc-
tion in carbon uptake for P. glauca forests as the climate warms
and dries (Barber et al. 2000); higher summer temperatures are
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also associated with growth declines in P. glauca (Wilmking et al.
2004). High temperatures combined with water stress can in-
crease the ratio of day respiration to photosynthesis, which could
also reduce net carbon uptake in a warmer and drier climate
(Centritto et al. 2011). Transpiration is also important for leaf ther-
moregulation through latent heat loss: under the condition of
water stress, low stomatal conductance limits not only the ability
to fix CO2, but also the ability to cool the leaf (Ainsworth and Long
2005). In Populus fremontii, water stress imposed stomatal limita-
tions on photosynthesis, but also exacerbated the negative effects
of high temperatures on photosynthesis, causing heat stress to
occur at air temperatures 10 °C cooler than in trees with ample
water (Tozzi et al. 2013). However, not all heat × drought interac-
tions are negative: in Picea mariana, exposure to elevated temper-
atures reduced the severity of drought-induced damage to the
photosynthetic apparatus, potentially due to similar acclimation
mechanisms between water and heat stresses (Way et al. 2013a).

While there is reason to believe that a higher VPD in a warmer
world will be the dominant driver of increases in transpiration,
temperature itself can affect water loss in boreal tree species.
Higher temperatures increased canopy transpiration in Picea
mariana even when VPD was held constant (Van Herk et al. 2011); sap-
lings of this same species have higher drought-induced mortality
when grown at elevated growth temperatures than at current
temperature regimes (Balducci et al. 2013). As well, Way et al.
(2013b) showed that hydraulic traits of Populus tremuloides were
affected by growth temperature, such that seedlings that devel-
oped at warmer conditions had higher hydraulic conductance and
thus the ability to transport (and lose) water more quickly
through their roots and leaves. The unexpected flip side of in-
creasing drought is the possibility of too much water: warmer
temperatures are thawing permafrost sites in northern regions,

which can lead to forest loss due to waterlogging (Baltzer et al.
2014). Given the uncertainty in future precipitation patterns, and
the recent evidence that warmer years are already decreasing
productivity in northern forests via increased water stress
(Buermann et al. 2013), it would be dangerous to assume that
rising temperatures will benefit these ecosystems.

Impact of elevated [CO2]

Effects of CO2 on physiology
Increasing atmospheric CO2 concentrations have a strong im-

pact on tree physiology. Under current ambient levels of CO2,
photosynthesis is limited by RuBisCO carboxylation capacity,
such that greater CO2 substrate availability increases photosyn-
thetic rates (Bernacchi et al. 2001; Sage and Kubien 2007) and plant
productivity. It is therefore unsurprising that studies show that
elevated [CO2] generally stimulates photosynthesis in boreal spe-
cies. For example, elevated [CO2] increased the leaf area index
and operating efficiency of photosystem II of Populus tremuloides
(McGrath et al. 2010), while in a study comparing five boreal spe-
cies, Tjoelker et al. (1998b) found that photosynthesis was stimu-
lated more strongly by elevated [CO2] in slow-growing species
such as Picea mariana, Pinus banksiana, and Larix laricina than in
rapidly growing species such as Populus tremuloides and Betula
papyrifera. These differences in growth response were due to a
strong initial, transient increase in growth in the broadleaf spe-
cies that declined through time, while increased growth rates in
response to elevated [CO2] in the conifers were maintained
(Tjoelker et al. 1998b). Given that this suite of species dominates
the North American boreal forest, the results suggest that the
relative dominance of each species may change as CO2 concentra-
tions increase.

Fig. 1. Possible responses of boreal tree function to warming and increases in atmospheric [CO2]. Broken lines (red, on the Web site only)
indicate a warming scenario; solid lines (blue, on the Web site only) indicate the current ambient conditions. (A) Climate change may extend
growing season length in both the spring and autumn, with no effect on tree performance, leading to enhanced annual productivity.
(B) Climate change may stimulate tree performance and extend the growing season length, leading to a more dramatic increase in annual
productivity. (C) Photoperiod may constrain the length of the growing season, and climate change may inhibit photosynthesis or growth,
leading to a net decline in annual productivity. (D) Climate change may advance the growing season in spring, but there may be no response
of physiological activity in the autumn, owing to photoperiodic constraints.
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In response to elevated [CO2], trees often show increased Anet
(when measured at growth [CO2]), but a down-regulation of pho-
tosynthesis indicated by declines in both Vcmax and Jmax (Medlyn
et al. 1999). This photosynthetic down-regulation is common in
studies of high [CO2]: the enhanced efficiency of photosynthesis
achieved through greater CO2 substrate availability increases
sugar concentrations, which instigates a negative feedback to sup-
press RuBisCO expression (Gunderson and Wullschleger 1994;
Moore et al. 1999). As RuBisCO operates more efficiently at high
[CO2], the nitrogen use efficiency (NUE, the amount of carbon
fixed per unit leaf N) of the plant is increased; the lower RuBisCO
concentration also returns the photosynthetic rate towards the
pre-high [CO2] carbon fixation rate and helps rebalance carbohy-
drate supply with demand. Declines in Vcmax and Jmax at elevated
[CO2] increased with needle age in boreal species (Medlyn et al.
1999), an effect that has been confirmed in Pinus sylvestris (Jach and
Ceulemans 2000), Picea abies (Urban et al. 2012), and Pinus taeda
(Crous et al. 2008). These data suggest that net CO2 uptake rates in
northern forests may be initially stimulated by a high [CO2] atmo-
sphere, but that the effect will likely decline over time. Even if
photosynthetic rates are not stimulated by rising [CO2] in the long
run, if high CO2 concentrations lead to a longer growing season,
owing to delayed autumn leaf senescence (as seen in Populus
(Taylor et al. (2008)), this may still increase forest productivity in
these strongly seasonal forests.

However, it is unclear from these studies whether enhance-
ments of leaf-level photosynthesis will scale reliably to the ecosys-
tem level. This is hard to address without large-scale experiments
in boreal forests, but there are some data we can use to extrapo-
late potential responses. Rising atmospheric CO2 concentrations
over a 50-year timespan increased growth rates by �50% in natu-
ral stands of Populus tremuloides (Cole et al. 2010). On a more exper-
imental level, Free-Air CO2 Enrichment (FACE) sites in temperate
forests show that elevated [CO2] (�550 ppm) increases net primary
productivity (NPP) by almost 25% (Norby et al. 2005), suggesting a
strong response to CO2 fertilization in forest systems. However,
temperate FACE results may not be representative of boreal for-
ests. Hickler et al. (2008) could model realistic NPP changes in
temperate FACE sites, but found only a modeled 15% average en-
hancement of NPP in boreal systems, much less than is expected
for more equatorial regions. Results from eddy flux measure-
ments also imply that elevated [CO2] has increased the magnitude
of net ecosystem exchange (NEE) over time in temperate and bo-
real forest stands, primarily due to increased CO2 uptake during
the summer (Keenan et al. 2013), but the boreal sites appear to
show the weakest increase in NEE of the stands studied. Overall,
the lack of field studies investigating the effects of high [CO2] on
boreal species, and conifers in particular, leaves us with a gap in
our knowledge about the dominant components of high latitude
forests. Work in other boreal forest systems has shown that ap-
plying an elevated [CO2] treatment alone to Picea abies in the field
did not alter tree growth (Sigurdsson et al. 2013). Taken together,
these studies imply that rising [CO2] will have less of an effect on
the productivity of high latitude forests than in other regions,
although fast-growing species like poplars may be more respon-
sive than evergreen conifers.

Aside from its direct effects on photosynthesis and growth,
elevated [CO2] also enhances water use efficiency (WUE, the
amount of CO2 fixed per unit water lost), potentially increasing
drought tolerance (Ainsworth and Long 2005). Increases in WUE
are due to an increase in Anet and a decline in stomatal conduc-
tance in response to elevated [CO2], responses that are commonly
reported in FACE experiments (Ainsworth and Long 2005). Re-
cently, data from �15 years of eddy flux covariance at northern
temperate and boreal sites indicated enhancements in WUE, with
increases in CO2 over that time being the primary driving factor
(Keenan et al. 2013). There is thus good evidence that WUE is
increasing as CO2 concentrations rise, but this does not necessar-

ily correlate with increased growth in boreal tree species. A meta-
analysis looking at changes in WUE across biomes world-wide
since 1960 found that while WUE increased �20% owing to in-
creases in atmospheric [CO2], tree growth (measured as annual
ring width) did not (Peñuelas et al. 2011); further, there were no
differences between biomes in the growth response to elevated
atmospheric [CO2]. A similar dendrochronological study showed
that WUE increased �50% in Quercus rubra, Acer rubrum, Picea mari-
ana, and Pinus resinosa since 1950, as atmospheric [CO2] increased
(Silva et al. 2010). But there was a concurrent net decline in basal
area increment in these species, suggesting that other environ-
mental variables are limiting the growth response of trees to
[CO2].

Constraints on responses of boreal trees to high [CO2]
While the direct effects of rising [CO2] on photosynthetic phys-

iology are usually positive, higher CO2 concentrations can also
negatively impact the performance of high latitude tree species.
One such effect is through changes in freeze tolerance. In treeline
species, elevated [CO2] increased freezing sensitivity in Larix
decidua, although it had no such effect on the evergreen species
Pinus uncinata and Empetrum hermaphroditum (Martin et al. 2010).
Elevated [CO2] also increases freezing damage in other alpine spe-
cies (Rixen et al. 2012), possibly by increasing the ice nucleation
temperature (Beerling et al. 2001).

Although the expectation is that higher [CO2] will reduce water
demand in forests by reducing stomatal conductance, the ability
of trees to respond to elevated [CO2] is often dependent on water
availability. In a FACE study with Pinus taeda, interannual varia-
tions in aboveground NPP and fecundity were driven by water
demand, and this effect was stronger in plots with elevated [CO2]
than in stands with ambient [CO2] (Way et al. 2010). The CO2-
induced growth stimulation of Populus tremuloides stands was also
more pronounced when water availability was high, suggesting
that drought may be an important limitation in growth responses
to [CO2] in high latitude forests (Cole et al. 2010). And while ele-
vated [CO2] may improve drought tolerance, extreme moisture
stress could be a different issue. During an intense summer
drought at the Oak Ridge FACE site, canopy net CO2 uptake in
Liquidambar styraciflua declined faster in plots with elevated [CO2]
than in plots with ambient [CO2], and leaf drop was greater in
stands with elevated [CO2] after the drought relative to the plots
with ambient [CO2] (Warren et al. 2011). These data suggest that
elevated [CO2] could reduce tree resiliency to drought stress that
co-occurs with heat events. While elevated [CO2] reduces leaf-level
stomatal conductance, canopy leaf area often increases, which
can increase whole tree water loss, while the reduced transpira-
tion rates can increase leaf temperatures and thereby exacerbate
heat stress (Way 2011). Given that more variable and extreme
weather is projected for the future (Gao et al. 2012), water avail-
ability will be a key factor in limiting how forests respond to rising
atmospheric CO2 concentrations in coming decades.

And it’s not just water. Nutrient availability, in particular ni-
trogen, is a primary constraint on forest and ecosystem responses
to CO2 (Oren et al. 2001; Reich et al. 2006; Norby et al. 2010). At the
Oak Ridge FACE site, elevated [CO2] initially stimulated CO2 up-
take and NPP. However, soil nitrogen limitations did not lead to
differences in NPP between plots with elevated or with ambient
[CO2] after several years (Norby et al. 2010). This effect is common
in high [CO2] experiments, and is termed progressive nitrogen
limitation (Luo et al. 2004; Johnson 2006). Increased biomass un-
der high [CO2] requires more nitrogen, even accounting for in-
creases in NUE, and initially available soil nitrogen becomes
sequestered in tree biomass and less labile soil pools, limiting
further nitrogen uptake. In a Pinus taeda FACE site, CO2 enrich-
ment stimulated annual nitrogen requirements by �30% (Finzi
et al. 2002). While NPP was increased over the 4 year study period,
the authors predicted (based on the increase in nitrogen require-
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Table 1. Summary of the studies used in the meta-analysis.

Species
Ontogenic
Stage

Variable(s)
Manipulated

Response(s)
Measured

Treatment
Location Reference

Abies alba Seedling CO2 Biomass OTC Hattenschwiler and Korner 2000
Betula papyrifera Seedling CO2 Anet, Jmax, Vcmax Greenhouse Ambebe and Dang 2009

Seedling CO2 Anet, Jmax, Vcmax Greenhouse Ambebe et al. 2010
Seedling CO2 Anet Greenhouse Cao et al. 2007
Seedling CO2 Biomass Greenhouse Cao et al. 2008
Mature CO2 Anet Field Riikonen et al. 2008
Seedling CO2, temp. Anet, biomass Chamber Tjoelker et al. 1998a
Seedling CO2 Anet, Jmax, Vcmax Greenhouse Zhang and Dang 2005
Seedling CO2 Anet, Jmax, Vcmax Greenhouse Zhang and Dang 2006
Seedling CO2, temp. Biomass Greenhouse Zhang and Dang 2007
Seedling CO2 Anet, Jmax, Vcmax Greenhouse Zhang and Dang 2013
Seedling CO2 Anet, Jmax, Vcmax Greenhouse Zhang et al. 2013

Betula pendula Seedling CO2, temp. Anet, biomass Chamber Kellomäki and Wang 2001
Seedling CO2, temp. Biomass Chamber Kuokkanen et al. 2001
Seedling CO2, temp. Biomass WTC Lavola et al. 2013
Seedling CO2 Anet, biomass Chamber Pettersson and McDonald 1992
Seedling CO2 Jmax, Vcmax OTC Rey and Jarvis 1998
Seedling CO2 Biomass, Jmax, Vcmax OTC Rey and Jarvis 1997

Larix laricina Seedling CO2, temp. Anet, biomass Chamber Tjoelker et al. 1998a
Picea abies Mature CO2, temp. Biomass WTC Kostiainen et al. 2009

Seedling CO2 Anet, biomass Chamber Lippert et al. 1996
Seedling CO2 Biomass Chamber Liu et al. 2004
Seedling CO2, temp. Anet, biomass Chamber Pumpanen et al. 2012
Mature CO2 Anet Field Roberntz 2001
Seedling CO2, temp. Biomass Chamber Sallas et al. 2003
Mature CO2 Anet OTC Špunda et al. 2005
Seedling CO2 Jmax, Vcmax Field Urban et al. 2012

Picea glauca Seedling CO2 Anet, Jmax, Vcmax Greenhouse Dang et al. 2008
Seedling CO2 Biomass Greenhouse Marfo and Dang 2009
Seedling CO2 Biomass Chamber Yakimchuk and Hoddinott 1994
Seedling CO2, temp. Biomass Greenhouse Zhang and Dang 2007

Picea mariana Mature Temp. Anet Field Bronson and Gower 2010
Seedling CO2 Anet, biomass Chamber Johnsen 1993
Seedling CO2 Anet, biomass Greenhouse Johnsen and Seiler 1996
Seedling CO2 Biomass Greenhouse Li et al. 2013
Seedling CO2 Biomass Greenhouse Marfo and Dang 2009
Seedling CO2, temp. Anet, biomass Chamber Tjoelker et al. 1998a
Seedling Temp. Biomass Greenhouse Way and Sage 2008b
Seedling CO2 Biomass Chamber Yakimchuk and Hoddinott 1994
Seedling CO2, temp. Biomass Greenhouse Zhang and Dang 2007

Picea sitchensis Sapling CO2 Anet, Jmax, Vcmax OTC Centritto and Jarvis 1999
Seedling CO2 Biomass, Jmax, Vcmax OTC Murray et al. 2000
Seedling CO2 Biomass Greenhouse Townend 1995
Sapling CO2 Biomass OTC Centritto et al. 1999

Pinus banksiana Seedling Temp. Biomass Chamber Cantin et al. 1997
Seedling CO2, temp. Anet, biomass Chamber Tjoelker et al. 1998a
Seedling CO2 Biomass Chamber Yakimchuk and Hoddinott 1994
Seedling CO2 Anet, Jmax, Vcmax Greenhouse Zhang and Dang 2005
Seedling CO2, temp. Biomass Greenhouse Zhang and Dang 2007

Pinus contorta Seedling CO2 Biomass, Vcmax Chamber Higginbotham et al. 1985
Pinus sylvestris Seedling CO2 Biomass OTC Hattenschwiler and Korner 2000

Seedling CO2 Biomass OTC Jach et al. 2000
Mature CO2, temp. Anet, Jmax, Vcmax Field Kellomäki and Wang 1996
Seedling CO2 Biomass Chamber Perez-Soba et al. 1995
Seedling Temp. Anet, biomass Chamber Pumpanen et al. 2012
Seedling CO2, temp. Biomass Chamber Sallas et al. 2003
Seedling CO2 Biomass OTC Utriainen et al. 2000
Sapling CO2 Jmax, Vcmax OTC Wang et al. 1996

Populus balsamifera Seedling Temp. Anet Greenhouse Silim et al. 2010
Populus tremuloides Mature CO2 Anet Field Kets et al. 2010

Seedling CO2 Anet, Biomass Greenhouse Liu et al. 2006
Mature CO2 Anet Field Riikonen et al. 2008
Seedling CO2 Anet Chamber Sharkey et al. 1991
Seedling CO2, temp. Anet, biomass Chamber Tjoelker et al. 1998a
Seedling CO2 Biomass OTC Zak et al. 2000
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ments) that NPP would eventually decline in the CO2-enriched
plots (Finzi et al. 2002). However, after 11 years of CO2 enrichment,
NPP was still higher in plots with high [CO2] compared with the
ambient [CO2] plots, although plot-level variation in NPP was
strongly dependent on nutrient availability (McCarthy et al. 2010;
Way et al. 2010). The results above suggest that a sustained re-
sponse to elevated [CO2] requires additional nitrogen inputs.
Norby et al. (2010) hypothesized that evergreen forests might have
a more prolonged increase in NPP under elevated [CO2], owing to
their lower nitrogen requirements compared with deciduous for-
ests. But even in evergreen conifer species, the [CO2]-dependent
growth response and its interaction with nitrogen supply varies.
Soil fertilization enhanced the positive growth response of Pinus
taeda stands to CO2 enrichment (Oren et al. 2001), and the high
[CO2]-induced enhancement of growth in Picea mariana also in-
creased with greater nitrogen supply (Li et al. 2013). Lastly, in one
of the only studies to examine the responses of a boreal conifer to
high [CO2] in situ, growth was not stimulated at all under elevated
[CO2] unless the trees were fertilized (Sigurdsson et al. 2013),
which corresponds well to the earlier suggestion that there may
not be a response to CO2 enrichment in nutritionally poor soils
(Oren et al. 2001).

Combined effects of elevated temperature and
[CO2] on boreal species: a meta-analysis

As described in the preceding sections of this review, under-
standing how a combination of elevated [CO2] and temperature
will alter boreal tree growth and performance is critical, since
both environmental factors are changing simultaneously. To de-
termine whether there are trends in the response of either pho-
tosynthetic traits or tree growth to future climate scenarios in
boreal trees, we collected studies that imposed elevated [CO2] and
(or) elevated temperature regimes on these species. We con-
ducted a meta-analysis using 58 studies involving 15 boreal tree
species (number of studies in parentheses): Abies alba (1), Betula
papyrifera (11), Betula pendula (6), Larix laricina (1), Picea abies (8), Picea
glauca (4), Picea mariana (9), Picea sitchensis (4), Pinus banksiana (5),
Pinus contorta (1), Pinus sylvestris (8), Populus balsamifera (1), Populus
tremuloides (6), Pseudotsuga menziesii (8), and Tsuga heterophylla (1)
(Table 1). Studies were selected using Google Scholar with the
following criteria: (i) a boreal tree species; (ii) an experimental
manipulation of elevated temperature and (or) [CO2]; (iii) the study
collected data on total biomass, net CO2 assimilation rates (Anet)
measured at the growth conditions, and (or) photosynthetic ca-
pacity (Vcmax, and (or) Jmax). For growth chamber studies, the cur-
rent ambient temperature or CO2 treatment was considered the
control. For studies in which multiple temperatures were used,
the average June day/night temperatures from the site nearest to the
seed source was used as the control treatment (see Way and Oren
2010); for field studies, the control temperature was the average day/
night temperatures of the month during which data were collected.
Data where growth temperature was reduced below this control

temperature were included in the study to increase the range of
temperature change and aid in visualizing the overall pattern of
response to changing temperature. For studies that manipulated
other variables (e.g., nutrients, water availability), only data from the
well-watered, well-fertilized subset of treatments were used.

Owing to variation in growth temperatures between studies
and variation in atmospheric [CO2] across studies over time (as
CO2 concentrations continue to rise annually), all physiological
parameters were analyzed against the respective change in tem-
perature and [CO2] (treatment – control values) from the study.
The response ratio of the measured parameters (treatment/con-
trol) were calculated: a response ratio = 1 means there was no
change in the parameter, <1 means that there was a decrease in
the parameter in the high [CO2]/temperature plants relative to the
control, while >1 means that there was an increase in the param-
eter in trees grown at future climates compared with the control
trees. Because there was little data on Vcmax and Jmax from tem-
perature × [CO2] experiments, temperature terms were left out of
the modelling.

Data were analyzed using multiple regression with R (version
2.13.0, R Development Core Team). Linear models were run on
measured parameters using the following predictor variables

Table 1 (concluded).

Species
Ontogenic
Stage

Variable(s)
Manipulated

Response(s)
Measured

Treatment
Location Reference

Pseudotsuga menziesii Seedling Temp. Anet Chamber Brix 1967
Seedling Temp. Biomass Chamber Brix 1971
Seedling CO2 Anet, biomass Chamber Hollinger 1987
Seedling CO2, temp. Anet Mesocosm Lewis et al. 1999
Seedling CO2, temp. Biomass Field Olszyk et al. 2003
Seedling CO2, temp. Biomass Field Olszyk et al. 2005
Seedling Temp. Biomass Chamber Sorenson and Ferrell 1973
Seedling CO2, temp. Anet Mesocosm Tingey et al. 2007

Tsuga heterophylla Seedling Temp. Biomass Chamber Brix 1971

Note: Studies are grouped by species used and may appear more than once. Temp., temperature; Anet, net CO2 assimilation rate; Jmax, maximum electron transport
rate; Vcmax, maximum RuBisCO carboxylation rate; OTC, open top chamber; WTC, whole tree chamber.

Fig. 2. Effects of changes in growth temperature at either ambient
(open boxes) or elevated CO2 concentrations (filled boxes) on the
biomass response ratio in boreal tree species. Average level of [CO2]
elevation was 316 ± 165 ppm (mean ± SD). Horizontal line indicates
biomass response ratio = 1; N = 203 measurements from 47 studies.
Boxplots show temperature bins in 5 °C intervals, see text for
details. Numbers associated with boxplots indicate sample size
(N = 4–44, N = 46 for 0 °C temperature change and ambient [CO2]);
boxplots indicate median, 25th, and 75th percentiles; whiskers
indicate 10th and 90th percentiles.
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(where applicable): evergreen or deciduous leaf form; broad-leaf
or needle growth form; chamber type (open-top chamber, whole
tree chamber, greenhouse, growth chamber, open field); life stage
(seedling, sapling, mature); species; day temperature change;
night temperature change; and, CO2 concentration change. Can-
didate models were first constructed using the leaps package in R
to select the best additive model containing numerical predictors
with the lowest Bayesian information criterion (BIC) (Quinn and
Keough 2002); BIC was chosen over Akaike’s Information Crite-
rion because BIC is more conservative and penalizes the complex-
ity (i.e., number of terms) in a model more intensely than does
AIC. Next, all possible interaction terms and categorical explana-
tory variables were added to the model, which was then reduced
stepwise by removing nonsignificant predictor variables and (or)
interaction terms until BIC was minimized. The top two models
(those with the lowest BIC) are shown for comparison; the best
model is that which has the lowest BIC and is significant. Three
points (two for Pinus banksiana, one for Pinus contorta) had biomass
response ratios >4 under elevated [CO2], and these points are not
shown in the figures but were used in the analysis; these points
were not significant in the best model.

The biomass response ratio was best explained by increases
in day temperature and [CO2]. Biomass responded positively to
increases in day temperature (P < 0.001) and elevated [CO2]
(P < 0.0001; Fig. 2; Table 2); however, the best model did not show
an interaction between temperature and [CO2] and the general
response of biomass gain in boreal species to rising temperatures
does not therefore depend on [CO2]. There was no significant dif-
ference between evergreen and deciduous growth forms or be-
tween species, suggesting that boreal trees may respond similarly
to increasing temperature and [CO2], in contrast to the overall
pattern seen in Way and Oren (2010). Given that there was no
significant effect of chamber type or life stage, it may therefore be
possible to generalize across life stages and studies in regard to
[CO2] × warming manipulations. The biomass of trees exposed to
elevated [CO2] was stimulated above the ambient CO2-treated tree
biomass (Fig. 2). Much of the significant temperature response
was driven by reduced biomass in trees grown at cooler than
current growth temperatures; in fact, the median biomass was
similar in trees grown at high growth temperatures and ambient
[CO2] compared with the control temperature and CO2-treated
trees (Fig. 2). Viewing the data in Fig. 2 as a growth-response curve
therefore implies that increased temperatures (of +1–5 °C) may
increase future growth in these species at elevated [CO2], but that
the more extreme warming predicted for these regions may offset
this effect, as median biomass is barely stimulated above control
values when elevated [CO2] is combined with the elevated temper-
atures of 5–10 °C (Fig. 2). However, more data are needed on ex-
treme warming (>+6 °C) with elevated [CO2] to verify whether

growth will be reduced at higher temperatures despite CO2 fertil-
ization.

The Anet of boreal species showed a different response to changes
in climate factors than biomass. Anet was positively correlated
with increases in CO2 (P < 0.0001), but unaffected by growth tem-
perature changes (Fig. 3A; Table 2). As with biomass, there was no
effect of evergreen/deciduous leaf type, species, chamber type, or
life stage suggesting that Anet exhibits the same response for all
boreal trees in these studies. While the effect of [CO2] on Anet was
strong, that of temperature was not significant, indicating that
photosynthetic rates in boreal tree species were not affected by an
increase in growth temperature, consistent with the discussion
presented earlier in the paper (see section on: Effects of warming on
physiology).

There were not enough data on the responses of photosynthetic
capacity (either Vcmax or Jmax) to increased temperature for analy-
sis, so all data were pooled into ambient or elevated [CO2] catego-
ries. Growth [CO2] significantly reduced Vcmax by �10% on average
(i.e., down-regulation of photosynthetic capacity; Fig. 3B; Table 2),
while Jmax was not significantly affected by either growth temper-
ature or [CO2] (Table 2). As our data show that Anet is stimulated by
elevated [CO2], this down-regulation of Vcmax is generally more
than compensated for by the direct effect of high CO2 concentra-
tions on photosynthesis. Chamber type, evergreen/deciduous
growth form, species, and life stage were not significant compo-
nents of any of the models. Thus, the balance between Vcmax and
Jmax may decrease with elevated [CO2] in boreal tree species, but
the temperature (and temperature × [CO2]) response of Vcmax and
Jmax remains unclear.

Implications for boreal forests
As the climate warms, the boreal treeline is expected to advance

northward (Grace et al. 2002) and forest NPP is projected to in-
crease (Qian et al. 2010). Our data suggest that boreal tree species
do have the potential for positive physiological and growth re-
sponses to moderate combined increases in temperature and
[CO2]. However, forest responses to these climate factors may not
be realistically predicted from these results if tree responses to
rising CO2 and temperature are limited by water stress, nutrient
availability, or photoperiod in the field. As discussed above, there
is a positive correlation between warmer, earlier springs and drier
growing seasons that can limit tree productivity (Buermann et al.
2013). A study on drought-induced mortality in North American
boreal forests found that mortality rates have increased 2%–5%
since 1963 (Peng et al. 2011), reinforcing the message that water
may be the primary limiting factor on forest productivity in the
future. Recent evidence of asymmetry between positive spring
growth responses and negative autumn growth responses to

Table 2. Summary of best general linear models for responses of biomass, net CO2 assimilation rate (Anet), maximum
RuBisCO carboxylation rate (Vcmax), and maximum electron transport rate (Jmax) to changes in growth temperature
and CO2 concentrations according to Bayesian Information Criterion (BIC).

F
Model
P-value BIC TDay TNight CO2 Species

Biomass F[2,207] = 22.8 <0.0001 518 <0.001 — <0.0001 —
F[3,206] = 16.0 <0.0001 521 <0.0005 0.151 <0.0001 —

Anet F[1,129] = 50.6 <0.0001 −9.27 — — <0.0001 —
F[2,128] = 25.3 <0.0001 −4.59 0.661 — <0.0001 —

Vcmax F[1,32] = 20.1 <0.0001 −47.0 — — <0.0001 —
F[9,24] = 4.66 <0.005 −36.6 — — <0.0001 <0.05a

Jmax F[1,29] = 0.59 0.4496 −24.0 — — 0.45 —
F[7,23] = 2.34 0.0582 −19.5 — — — <0.05a

Note: Other parameters used in construction of the models were chamber type (open-top chamber, whole tree chamber, green-
house, growth chamber, open field), life stage (seedling, sapling, mature), evergreen/deciduous, broadleaf/needle; these parameters did
not appear in the best models. TDay, day temperature warming; TNight, night temperature warming; CO2, CO2 elevation.

aPicea glauca and Pinus banksiana both had significant effects in the model, such that they responded differently than the other
species.
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warming also point to the need to better understand the role of
photoperiod in these forests. Lastly, the strong nutrient limita-
tions seen on growth responses to elevated [CO2] and temperature
in Picea abies in whole-tree chambers indicate that small-scale
studies are unlikely to capture the true environmental dynamics
controlling growth in the field (Ryan 2013; Sigurdsson et al. 2013).
Low nutrient availability strongly limited photosynthesis and
growth in high latitude P. glauca as well: fertilizer addition en-
hanced growth at the treeline, but not in sites with warmer soils,
likely due to reduced rates of nitrogen fixation by soil microbes in
cold soils (McNown and Sullivan 2013).

The likelihood of negative responses to warming in the boreal is
also borne out by remote sensing data and tree ring analyses.
Widespread browning trends are evident in central boreal zones
in North America, and greening is generally limited to the very
northern edges of the ecosystem and is attributable to shrub ex-
pansion on the tundra (Goetz et al. 2005; Verbyla 2008; Beck et al.
2011). Dendrochronology work shows that these browning trends
are common in dominant spruce species and in the warmest re-
gions of species’ ranges, implying that elevated temperatures
alone or warming-associated drying is responsible for tree de-
clines (Lloyd and Bunn 2007).

Understanding how key environmental limitations will affect
boreal forests in coming decades is therefore key to improving our
ability to predict how northern forests will respond to climate
change in coming decades. Most greenhouse and chamber exper-
iments, like those analyzed here, provide ample water and nutri-
ents, factors that are likely to limit photosynthetic and growth
responses to warming and elevated CO2 in natural forest systems.
To fully address how boreal forests will respond to a changing
climate will therefore require a combination of (i) multifactor
experiments manipulating [CO2] and temperature along with nu-
trients and water supply; (ii) field experiments that address the
role of [CO2] and rising temperatures on tree performance under
natural conditions; and (iii) better linkages between researchers
who work on these experiments with those studying larger scale
processes, such as the eddy flux, remote sensing, and modeling
communities, to better guide research questions.
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