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The bigger they are, the harder they fall: CO2 concentration 
and tree size affect drought tolerance
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A major concern in recent years has been the widespread tree 
mortality seen in many parts of the world associated with 
droughts and heat waves (Hartmann 2011). Although rising 
temperatures and shifting precipitation regimes are expected 
to cause more of these mortality events, the associated rise in 
atmospheric CO2 concentrations could improve tree water use 
efficiency, thus mitigating the effect of heat and drought on 
trees. In this issue, Warren et al. (2011) report the opposite—
elevated CO2 concentrations promoted greater senescence in 
temperate trees (Liquidambar styraciflua, sweetgum) experi-
encing a severe summer drought when compared with ambient 
CO2 conditions. Stands exposed to elevated CO2 had greater 
root standing biomass and lower stomatal conductance (gs) 
than ambient stands, which should increase water uptake abil-
ity and soil moisture, respectively, thereby improving drought 
tolerance. However, trees in high-CO2 plots were hit harder by 
the drought: they shed more foliage and had lower modeled 
net photosynthetic rates during the drought than trees from 
ambient CO2. The paper synthesizes a wide range of data 
across a number of scales, including leaf-level gas exchange, 
branch hydraulics, stem sap flow, fine root dynamics and stand-
level biomass estimates, to provide a multi-faceted picture of 
how carbon and water fluxes were affected by this climatic 
event. The results also concur with another recent report, 
where Populus deltoides grown at elevated CO2 for 3 years 
were more susceptible to water stress, and shed more total 
leaf area during a drought, than trees from ambient CO2 (Bobich 
et al. 2010).

Could rising CO2 actually increase the susceptibility of forests 
to droughts? A reduction in gs at elevated CO2 is a common 
response across many species, with an average decrease of 
22% (Ainsworth and Rogers 2007), leading to the expectation 
that plants will use less water in a high-CO2 world and be less 

susceptible to drought. On a larger scale, this direct stomatal 
effect has been incorporated into global models—for example, 
to predict increased water run-off at the continental scale (Betts 
et al. 2007). However, this leaf-level effect can disappear at the 
canopy level if leaf area increases at high CO2 (Field et al. 
1995). At the Oak Ridge Free Air CO2 Enrichment (FACE) site, 
where Warren et al. (2011) worked, elevated CO2 led to a 
22–24% decrease in leaf-level gs over the growing season, 
which scaled to a more modest 14% decrease in canopy con-
ductance (gc) over the same period (Wullschleger et al. 2002). 
Across FACE experiments, leaf area index is usually greater in 
high-CO2 plots than in ambient plots, a shift that can offset leaf-
level gs-based water savings or even increase water use at the 
stand and global scales (Kergoat et al. 2002, Bobich et al. 
2010, Warren et al. in press).

As Warren et al. (2011) point out, lower gs also reduces the 
capacity of leaves to dissipate heat through latent heat loss 
(i.e., evaporative cooling). While canopy temperatures were not 
directly measured by Warren et al. (2011), modeled leaf tem-
perature differences between CO2 treatments showed that 
elevated CO2 should have increased leaf temperatures by 
1–2 °C over ambient CO2 leaves. Warmer leaves have been 
found in other CO2 enrichment experiments, with canopy tem-
peratures up to 2 °C warmer on days with bright sunshine 
(Kimball and Bernacchi 2006, Bernacchi et al. 2007). This rise 
in leaf temperature can directly increase the leaf-to-air vapor 
pressure deficit, thus increasing transpiration rates and offset-
ting the effect of lower gs on transpiration. Indirectly, lower gs 
at elevated CO2 can decrease the humidity within the canopy, 
again increasing the vapor pressure deficit and transpiration 
rates (Wullschleger et al. 2002).

While increases in leaf temperature can affect plant water 
loss, they also impact carbon fluxes. Plants across a diversity 
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of environments regulate leaf temperature within a range that 
is conducive for photosynthesis (Helliker and Richter 2008). 
While a 1–2 °C warming may stimulate photosynthesis at low 
air temperatures, a high-CO2 environment is more likely to 
coincide with increases in the frequency of heat waves and 
droughts than of suboptimal temperatures. During heat events, 
such as the one documented in Warren et al. (2011), warming 
of leaves above the photosynthetic thermal optimum will reduce 
carbon gain, while short-term temperature increases will also 
stimulate respiration, both reducing tree carbon balance. Rising 
CO2 is often thought to mitigate heat-induced carbon balance 
decline, since elevated CO2 stimulates photosynthetic rates 
and increases the thermal optimum for photosynthesis (Sage 
and Kubien 2007). However, in the system studied by Warren 
et al. (2011), nitrogen limitations have caused acclimation of 
photosynthesis to high CO2. When measured at treatment CO2 
and optimum leaf temperatures, there was only a 6% enhance-
ment of photosynthesis in elevated CO2 leaves compared with 
ambient CO2 leaves and net photosynthetic rates in both CO2 
treatments had similar temperature responses, especially at 
high leaf temperatures (Warren et al. 2011). With similar photo-
synthetic rates in ambient and elevated CO2 sites, the 1–2 °C 
leaf warming modeled for high-CO2 conditions should have 
reduced carbon gain in elevated CO2 stands during heat events, 
while the cooler ambient stands would be less affected. Warren 
et al. (2011) postulate that a decline in carbon balance in ele-
vated CO2 stands during the heat and drought event led to 
greater leaf abscission and fine root mortality in high-CO2 sites 
than in ambient CO2 stands.

So should we expect rising CO2 to mitigate or exacerbate 
heat and drought stress in forests? Part of the answer may lie 
in differences between stand characteristics. In Warren et al. 
(2011), large trees in both CO2 treatments had bigger drops in 
gc than small trees in response to drought, so the CO2 effect of 
suppressing gs was greatest in big trees. If this decrease in gs, 
with associated increased leaf temperatures and reduced car-
bon balance, underlies the results in Warren et al. (2011), high 
CO2 may exacerbate heat and drought stress more in older 
forests with larger individuals. Responses between species will 
also be important: while sap flow, and measures of gc, declined 
in sweetgum exposed to elevated CO2 relative to ambient CO2 
at the Duke FACE site, Pinus taeda (loblolly pine) showed an 
increase in sap flow (Schäfer et al. 2002). Similarly, water 
stress led to reductions in a standardized measure of gs at the 
canopy level in sweetgum and Ulmus alata (winged elm), but 
not loblolly pine or Cornus florida (flowering dogwood), in high-
CO2 plots relative to ambient CO2 conditions (Domec et al. 
2010). The reasons underpinning these differences in drought 
response across species are not yet understood, but would 
prove informative for making predictions about future forest 
responses. Lastly, decreased carbon balance under severe 
droughts may be more prevalent in stands where nitrogen limi-

tations prevent photosynthetic stimulation by high CO2. 
However, since nitrogen limitations are common in forest eco-
systems, size class and species differences may be more 
important factors in governing tree responses to drought under 
rising CO2 than nutrient availability.

References

Ainsworth, E.A. and A. Rogers. 2007. The response of photosynthesis 
and stomatal conductance to rising [CO2]: mechanisms and environ-
mental interactions. Plant, Cell Environ. 30:258–270.

Bernacchi, C.J., B.A. Kimball, D.R. Quarles, S.P. Long and D.R. Ort. 2007. 
Decreases in stomatal conductance of soybean under open-air ele-
vation of CO2 are closely coupled with decreases in ecosystem 
evapotranspiration. Plant Physiol. 143:134–144.

Betts, R.A., O. Boucher, M. Collins, et al. 2007. Projected increase in 
continental runoff due to plant responses to increasing carbon diox-
ide. Nature 448:1037–1041.

Bobich, E.G., G.A. Barron-Gafford, K.G. Rascher and R. Murthy. 2010. 
Effects of drought and changes in vapor pressure deficit on water 
relations of Populus deltoides growing in ambient and elevated CO2. 
Tree Physiol. 30:866–875.

Domec, J.C., K. Schafer, R. Oren, H.S. Kim and H.R. McCarthy. 2010. 
Variable conductivity and embolism in roots and branches of four 
contrasting tree species and their impacts on whole-plant hydraulic 
performance under future atmospheric CO2 concentration. Tree 
Physiol. 30:1001–1015.

Field, C.B., R.B. Jackson and H.A. Mooney. 1995. Stomatal responses 
to increased CO2: implications from the plant to the global scale. 
Plant, Cell Environ. 18:1214–1225.

Hartmann, H. 2011. Will a 385 million year-struggle for light become a 
struggle for water and carbon? How trees may cope with more fre-
quent climate change-type drought events. Glob. Change Biol. 
17:642–655.

Helliker, B.R. and S.L. Richter. 2008. Subtropical to boreal convergence 
of tree-leaf temperatures. Nature 454:511–514.

Kergoat, L., S. Lafont, B. Douville Berthelot, G. Dedieu, S. Planton and 
J.F. Royer. 2002. Impact of doubled CO2 on global-scale leaf area 
index and evapotranspiration: conflicting stomatal conductance and 
LAI responses. J. Geophys. Res. Atmos. 107:D24 4808.

Kimball, B.A. and C.J. Bernacchi. 2006. Evapotranspiration, canopy 
temperature, and plant water relations. In Managed Ecosystems and 
CO2: Case Studies, Processes, and Perspectives. Eds. J. Nösburger, 
S.P. Long, R.J. Norby, M. Stitt, G.R. Hendrey and H. Blum. Springer, 
Berlin, pp 311–324.

Sage, R.F. and D.S. Kubien. 2007. The temperature response of C3 
and C4 photosynthesis. Plant Cell Environ. 30:1086–1106.

Schäfer, K.V.R., R. Oren, C-T. Lai and G.G. Katul. 2002. Hydrologic bal-
ance in an intact temperate forest ecosystem under ambient and 
elevated atmospheric CO2 concentration. Glob. Change Biol. 
8:895–911.

Warren, J.M., E. Potzelsberger, S.D. Wullschleger, P.E. Thornton, 
H. Hasanauer and R.J. Norby. Ecohydrological impact of reduced 
stomatal conductance in forests exposed to elevated CO2. 
Ecohydrology (in press).

Warren, J.M., R.J. Norby and S.D. Wullschleger. 2011. Elevated CO2 
enhances leaf senescence during extreme drought in a temperate 
forest. Tree Physiol. 31:117–130.

Wullschleger, S.D., C.A. Gunderson, P.J. Hanson, K.B. Wilson and 
R.J. Norby. 2002. Sensitivity of stomatal and canopy conductance to 
elevated CO2 concentration—interacting variables and perspectives 
of scale. New Phytol. 153:485–496.

116 Way
 at D

uke U
niversity on M

arch 30, 2011
treephys.oxfordjournals.org

D
ow

nloaded from
 

http://treephys.oxfordjournals.org/

