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Reply to Sala: Temperature sensitivity
in drought-induced tree mortality
hastens the need to further resolve a
physiological model of death

Our recent study (1) of piñon pine (Pinus edulis) response to
change in climate, on which Sala (2) comments, documented
that drought-induced mortality was temperature-sensitive. In
addition, we showed that time to tree mortality was predicted
by leaf-level cumulative respiration for ambient and warmer
treatments. Notably, our study experimentally assessed tem-
perature sensitivity of drought mortality by tracking individ-
ual physiological responses throughout the death process. Am-
bient and warmer treatments did not differ in water balance
in such a manner as to drive differences in mortality, yet
higher respiration rates under warmer temperatures were as-
sociated with earlier death of individual trees. Two related
studies provide additional support implicating carbon starva-
tion via respiration during protracted water stress. First, mod-
eling of physiological responses indicated that even short
droughts drove leaf water potential of piñon pine—a drought-
avoiding, isohydric species—quickly below its zero-carbon as-
similation point (3). Second, long-term observational mea-
surements of predawn water potential of piñon pine
documented that trees could survive shorter but not longer
periods of water stress below their zero-carbon assimilation
point (4).

To further refine our understanding of variation in mortal-
ity responses among systems and species, more detailed, spe-
cific physiological insights are now needed, as Sala suggests
(2). For piñon pine, a species that cannot resprout foliage af-
ter its loss, carbon metabolism at the leaves—the location of
growth and tissue maintenance—is associated with mortality
(1). Starvation could occur through a reduction in local pools
and/or a breakdown in the tree’s ability to translocate re-
sources from distant pools to the site of metabolism, as Sala
notes (2). Resolving tensions and dynamics between these car-
bon pools is indeed key to refining our understanding of how
mortality occurs (2). If carbon translocation limitation is an
important part of this process, then resources stored prior to
drought would have a reduced influence on survival if they
were inaccessible. Carbon starvation and hydraulic failure cer-
tainly are interrelated (3), as noted previously (1). When the
trees died in our experiment, water potentials indicated com-
plete xylem embolism had occurred, which would interfere
with phloem function following the pressure-flow model (5),

but low water potentials alone did not predict time to mortal-
ity. Although no study has yet shown depletion of tree carbon
resources prior to drought-induced death, some studies do
indeed indicate that carbon resources can decrease during
drought stress. For example, reductions in nonstructural car-
bohydrates are evident with seasonal drought in the leaves of
3 Mediterranean sclerophyllous shrubs (6) and during severe
drought in the roots of Pinus palustris (7). Independent of this
point, our results indicate that the physiological component of
drought-induced tree mortality that is highly sensitive to tem-
perature is associated with respiration. Such a finding pro-
vides a mechanistic foundation for predicting patterns of mor-
tality in the future. All else remaining equal, warming
temperatures will sharply increase the frequency of regional
tree die-off under warmer climate. Development of an im-
proved physiological model of how trees die from drought
and warmer temperature is now a common challenge for the
research community.
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