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We thank Garen et al. (1) for their comment and agree that
there are many issues related to plant thermoregulation
that require further study. We do not dispute that our ther-
mal imaging (2) primarily measured the temperature of
upper-canopy leaves (T,,,) at our sites, and we support addi-
tional vertical leaf temperature (T, studies in various forest
types to better understand the microclimate and metabo-
lism of shade leaves. However, our imaging in combination
with ecosystem-scale CO,, H,0, and energy flux observa-
tions support our rejection of limited homeothermy in forest
canopies. Importantly, we did not assert that canopy-scale
thermoregulation is not happening, just that there is no evi-
dence for it leading to canopy temperature cooling below
T,ir as would be expected by homeothermy. Part of the dis-
crepancy is perhaps related to thermoregulation terminol-
ogy, in particular the unfortunate application of terms from
the animal physiology literature implying active behavior by
plants (3).

Despite areas of agreement, we dispute the assertion by
Garen et al. that the data they present from a single site is
evidence for limited homeothermy occurring in shade
leaves. It's unsurprising that lower-canopy leaves are slightly
cooler than air, a phenomenon noted in our paper. Shade
leaf temperatures would be expected to stay near air tem-
perature (T,;,) or slightly cooler based on energy balance
considerations given the lower and more diffuse solarirra-
diance absorbed by shade leaves, as well as microclimate
buffering. It's puzzling to argue that subcanopy leaves are
more actively thermoregulating than canopy-top leaves, as
shade leaves don't regulate stomatal conductance, and thus
Tieqrs @s Much as leaves at the top of the canopy do (4) given
the different hydraulic constraints and microclimates they
experience (5, 6); additionally, larger leaf sizes and lower
stomatal densities in shade leaves (7) combined with lower
wind speeds would decrease leaf boundary layer conduct-
ance and further reduce stomatal control of transpiration
(8). Finally, Garen et al. provide no evidence that shade
leaves actively modify their temperature relative to the site
mean photosynthetic optima (T, = 30.2 C); indeed, raising
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Tieqr @bove T, might be expected if homeothermy were
occurring, given that T, is always below T,,.

The use of nonaspirated T,;, sensors in ref. 7 could lead to
overestimated T,,under high insolation (canopy top) and in
the subcanopy where wind speeds are lower (9), likely influ-
encing T/ ToiSlopes. Also, the slopes Garen et al. do provide
are well above values reported previously as evidence of
homeothermy: While their slopes are quite close to 1 (range
0.91 to 0.95), earlier analyses arguing for limited homeo-
thermy suggested values of 0.67 and 0.74 (10, 11). Garen
et al.s slopes better approximate poikilothermy, with leaves
closely tracking T,;,. Indeed, the study which they use for their
data also found no evidence of limited homeothermy at any
canopy height and inferred a limited ability for tropical trees
to thermoregulate (7).

Author affiliations: “Forest Ecosystems and Society, Oregon State University, Corvallis,
OR 97331; ®School of Environmental and Conservation Sciences, Murdoch University, WA
6150, Australia; “Cooperative Institute for Research in Environmental Sciences, University
of Colorado, Boulder, CO 80309; “Global Monitoring Laboratory, National Oceanic and
Atmospheric Administration, Boulder, CO 80305; °Earth and Environmental Sciences,
Wesleyan University, Middletown, CT 06459; ‘Center for Ecosystem Science and Society,
Northern Arizona University, Flagstaff, AZ 86011; 8School of Informatics, Computing,
and Cyber Systems, Northern Arizona University, Flagstaff, AZ 86011; "Meteorology
Section, Canadian Forces Base Trenton, Canadian Forces, Trenton K8V 5P5, Canada;
'Department of Geography, University of Colorado, Boulder, CO 80309; 'National Center
for Atmospheric Research, Boulder, CO 80301; “United States Department of Agriculture
Pacific Northwest Research Station, Corvallis, OR 97331; 'Earth and Environmental
Science Division, Los Alamos National Laboratory, Los Alamos, NM 87545; ™Department
of Geography, University of California, Santa Barbara, CA 93106; "Department of
Earth System Science, University of California Irvine, Irvine, CA 92697; °Department of
Geography, Florida State University, Tallahassee, FL 32305; PDepartment of Ecology and
Evolutionary Biology, Princeton University, Princeton, NJ 08544; Smithsonian Tropical
Research Institute, Balboa 0843-03092, Panama; and "Department of Biology, University
of Pennsylvania, Philadelphia, PA 19104

Author contributions: CJ.S. designed research; CJ.S. performed research; CJ.S.
contributed new reagents/analytic tools; CJ.S. analyzed data; G.F.M.P., B.R., D.M.G,,
D.MA., YK.,S.P.B,CV.H, HK, LH, F.CM,SS., D.AR., M.G,, S.P.,, M.D., B.R.H., and A.D.R.
co-author of reply; and CJ.S., G.F.M.P,, B.R.,, D.M.G., D.M.A,, Y.K, S.P.B., CV.H., HK, LH.,
F.C.M., S.S., D.AR., M.G,, S.P,, M.D., B.R.H., and A.D.R. wrote the paper.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS. This article is distributed under
Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email: chris.still@oregonstate.edu.
Published April 3, 2023.

1. J.C.Garen etal., Canopy-top measurements do not accurately quantify canopy-scale leaf thermoregulation.

2. C.J.Stilletal, No evidence of canopy-scale leaf thermoregulation to cool leaves below air temperature across a range of forest ecosystems. Proc. Natl. Acad. Sci. U.S.A. 119, 2205682119 (2022).
3. M.A. Cavaleri, Cold-blooded forests in a warming world. New Phytol. 228, 1455-1457 (2020).

4. W.E.Winner et al., Canopy carbon gain and water use: Analysis of old-growth conifers in the Pacific Northwest. Ecosystems 7, 482-497 (2004).

5. D.R.Woodruff, F. C. Meinzer, K. A. McCulloh, Height-related trends in stomatal sensitivity to leaf-to-air vapour pressure deficit in a tall conifer. J. Exp. Botany 61, 203-210(2010).

6. M.Detto, S.W. Pacala, Plant hydraulics, stomatal control and the response of a tropical forest to water stress over multiple temporal scales. Glob. Chang. Biol. 28, 4359-4376(2022).

7. B.D.Milleretal, Only sun-litleaves of the uppermost canopy exceed both air temperature and photosynthetic thermal optima in a wet tropical forest. Agric. For. Meteorol. 301-302, 108347 (2021).
8. A.Leigh, S.Sevanto, J. D. Close, A. B. Nicotra, The influence of leaf size and shape on leaf thermal dynamics. Does theory hold up under field conditions? Plant, Cell Environ. 40, 237-248(2017).
9. R.Nakamura, L. Mahrt, Air temperature measurement errors in naturally ventilated radiation shields. J. Atmos. Oceanic Technol. 22, 1046-1058 (2005).

10.  S.T.Michaletz et al., Plant thermoregulation: Energetics, trait-environment interactions, and carbon economics. Trends Ecol. Evol. 30, 714-724(2015).

11, S.T.Michaletz et al., The energetic and carbon economic origins of leaf thermoregulation. Nat. Plants 2,1-9 (2016).

https://doi.org/10.1073/pnas.2302515120 1 of 1


mailto:
https://orcid.org/0000-0002-8295-4494
https://orcid.org/0000-0003-3531-7123
https://orcid.org/0000-0003-4532-5733
https://orcid.org/0000-0001-7463-4004
https://orcid.org/0000-0003-2387-2031
https://orcid.org/0000-0002-3555-4842
https://orcid.org/0000-0002-9379-3948
https://orcid.org/0000-0003-0494-188X
https://orcid.org/0000-0001-7621-2358
https://orcid.org/0000-0002-0148-6714
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chris.still@oregonstate.edu
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2302515120&domain=pdf&date_stamp=2023-4-3

	Reply to Garen et al.: Within-­canopy temperature data also do not support limited homeothermy

