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LETTER

Reply to Garen et al.: Within- canopy temperature data also 
do not support limited homeothermy
Christopher J. Stilla,1 , Gerald F. M. Pageb , Bharat Rastogic,d , Daniel M. Griffitha,e , Donald M. Aubrechtf,g, Youngil Kimh, 
Sean P. Burnsi,j, Chad V. Hansona, Hyojung Kwona, Linnia Hawkinsa, Frederick C. Meinzerk , Sanna Sevantol, 
Dar A. Robertsm , Mike Gouldenn , Stephanie Pauo, Matteo Dettop,q , Brent R. Hellikerr , and Andrew D. Richardsonf,g

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 (Tcan) at our sites, and we support addi-
tional vertical leaf temperature (Tleaf) studies in various forest 
types to better understand the microclimate and metabo-
lism of shade leaves. However, our imaging in combination 
with ecosystem- scale CO2, H2O, 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 
Tair 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 (Tair) or slightly cooler based on energy balance 
considerations given the lower and more diffuse solar irra-
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 
Tleaf, as 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 (Topt = 30.2 C); indeed, raising 

Tleaf above Tair might be expected if homeothermy were 
occurring, given that Tair is always below Topt.

The use of nonaspirated Tair sensors in ref. 7 could lead to 
overestimated Tairunder high insolation (canopy top) and in 
the subcanopy where wind speeds are lower (9), likely influ-
encing Tleaf/Tairslopes. 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 Tair. 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).
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