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Understanding and predicting the relationship between leaf temperature (77,0 and air
temperature (7,;,) is essential for projecting responses to a warming climate, as studies
suggest that many forests are near thermal thresholds for carbon uptake. Based on leaf
measurements, the limited leaf homeothermy hypothesis argues that daytime 77, is
maintained near photosynthetic temperature optima and below damaging temperature
thresholds. Specifically, leaves should cool below 7. at higher temperatures (i.e., >
~25-30°C) leading to slopes <1 in 7y,//T,; relationships and substantial carbon
uptake when leaves are cooler than air. This hypothesis implies that climate warming
will be mitigated by a compensatory leaf cooling response. A key uncertainty is under-
standing whether such thermoregulatory behavior occurs in natural forest canopies. We
present an unprecedented set of growing season canopy-level leaf temperature (7,,)
data measured with thermal imaging at multiple well-instrumented forest sites in North
and Central America. Our data do not support the limited homeothermy hypothesis:
canopy leaves are warmer than air during most of the day and only cool below air in
mid to late afternoon, leading to 7,,/T,;. slopes >1 and hysteretic behavior. We find
that the majority of ecosystem photosynthesis occurs when canopy leaves are warmer
than air. Using energy balance and physiological modeling, we show that key leaf
traits influence leaf-air coupling and ultimately the 7,/ T,; relationship. Canopy struc-
ture also plays an important role in 7, dynamics. Future climate warming is likely
to lead to even greater T,,, with attendant impacts on forest carbon cycling and

mortality risk.
leaf temperature | canopy temperature | homeothermy | photosynthesis | leaf traits

Temperature is a primary environmental control on biological systems and processes at
a range of spatial and temporal scales. Its influence spans from enzymatic reactions to
ecosystem biogeochemistry to large-scale species distributions. Temperature is also a
basic component of climate and much of the concern about the impact of climate
warming on the biosphere is motivated by the pervasive influence of temperature on
organisms. Leaf temperature (77,0 has long been recognized as important for plant
function as it strongly and nonlinearly influences photosynthesis, respiration (1-4),
and transpiration (e.g., 5). Dynamics of 77,rin different habitats are also affected by
how leaf size varies with climate and latitude. A global meta-analysis of leaf size in rela-
tion to environmental variables found that large leaves occur preferentially in warm
and wet climates, with 77, variations affecting selection for maximum possible leaf
sizes in differing climates (6). The temperature of leaves is, therefore, of fundamental
importance to plant evolution, productivity, and distribution.

There is an emerging appreciation of variation in 77, and its critical control on
many aspects of plant and ecosystem function. Several studies document temperature
thresholds for positive net photosynthesis at leaf and canopy scales, with evidence that
current temperatures are approaching or surpassing such thresholds, particularly in
tropical forests (7—10). This has large implications for forest carbon balance and the
global carbon cycle. If tropical canopy photosynthesis declines with increasing tempera-
ture while respiration continues to increase, then the strength of the carbon sink in the
tropics will be reduced. The temperature sensitivity of leaf respiration—and its acclima-
tion to rising temperature—underlines the importance of accurate 1}qf measurements
and models for predicting carbon fluxes (4, 11-13). Finally, the increasing prevalence
of heat extremes and heat waves resulting from climate warming (14, 15) has height-
ened interest in how ecosystems respond to such events, in particular, how leaves can
avoid heat stress and mortality (16). Thus, understanding 77, variations and controls
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Significance

Leaf temperature has long been
recognized as important for plant
function, and climate warming
may lead to outsized impacts on
leaf temperature and function.
This includes carbon assimilation,
as numerous studies suggest that
a variety of ecosystems are
operating at or near thermal
thresholds. However, sustained,
high-frequency measurements of
canopy-scale leaf temperature
across a range of ecosystems and
conditions are rare. We show that
daytime canopy leaf temperatures
do not cool below air as predicted
by the leaf homeothermy
hypothesis. Leaves are typically
warmer than air and the
magnitude of this departure varies
with leaf size and canopy
structure. AlImost all ecosystem
photosynthesis occurs when leaf
temperature exceeds air
temperature. Future warming is
unlikely to be mitigated by leaf
cooling.
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is essential for predicting forest carbon uptake and mortality
associated with rising temperatures, heat waves, and droughts.

Based on short-term measurements of 77,,rand air tempera-
ture (7,;,), Linacre (17) noted that leaves of well-watered plants
can deviate from air temperature: leaves were warmer than air
below a given temperature and cooler than air above this
threshold. Later, Mahan and Upchurch (18) measured 77,/ of
cotton plants (Gossypium hirsutum L.) and highlighted the latter
phenomenon, i.e., 7}, was below 7, when T, exceeded
~27°C. These observations led to the “limited homeothermy”
hypothesis, which posits that leaves cool substantially via tran-
spiration above a threshold 7., thus maintaining 77, closer
to optimal values for photosynthesis (18). This hypothesis was
expanded by Michaletz et al. (19), who derived a 7,/ /T,;
slope of 0.74 using literature data compiled from many
species. In practice, leaf homeothermy—or “leaf homeostasis”
(20, 21)—results in slopes <1 when regressing 77,,r vs. T
(22). This means that over the course of the day, leaves should
warm at a rate slower than the air and, of particular impor-
tance, remain cooler than air beyond a threshold temperature,
ie, a negative (7}, — 1.;,) (19, 22). Correspondingly, leaves
should experience a narrower range of temperatures than adja-
cent air if homeothermy is occurring (20). The hypothesis also
proposes that transpirational cooling of 77,,,will maximize net
carbon assimilation, growth, and fitness by maintaining photo-
synthesis within 90% of optimal rates (19). This implies that
significant carbon uptake occurs when leaves are cooler than
air (Fig. 1). Finally, if homeothermy is widespread and com-
mon, then it should manifest at canopy scales in a range of
ecosystems.

It remains unclear whether homeothermy occurs in natural
settings (21-24), as well as how 77,,r relates to carbon uptake
when plants are exposed to large fluctuations of covarying envi-
ronmental factors. We have a limited appreciation of 7y,
regimes in forests and an incomplete understanding of how leaf
thermal dynamics upscale to canopy and ecosystem levels (25).
Rarer still are datasets that capture simultaneous measurements
of the abiotic drivers (e.g., incident solar radiation, wind speed,
atmospheric humidity) of 77,r and of ecosystem-atmosphere
energy and mass fluxes. This lack of environmental context lim-
its our understanding of canopy 77,,rdynamics in response to

1 — Leaf temperature equals air temperature
40 --- Limited homeothermy
~= Leaf temperature increases faster than air temperature

35 ] e -

30

25 e

Leaf Temperature (°C)

20

Typical optimal temperature range for photosynthesis
15 (light blue band)

T T T T T T T T

16 18 20 22 24 26 28 30 32
Air Temperature (°C)

Fig. 1. Conceptual model of different T,/ T relationships in relation to
optimal temperatures for photosynthesis. The solid line is the 1:1 relation-
ship and represents T perfectly coupled to T, while the dashed-dotted
line represents a leaf that warms at 1.25 times the rate of air warming. The
dashed line represents an example of limited leaf homeothermy where T,
becomes uncoupled from T, and stays in a narrow optimal temperature
range as Tg;r increases, similar to (18). The light blue area represents a typi-
cal optimal temperature range for net leaf photosynthesis from (67).
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environmental drivers and hinders our ability to project climate
change impacts on forests. Here, we present a multisite synthe-
sis of canopy-scale leaf temperature data—hereafter called
canopy-level leaf temperature (7,,) following (26)—measured
at a wide range of forests, including needleleaf-dominated
forests, a mixed temperate deciduous broadleaf and evergreen
forest, and a tropical broadleaf semideciduous forest. These
observations allow us to evaluate 7, dynamics at spatial and
temporal scales relevant for understanding ecosystem fluxes and
climate change feedbacks and fill a critical scale gap between
individual leaves and airborne and satellite remote sensing.
Canopy-scale temperatures were measured using thermal cam-
eras mounted on towers equipped with eddy covariance systems
that measure forest-atmosphere carbon, water, and energy fluxes,
along with a suite of environmental variables. Importantly, these
measurements spanned multiple seasons and were high frequency
(30 min or less) and nearly continuous. With this dataset we
assess the limited homeothermy hypothesis and quantfy 7,
and 7, patterns. 7, patterns are compared with ecosystem car-
bon fluxes to further test predictions of homeothermy. Finally,
we investigate temperature dynamics and drivers at two sites that
represent contrasting climate conditions and leaf traits using a
theoretical physiological and energy balance analysis.

Results and Discussion

Observed T.,, and T,;, Relationships: Hysteresis and Slopes.
When all available subhourly daytime data (incident shortwave
> 25 W m™?) were plotted in forests dominated by needleleaf
trees (Metolius, Wind River, Pinyon Flat, and Niwot Ridge;
Fig. 2) or broadleaf trees (Harvard and Barro Colorado Island
[BCI]; Fig. 3), the T7,,,/T,; relationships were mostly linear
with variations in slope and goodness of fit of a linear regres-
sion. The unexplained variation in 7, at a given 7,
was larger at the broadleaf-dominated sites (e.g., BCI adjusted
# = 0.82) than at the needleleaf-dominated sites (e.g., Wind
River adjusted # = 0.98). At Harvard Forest where both
broadleaf and needleleaf species are present, the 7,,/7,; rela-
tionship for regions of interest with needleleaf trees had slightly
less scatter (adjusted 7> = 0.95) but a similar slope compared to
regions with broadleaf deciduous species (adjusted 7 = 0.91;
Figs. 3 A and B). At all sites, 7.,,/T,;, slopes were greater
than 1 and in most cases well above 1 (using both Model II
and ordinary least squares [OLS] regression). Slope values dif-
fered little with incident shortwave thresholds varying from 5 to
50 W m ™%, and 7,,, was usually above 7, during the daytime
at all sites, with no evidence for a homeothermic cooling at
higher temperatures. Canopy leaves also did not experience a
narrower range of temperatures than air, as would be expected
from homeothermy; indeed, the opposite pattern held at our
sites, where leaves were generally colder (nighttime) and warmer
(daytime) than air. Importantly, measurements of 7, from
eddy covariance towers are commonly conducted a few meters
above the canopy top. However, 7, is well mixed over tall and
dense forests because of large and well-developed turbulent
structures, especially during daytime with near-neutral and
unstable stability conditions (27). This is also confirmed
by vertical gradients of 7, measured at several of our sites
showing small (typically less than 1°C during daytime) differ-
ences between the canopy and the tower top, though they can
be as large as 2°C at Niwot Ridge (28-30). Thus, observed
Tun— T, differences were not simply a result of 7, being mea-
sured above the canopy, but measuring in- and above-canopy 7,
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Fig. 2. Plots of canopy Tcu, versus T, (both °C) for needleleaf-dominated forest sites (panels A-D) in Oregon, Washington, and California. Color shading of
symbols is by hour of day. All available values for a single growing season are shown for each site, and only daytime data when downwelling shortwave radi-
ation exceeded 25 W m~2 are included. In each panel, the solid line is the 1:1 line and the dashed line and slope are from a model Il linear regression using
the major axis method calculated using the R package “Imodel2.” Regression slopes of Tjeqf/Tuir were calculated using Model || major axis regression, as OLS
linear regression underestimates the true slope when both variables contain uncertainty.

gradients (e.g., ref. 31) would be an important consideration in
future studies.

Throughout an average diel (24-h) cycle during the growing
season, canopy leaves of a moist conifer forest (Wind River,
WA) warmed faster than air during the morning and cooled
faster than air in the late afternoon, leading to a hysteresis and
clockwise rotation between T, and T;. (SI Appendix, Fig.
S1). Such hysteretic behavior in the diel hourly mean 7,,,/7,;,
relationships was observed at all sites independent of forest type
and climatic characteristics (SI Appendix, Fig. S2). Hysteresis
was quantified by fitting an ellipse to each dataset and calculat-
ing the ratio of the semimajor axis to the semiminor axis, each
normalized to the maximum temperatures measured at each site;
more circular plots with greater hysteresis have smaller axis
ratios. The forests with the smallest hysteresis (i.e., largest axis
ratios) were the semiarid pine site (Metolius; SI Appendix, Fig.
S2B) and the arid woodland (Pinyon Flat, SI Appendix, Fig.

S2D) in the western US. These sites have the lowest leaf areas
and most open canopies. The sites with the most hysteresis (i.e.,
lowest axis ratios) were moist temperate or tropical forests at
Wind River (87 Appendix, Fig. S2A), Harvard, MA (SI Appendix,
Fig. S2E), and BCI, Panama (S Appendix, Fig. S2F). These sites
have closed canopies and the highest leaf area indices; the latter
two are dominated by broadleaf species with much larger leaves
compared to the other sites.

Multdple interacting biophysical and biological factors can
contribute to hysteresis in environmental data (5, 32, 33). Gen-
erally, in dense forested areas where soil heating is negligible,
the diurnal cycle of canopy warming from absorbed radiation
causes the surrounding air to warm up. As warm air mixes up
in the surface boundary layer and in the mixed layer above, the
planetary boundary layer (PBL) grows, entraining cooler and
drier air from above (34). The thermal heat capacity of the
forest (primarily heat stored in tree boles) also plays a role, as it
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Fig. 3. Plots of canopy T4, versus T (both °C) for tree species at Harvard Forest and BCl in Panama. Color shading is by hour of day. Mean values of three
broadleaf species (Acer rubrum, Quercus rubra, and Betula papyrifera) at Harvard are shown in (4), while one needleleaf species (Pinus strobus) is shown in (B).
Panel (C) displays data for deciduous broadleaf species at BCl, while (D) is evergreen broadleaf species at this forest site. All available values for the growing
season are shown for each species, and only daytime data when downwelling shortwave radiation exceeded 25 W m~2 were included. In each panel, the
solid line is the 1:1 line and the dashed line and slope are calculated as in Fig. 2.
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shifts the peak in surface 7 to later in the afternoon (35).
Thus, the general 7,,,/T,;, hysteresis is caused by a combina-
tion of surface heating, PBL dynamics, heat capacity, and sys-
tem inertia, as well as regional processes that affect PBL growth
and entrainment. The rotation direction of the hysteresis is
related to these dynamics and also to forest structure and
climate. Clockwise rotation results when leaves warm faster
than air in the morning and stay warmer most of the day, cool-
ing below air late in the afternoon and either staying cooler or
remaining near 7 throughout the night. The semiarid and
arid sites (Metolius and Pinyon Flat) with the least hysteresis
were the only ones with anti-clockwise rotation (SI Appendix,
Figs. S2 B and D). One possible reason for the anti-clockwise
rotation at the semiarid sites is due to the strong nighttime
radiative cooling at these sites. This would drive 7, well
below 7, producing a cold memory effect that carries into
the morning when leaves remain cooler than air until they are
heated by solar radiation. All other sites displayed clockwise
rotation, similar to the leaf-scale findings of Gimenez et al.
(36). The amount of hysteresis also seems to scale with the can-
opy aerodynamic conductance to heat and thus to the canopy-
air decoupling coefficient, Q (37, 38). This coefficient varies
from 0 (fully coupled) to 1 (fully decoupled) and is affected by
wind speed and canopy aerodynamic properties, which together
determine surface roughness, along with canopy conductance (87
Appendix, Fig. S3). Across sites, the least coupled sites (Harvard,
BCI) generally had the most hysteresis (SI Appendix, Fig. S2),
as well as the most scatter in a linear regression of 7, on T,

(Fig. 3).

TcanTair Relationships and Ecosystem Fluxes. Analysis of
canopy-scale sensible and latent heat fluxes measured by eddy
covariance at these sites provides another assessment of the leaf
homeothermy hypothesis. For a forest with a closed energy bal-
ance to be consistently colder than surrounding air during day-
time, latent heat fluxes have to exceed net radiation (R,,,). Even
in the absence of energy balance closure, as is common with
eddy covariance measurements (where the sum of sensible,
latent, biomass storage terms, and ground heat fluxes is less
than R, (39)), sensible heat fluxes would be negative if most
canopy leaves were cooler than air. Negative sensible heat fluxes
in daytime can occur at canopy scales but typically only in par-
ticular conditions such as a rice paddy with an unlimited water
supply and surrounded by relatively dry land where evapotrans-
piration can exceed equilibrium evaporation as a result of the
oasis effect (40). Similarly, Blad and Rosenberg (41) showed
well-watered alfalfa cooling below air but did not see this same
cooling for corn. The only time sensible heat fluxes were nega-
tive during the daytime across all of our sites was early in the
morning and evening during the day/night transition when
photosynthesis was very low (SI Appendix, Fig. S4). Sensible
heat fluxes can also be used to derive the aerodynamic tempera-
ture (7,.,5). Tero is a canopy-scale estimate but is not the same
as surface temperature, especially when insolation is high
(42, 43). However, as shown in (26) 7, and T, are highly
correlated across a range of forest sites. 7, — 7,; depends on
the acrodynamic properties of the canopy (roughness) and the
turbulent conditions of the air above the forest. As with 7,
T1ero was typically elevated above 7, in the daytime across
sites, as was available surface radiometric temperature derived
from upwelling longwave fluxes (77 y), providing further evi-
dence that canopy-scale leaf homeothermy was not occurring at

our sites (S Appendix, Fig. S5).
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Understanding how carbon uptake varies with temperature
across biomes is a key carbon cycle uncertainty, and it has been
argued that homeothermy results from selection for certain leaf
traits to optimize instantaneous and lifetime leaf carbon gain
(19). Depression of 7y, below T, at higher temperatures
should enable higher overall carbon uptake by maintaining
leaves within broad optimal photosynthetic temperature ranges
and below damaging temperatures (Fig. 1, homeothermy
curve). This implies that photosynthesis remains high—and a
significant fraction of carbon uptake occurs—when leaves are
cooler than air and irradiance is high. At the ecosystem scale,
net ecosystem CO, exchange (NEE) typically increases with
daily mean 7, until optimal values are reached, beyond which
NEE declines with decreasing ecosystem photosynthesis (GPP)
and increasing ecosystem respiration (44). The optimal air tem-
peratures for GPP vary broadly across sites in our dataset, from
~29-31°C at BCI (10) to ~10-20°C at Wind River (45),
Niwot Ridge (46), and at Metolius (25). Thus, if homeothermy
were occurring, then we should see depression in 7, beyond
these broad photosynthetic optima at each site analogous to
Fig. 1, but we did not (Figs. 2 and 3). To further assess homeo-
thermy predictions, we explored how GPP was related to
Tsn — T4 (Fig. 4). Regardless of forest type, the peak of GPP,
and the majority of all carbon assimilation, occurred when can-
opy leaves were warmer than air at all sites.

A final way to assess the homeothermy hypothesis is to
examine the warmest period of each day when the greatest
depression in T, relative to 7,;, should occur if homeothermy
is happening (Fig. 1). Examination of such conditions at Wind
River during the 2015 growing season shows a consistently pos-
itive daytime 7,,, — 7, and this temperature difference actu-
ally increased with 7. Additionally, ecosystem fluxes of CO,
and H,O during the warmest times of day either declined
sharply (GPP) or did not change (i.e., latent heat) with increas-
ing maximum 7 ;,, again counter to expectations from homeo-

thermy (87 Appendix, Fig. S6).

Modeled Canopy-Scale Leaf Temperature: Understanding
Abiotic and Biotic Controls on Slope and Hysteresis. Energy
balance modeling (Materials and Methods) allows us to illumi-
nate biophysical and biological drivers of the 7,,,/7,;, relation-
ships in our observations. Multiple micrometeorological
variables influence water and energy fluxes and 77,5 including
incoming R, wind speed, and the vapor pressure deficit
(VPD). As a first approximation, we adopt a leaf-level approach.
We acknowledge the mismatch between this approach and the
canopy and ecosystem scale of our temperature and flux meas-
urements, and yet important insights into 7,,, can be gained
from such modeling, particularly those features determined by
leaf traits, which should be conservative across spatial scales. We
focus on a pine forest site (Metolius, OR) and a tropical forest
site (BCI, Panama) that represent very different climates and
forest types in our dataset (S/ Appendix, Tables S1 and S2 and
Fig. §7). Comparing modeled daytime 77,,rto measured daytime
T.4n at both sites revealed reasonable model agreement during
representative 6-d summer periods (87 Appendix, Fig. S8). The
Metolius simulations slightly overpredicted 7, at low and
underpredicted at high temperatures. The majority of the over-
and underpredicted data points occurred in the early morning or
evening when the measured leaves stayed cooler or warmer than
predictions from either nighttime cooling or daytime heating. At
BCI, modeled 77,closely tracked observed 7, but was consis-
tently several degrees cooler.

pnas.org
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Modeling can elucidate how biophysical drivers interact with
leaf traits (e.g., leaf size and stomatal conductance to water [g])
to mediate temperature dynamics. The primary features seen in
our T, data across sites (7,,,/T,; hysteresis and slopes >1; S
Appendix, Fig. S2 and Fig. 2) were captured by our modeling.
Smaller leaves are more efficient in exchanging heat and water
vapor because they generate thinner boundary layers at a given
windspeed (47) leading to higher boundary layer conductance
to heat and water vapor (g, and g5 respectively). Holding all
else constant, as leaf size increases, g,z and g1 decline and the
slope and size of the hysteresis of the 7},+/T,;, relationship
increase. In the extreme case of a leaf that only exchanges sensi-
ble heat with its surroundings (latent heat = 0), the slope
and hysteresis both increase sharply at BCI, but at Metolius
only the hysteresis increases. By contrast, at a fixed leaf size,

PNAS 2022 Vol.119 No.38 2205682119

windspeed, and VPD, an increase in g causes a decrease in
the 7./, slope without changing the magnitude of the
hysterests.

Transpiration is not directly controlled by g, but varies also
as a function of leaf size, canopy height and roughness, wind
speed, and atmospheric humidity, which determine the bound-
ary layer conductance and stomatal control of transpiration.
This variation is captured by the leaf-scale (3, which depends
partly on variables like moisture content and temperature that
affect the thermodynamic properties of air. As 7;. and VPD
rise, the ratio of g, to g; typically increases and ) decreases for
a wide variety of assumed leaf sizes. As a result, as air warms
throughout the day, leaves should become more coupled to the
surrounding air and transpiration will be controlled relatively
more by g at both sites. The shift in relative control affects not

https://doi.org/10.1073/pnas.2205682119 5 of 8



just the magnitude of transpiration but also its peak timing; sto-
matally imposed transpiration (i.e., perfectly coupled, QO > 0)
tends to peak in the afternoon when VPD is highest, whereas
equilibrium transpiration (perfectly uncoupled, € > 1) will peak
around solar noon when R, is highest. Our simulations incor-
porate this leaf-air decoupling, which differs at the two sites: sim-
ulated leaves at Metolius were mostly coupled (QQ < 0.2), while
those at BCI were more decoupled (QQ between 0.3 and 0.5).
These leaf () ranges are similar to those derived at the canopy
scale for these sites (SI Appendix, Fig. S3). Leaf coupling differ-
ences in our simulations are driven by large differences in leaf size:
the leaf characteristic dimension we used for BCI (tropical broad-
leaf forest) was 10 cm and for Metolius (conifer forest) was 1 cm.
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6 of 8 https://doi.org/10.1073/pnas.2205682119

Two opposing forces drive the departure of modeled 77.,r
from 7, and thus the slope and hysteresis: heating from inci-
dent radiation and cooling from transpiration (Fig. 5A4). The
balance of heating and cooling is modulated by boundary layer
conductance. As a typical example at Metolius, modeled day-
time 77, was elevated above 7, from midmorning until late
afternoon and below 7, early in the morning and in the late
afternoon and evening (Fig. 5B). The morning elevation of 77,
above 7, was larger than in the afternoon, resulting from
greater radiative heating relative to transpirational cooling.
Additionally, windspeeds were lower and less variable in the
morning, leading to lower g,z and g;1-and greater leaf heating,.
While modeled g; at Metolius was relatively high in the morn-
ing given typical g-VPD relationships (38, 48), VPD was
higher in the afternoon (SI Appendix, Fig. S7B) leading to
larger transpiration fluxes. The amount of transpirational cool-
ing with increasing 7, depends on whether the relative
increase in VPD outpaces the relative decline in g. The rela-
tionship between transpiration and VPD is often hysteretic,
with peaks at intermediate VPD values (49-51); additionally,
the response of transpiration to increasing VPD varies from
increasing to decreasing as a function of plant type, photosyn-
thetic pathway, stomatal behavior, and climate (23, 52). Since
the increase in VPD with T, is well characterized (Clausius-
Clapeyron relation), the uncertain response of stomatally
imposed transpiration to 7, was driven by the sensitivity of g,
to VPD and the photosynthetic response to 7. If the VPD
dependence was removed and a fixed g was sufficienty large
(~0.2 mol m™2 57!, or 2-3 times typical maximum values for
pines in this ecosystem), then a 77,,/7,;, slope below 1 would
be modeled under conditions of high VPD. Thus, it is possible
to model homeothermic behavior at Metolius but that would
require unrealistic stomatal conductances with no VPD feedback.

Our modeling predicts a higher slope and greater hysteresis
at BCI than at Metolius (Fig. 50). Transpiration from less-
coupled leaves should increase with 7;, as the fraction of R,,,
that is converted to latent heat increases with 7,,, leading to
greater cooling (20). While modeled transpiration was substan-
tial at BCI, it was not large enough to overcome radiative heat-
ing (Fig. 54), and so modeled daytime 7., was elevated above
T,,;» with a slope well above 1, again contradicting the homeo-
thermy hypothesis. Modeled 7}, at BCI varied with Q (87
Appendix, Fig. S9B). In nature, the large decoupling of leaves at
BCl is likely even more pronounced, as the wind speeds experi-
enced by leaves located within the canopy are even lower than
at the canopy top (53, 54). Meinzer et al. (55) calculated Q for
canopy species in a different Panamanian forest based on wind
speeds measured adjacent to leaves; the lower in-canopy wind
speeds resulted in ) values close to 1. This decoupling likely
holds in other tropical forests based on characteristic large
leaf sizes and lower in-canopy wind speeds (53, 54, 56).
Regardless of the degree of decoupling at BCI, when we
simulated 77,,rassuming either perfect uncoupling (equilibrium
transpiration) or perfect coupling (stomatally imposed transpi-
ration) the 77,47, slope was above 1 during this 6-d period.
This was due to the inability of the large leaves to shed heat
efficiently, with lower maximum g, than at Metolius.

The discrepancy between our modeling results and the hypoth-
esis of limited homeothermy in (18) can be partly explained by
the conditions under which this earlier research was conducted:
well-watered crop plants growing in a glasshouse, with high
intrinsic g, They were also growing in isolated pots that likely pro-
moted higher leaf g;;; and g, than would be found in natural
canopies (38). Mahan and Upchurch (18) proposed that limited
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homeothermy requires three conditions to occur (1): sufficiently
large R,,, (2), abundant soil water to supply high rates of transpi-
ration, and (3) VPD gradients large enough to sustain this evapo-
rative cooling. Additionally, energy balance theory predicts that
both g and g, must be high for leaves to cool sufficiently to
achieve homeothermy (22). These conditions implicitly assume
other plant traits that would be required to sustain sufficient tran-
spiration to facilitate homeothermy during hot conditions. These
include g, being largely insensitive to VPD, and a plant vascular
system with sufficiently high conductivity to sustain substantial
transpiration without embolizing. It remains debatable how realis-
tic and common these sets of conditions are for most plants in
natural settings. Finally, the inference of homeothermy in leaves
appears to depend upon the conditions under which measure-
ments of 77,r and T, are made (i.e., in glasshouses, in gas
exchange cuvettes, or in natural settings (57)). Other work with
experimentally heated trees finds no evidence for limited homeo-
thermy (21), in agreement with our central finding.

While our results contradict the limited homeothermy hypoth-
esis, leaves can certainly cool below air temperature during day-
time, especially in well-watered agricultural plants (17, 18, 40).
Plants growing in hot and arid environments also shed heat effec-
tively and can cool below 7. Ehleringer et al. (58) documented
large temperature depressions in desert leaves due partly to low
solar absorptance, while Smith (59) showed substantial depres-
sions of 7j,rbelow T, in large-leaved desert species owing to
high transpiration rates. Cook et al. (24) documented homeo-
thermy in well-watered individuals of a desert plant, but not
under water-stressed conditions. Dong et al. (20) showed after-
noon leaf cooling in several species from a tropical dry woodland
while other studies (60, 61) showed how leaf traits like higher
reflectance and stomatal density and smaller leaf sizes in plants
growing in hot and dry climates enable a greater ability to cool
than in plants from warm and humid regions. Finally, shade
leaves in high leaf area forests have been shown to remain cooler
than or equal to air temperature, while sun leaves are warmer
than air (7, 23, 62). Despite these examples, based on our meas-
urements and modeling results, conditions for promoting homeo-
thermy are likely uncommon for sunlit canopy leaves in forested
ecosystems. Alternatively, having leaves consistently warmer than
air in daytime may even be adaptive in environments where
photosynthetic temperature optima are higher than ambient 7,
(44, 63-60).

Whether and how often leaf homeothermy occurs in natural
systems has broad implications for a wide variety of carbon-
and water-cycling processes driven by 7, especially related to
forest responses to climate change. Our results have large impli-
cations for understanding plant acclimation to warming, and
they suggest a limited ability for canopy leaves to regulate tem-
perature in forest ecosystems. We show that daytime canopy
temperatures do not cool below air as predicted by the leaf
homeothermy hypothesis. Rather, canopy leaves are typically
warmer than air and the magnitude of this departure varies
with leaf size and canopy structure. Our data and theoretical
analyses suggest that climate warming will lead to even higher
canopy leaf temperatures, likely leading to reduction of carbon
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assimilation capacity and eventually heat damage, as multiple
studies suggest that a variety of ecosystems are operating at or
near thermal thresholds.

Materials and Methods

We analyzed thermal images from a range of forest ecosystems to understand
how T, varies with T, and with environmental conditions and to provide a test
of the limited leaf homeothermy/homeostasis hypothesis. For this analysis, we
compiled and present a dataset of Tz, and environmental variables from a net-
work of forest sites in North and Central America. Importantly, these measure-
ments span multiple growing seasons and are near-continuous in nature, as
they were collected by thermal cameras mounted on eddy covariance towers
that also measured a wide range of co-located environmental variables, includ-
ing T, relative humidity, wind speed and direction, short- and longwave radia-
tion, soil moisture and temperature, and ecosystem-atmosphere exchanges of
CO,, H,0, and energy. Since we necessarily averaged multiple leaves in each
region of interest and then averaged multiple thermal images into hourly data,
some extremes in T, are not captured. Thus, the magnitudes of T, — T
reported here are potentially smaller than what individual leaves may experience
on shorter time scales. However, our data are more representative of canopy-
scale conditions than individual leaf measurements. We also analyzed leaf
energy balance equations to provide a theoretical framework for understanding
biophysical and physiological factors that regulate Tz and its interactions with
ambient microclimate and radiation. The software R (version 3.5.0) was used for
all data preparation and analysis and model simulations; individual packages
used are denoted in figure captions.
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