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Tropical forests may be nearing critical temperatures, yet tree species may respond differently. Using
high-resolution thermal, hyperspectral, and LiDAR imagery, we mapped 652 crowns of four Hawaiian
tree species to study the effects of crown traits and abiotic conditions on species’ temperatures at two
scales (whole crown vs. sunlit leaves). We show scale-dependent, species-specific relationships with
environmental fluctuations. Net radiation was consistently the dominant determinant of crown
temperature deviations from air temperature (Tdiff), while vapor pressure deficit, wind speed, and
crown traits (e.g., roughness) varied in importance by species and scale. Species explained 17% and
44% of Tdiff variation at the crown and leaf scales, respectively, after controlling for climatic factors.
Findings suggest that leaf temperatures overestimate larger-scale temperature differences, while
canopy-scale observations underestimate leaf heat stress. Because leaf and crown traits can have
opposing effects on Tdiff, disentangling these can advance our understanding of species’

thermoregulation under climate change.

Tropical forests are often thought to be generally stable environments
because they experience smaller climatic fluctuations compared to higher
latitudes'. Yet this means that tropical species may be especially sensitive to
warming temperatures because they have evolved within a narrow tem-
perature range'. Recent work using pantropical satellite data has suggested
that tropical tree canopies may already be nearing the critical temperatures
at which their photosynthetic machinery is damaged’, and heatwaves that
are increasing in frequency and intensity may push these ecosystems past
their critical limits more regularly’ with implications for ecosystem
function’. Thermal remote sensing across several sites from different biomes
has revealed that tropical canopies are particularly slow to overcome
radiative heating through transpiration compared to forests in other biomes,
in part because of their leaf and canopy traits’.

Sunlit leaf temperatures within tree canopies can exceed air tempera-
tures by over 10 °C, and under certain conditions and times of day, these
differences can approach 20 °C*"*. However, while leaf temperature infor-
mation is useful, it does not reflect whole-organismal temperatures which
are determined by a more complicated set of biotic and abiotic factors".
Direct measurements of forest canopy temperatures (T,,) through remote
sensing can capture heterogeneity across leaves within individual tree

crowns and across tree crowns within and among species™. While the
abiotic drivers of T, are well established'*'*, the same abiotic environment
can affect individual species differently because of their distinct leaf and
canopy traits, which in turn enable them to uniquely respond to changing
environmental conditions'*".

Most work on canopy temperature has focused on thermal variation of
sunlit crowns within and across sites>>'%, rather than within (but see ref. 19)
and across species'>'*'**". Yet tree species vary considerably in both leaf and
crown architecture traits, which can independently affect how much
organismal temperature departs from air temperature'®***”. Furthermore,
trait variation within species can rival variation across species with equally
large effects on ecosystem functioning. The thermal properties of individual
trees and forested ecosystems are influenced by leaf traits such as leaf size,
thickness, pigmentation, and stomatal behavior******. For example, larger
leaves can absorb more heat, and stomatal conductance can control tran-
spirational cooling’. Tree crown architectural traits like leaf angle (orien-
tation), crown density, clumping or branching patterns, and surface
roughness or rugosity can also impact the distribution of heat and energy
absorption in forest canopies'’. Denser tree crowns often exhibit larger
differences from air temperatures due to reduced turbulent heat exchange
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between sensible and latent heat between the canopy and air”'*", and

rougher crowns can enhance turbulent air mixing between layers resulting
in higher coupling between tree and air temperatures'’. Uneven canopies
can also absorb more radiation throughout canopy layers because scattered
light can be absorbed in lower layers. Crown architecture also affects the
distribution and proportion of sunlit and shaded leaves. These crown-level
traits are increasingly recognized as capturing important adaptive responses
to global change'**.

Disentangling the influence of leaf and whole-crown architecture on
forest temperature dynamics is critical for understanding the ways that
species may acclimate or adapt to warming temperatures, sometimes with
opposing effects. It is also important for accurately scaling species’ func-
tional responses to changing environments to ecosystem-level processes'’.
Here we used data fusion of high spatial resolution ( ~ 20 cm) unoccupied
aerial vehicle (UAV) simultaneous measurements of thermal emissivity,
optical reflectance, and LiDAR point cloud intensity of a 4-ha tropical
montane wet forest plot on the Island of Hawai‘i, and 10-min resolution
climate data (air temperature, net radiation, wind speed, and vapor pressure
deficit derived from temperature and relative humidity) from a climatolo-
gical tower at the site to': disentangle the effects of species’ crown archi-
tectural traits on canopy temperatures (T.,,) for the whole crown compared
to only sunlit leaves’, quantify within and among species’ differences in T,
and’ compare the relative effects of biotic (crown traits) and abiotic factors
on canopy temperature departures from air temperature (T4;g). Even small

temperature differences among species should have large effects on meta-
bolic and biophysical processes because of their nonlinear relationships with
temperature”’.

In this study, we capture population-level variation of four co-
occurring native Hawaiian tree species by mapping over 650 tree crowns in
the Laupahoehoe forest canopy. These species included koa (Acacia koa),
‘olapa (Cheirodendron trigynum), pilo (Coprosma rhynchocarpa), and ‘Ohi’a
lehua (Metrosideros polymorpha) (Figs. 1 and 2), which is of current con-
servation concern due to the widespread invasive fungus (Certatocystis spp.)
causing rapid ‘Ohi’a death (known as “ROD”) across multiple Hawaiian
islands. Hawaiian forests generally host low species diversity compared to
other tropical forests due to their isolation but are high in functional
diversity’® and have similar structure to other tropical forests”. For more
details on the study location and data collection, please see materials and
methods and Supplementary Figs. 1 and 2.

To discern how species’ crown architecture differences (Fig. 1) affect
T.anand Ty of entire crowns vs. isolated sunlit leaves, we applied sequential
filters to our thermal data (Fig. 2a) which allowed us to compare tem-
peratures at both the crown-level and the leaf-level. For the crown-level
analysis, which contains a mix of both sunlit and shaded leaves as well as
non-photosynthetic vegetation, our data filtering first identified and sepa-
rated pixels of dense vegetation biomass from pixels of sparse vegetation
biomass and understory using LiDAR intensity data (Fig. 2a and Supple-
mentary Fig. 3). For the leaf-level analysis, our data filtering involved two
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(H1) Species experiencing the same ambient conditions, including air temperature, will differ in crown
temperature due to leaf and crown trait variation. Specifically, taller crowns = cooler; higher crown density
= warmer; higher crown rugosity (rumple index) = cooler; higher leaf clumping = cooler;

(H2) Species’ differences in Tqir will be scale-dependent due to potentially opposing effects of leaf and

crown trait variation.

Fig. 1| Forest canopy species’ crown architecture traits, and hypotheses related to
T can and T gi¢r. a Images represent typical crowns (octagons) of each species, sampled
from UAV-collected RGB imagery: ‘Ohi’a lehua (Metrosideros polymorpha) and Koa
(Acacia koa) dominate the canopy at Laupahoehoe forest plot (see distribution in
forest crown map in Fig. 1 and field location in fig. S1). ‘Olapa (Cheirodendron
trigynum) and Pilo (Coprosma rhynchocarpa) are subdominants that also reach
canopy heights. b Boxplots show species’ (represented by color; 6h = ‘6hi’a, k = koa,
6l = ‘olapa, p = pilo) differences in crown architectural traits derived from Lidar

(~20 cm), from left to right: mean crown height (m), mean crown density (pts m ),
crown rugosity (rumple index), and leaf clumping (CV). These are the same traits
used in analyses of biotic and abiotic explainers of T4;¢. The center line represents the
median, the box edges represent the interquartile range, and the whiskers represent
the variability in the upper and lower quartiles. ¢ Hypotheses related to species’ traits
and crown temperatures (T,,), and crown temperature deviations from ambient
air (Taige)-
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Fig. 2 | Data collection and filtering steps for observing canopy temperature at
two levels of observation. a Map of canopy temperature from one flight (of five)
over the 4-hectare Laupahoehoe forest plot on the Island of Hawai‘i. Five UAV
flights collected thermal data across two days at 9:02, 10:18, and 10:48 am, and 1:01,
2:56 pm. Explanation of filtering steps to separate the effects of forest and crown
physical structure on sunlit leaf temperatures. Analyses were repeated after each
filter (1 and 2) at 2 levels of analysis': crown-level: pixels with dense vegetation
identified using LIDAR intensity values. Analysis at the crown-level includes pixels
with high density photosynthetic and non-photosynthetic vegetation in the sun and
shade and excludes pixels with sparse vegetation and understory; and” leaf-level:
sunlit vegetation identified using sun sensor geometry and green photosynthetic
vegetation (leaves) identified using spectral filters. Analysis at the leaf-level includes
pixels with high density sunlit green leaves, excluding non-photosynthetic vegeta-
tion and shaded areas of the canopy. By isolating sunlit pixels with high green leaf
density, cumulative filtering steps remove the effects of canopy and crown structure

on crown temperatures to just represent the effects of sunlit leaves on observed
temperatures. The scatterplot shows the relationship between LiDAR point intensity
and the Normalized Difference Vegetation Index (NDVI) with each black point
representing a single 20 cm’ pixel. The purple box represents the structural LIDAR
filter (filter 1) which identifies and removes pixels below the 90th percentile of
LiDAR intensity values - pixels in which vegetation density is low. The horizontal
green line represents the non-linear relationship between NDVI and canopy
structure, where NDVI saturates around 0.65 (filter 2b), above which green standing
biomass is captured. The green box highlights pixels retained after all filtering steps.
b Top shows a LIDAR-derived canopy height model (CHM, scale in meters) used in
combination with RGB imagery and tree census maps to outline tree crowns; Below
shows each crown, as in the CHM, identified to species, represented by color. To
analyze data, pixels remaining at each step of the filtering process were aggregated by
crown and averaged to calculate T¢,,.

further steps. We separated sunlit from shaded dense vegetation pixels using
sunpath geometry. Then, because dense vegetation pixels can contain non-
photosynthetic vegetation such as portions of branches or brown leaves, we
further identified green photosynthetic vegetation from all dense vegetative
pixels using spectral greenness filters (Fig. 2a and Supplementary Fig. 4).
After applying the data filters, we effectively eliminate the direct influence of
crown architectural traits on crown temperature, isolating pixels within
species-specific crowns that are sunlit green leaves before aggregating pixels
to each mapped crown (Fig. 2b and Supplementary Fig. 5). At the crown-
level, we hypothesize that species with higher crown density to be warmer,
species with higher crown rugosity to be cooler, taller crowns to be cooler,
and crowns with higher leaf clumping to be cooler. We also expect that these
species’ differences in Tgs will be scale-dependent due to potentially

opposing effects of leaf and crown trait variation (e.g., a dense crown with
small leaves vs. a sparse crown with large leaves could exhibit similar tem-
peratures when observed at the crown-scale but diverge when observed at
the leaf-scale). Though we do not directly measure leaf traits, we assume that
leaves within the upper canopies of individual trees within species are
comparable to each other, thus differences observed across scales (crown vs.
leaf) can be attributed to crown architectural traits.

Results and discussion

Greater interspecific temperature differences at the leaf scale
We detected more interspecific differences at the leaf-scale after removing
the influence of crown architecture (after filters 2a and 2b; Figs. 2a and 3a, b,
Supplementary Fig. 6 and Supplementary Table 1). We also detected larger
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Fig. 3 | Species canopy temperature comparisons. Boxplots represent species

crown temperatures in degrees Celsius (°C) across all five UAV flights for (a) sunlit
and shaded dense biomass, “crown” and, (b) for sunlit green leaves, “leaf.” In (a, b)
each data point is an individual crown measurement. The center line represents the
median, the box edges represent the interquartile range, and the whiskers represent
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the variability in the upper and lower quartiles. Letters denote statistically significant
differences between species at p < 0.05. In (c, d) Points represent mean crown
temperature differences in °C between species pairs across all five UAV flights (plus
or minus 1 standard deviation) for “crown” (c) and “leaf” (d). In (c, d) statistically
significant differences at p < 0.05 between species are denoted with asterisks.

relative differences between species (Fig. 3¢, d). In other words, average
crown temperature differences between species were larger at the leaf-scale
(Fig. 3¢, d). As examples, the average crown temperature difference between
‘hi’a (M. polymorpha) and koa (A. koa) grew from 0.44 °C (crown-level) to
0.59 °C (leaf-level) (Supplementary Table 1); and the average crown tem-
perature difference between pilo (C. rhynchocarpa) and koa grew from
0.32°C to 1.26 °C, respectively (Supplementary Table 1). These results
suggest that interspecific variation may be more difficult to capture at the
crown-level.

Focusing on the leaf-level, we found that sunlit ‘Ohi’a leaves (M. poly-
morpha) were consistently hotter than those of koa (A. koa) throughout the
day (Fig. 3 and Supplementary Fig. 7), a species comparison especially
important because ‘6hi’a and koa dominate the canopy of many forests
across the Hawaiian archipelago. At our study site, ~60% of the canopy
(total number of crowns) comprised ‘Ghi’a crowns and ~24% of the canopy
comprised koa crowns (Fig. 2b). On average, ‘Ohi’a leaf temperatures were
0.59 °C hotter than koa leaf temperatures (Fig. 3b, d), with differences at
separate observation times ranging from 0.28-0.84 °C (Supplementary
Fig. 7 and Supplementary Table 2). We had expected ‘0hi’a temperatures to
exceed those of koa because ‘Ohi’a leaves tend to be more directly oriented
towards the sun, and in denser canopies than koa leaves (Fig. la), and
because koa crowns are, on average, taller with higher rugosity than ‘chi’a

crowns (Fig. 1b). However, the largest interspecific temperature difference at
the leaf level was between pilo (C. rhynchocarpa) and koa, with pilo leaves
1.84 °Chotter than koa leaves in the afternoon ( ~ 1:00 p.m.; Supplementary
Fig. 7 and Supplementary Table 2), and an average of 1.26 °C hotter across
all observation times (Fig. 3b, d). Pilo leaves were significantly warmer than
all other species, which was only apparent at the leaf-level. At the crown
level, which includes the influence of crown architecture traits and the
influence of those traits on the distribution of sun and shade leaves, pilo
temperatures were cooler and closer to other species. These results align with
a recent study that found observing whole-crown temperatures miss mea-
suring the highest temperatures that leaves experience, which could lead to
underestimating leaf heat stress near photosynthetic heat tolerance
thresholds". These high temperature hotspots also align with a strong right
skew in the spatial distribution of hyperspectral vegetation indices across a
forest canopy in Panama®. In our data all species show a right skew with
hotspots of especially high temperatures, with pilo showing the least
skewness and kurtosis (i.e., the most variation in temperatures across times
of day and crowns) and koa showing the highest skewness and leptokurtosis
(Supplementary Fig. 6a and Supplementary Table 3).

Trade-offs between leaf traits (e.g., size) and crown architectural traits
(e.g., roughness) can have opposing effects crown temperatures. ‘Ohi’a (M.
polymorpha) and ‘clapa (C. trigygnum) were the only species that did not
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Fig. 4 | Accounting for crown architectural traits reveals different drivers of Tqis
for sunlit green leaves. Linear mixed-effects models describe canopy variation in
Taigr across all five UAV flights. All variables were standardized (z-transformed)
prior to running the models. Species identity was included in the model as a random
effect. a Bar plot represents the percentage (%) of residual variation in Tg;¢ explained
by species identity at the crown (sunlit and shaded dense vegetation; represented by
darker grey bars) and leaf (sunlit green leaves; represented by lighter grey bars) level
of analysis, and when only abiotic factors are included in models (leftmost two bars)
vs. when abiotic and biotic factors are included in models (rightmost two bars).

b Relative strength of biotic (leaf clumping, density, rugosity, height) and abiotic
(wind speed, vapor pressure deficit, net radiation) predictors explaining forest T 4;¢rat
two levels of data analysis (crown and leaf, represented by darker grey and lighter
grey, respectively, as in (a). Error bars denote the standard error around the esti-
mates. The abiotic factors in the analysis vary across time while the biotic factors in
the analysis vary across space (different tree crowns).

show significant differences in leaf temperatures (Fig. 3b, d and Supple-
mentary Table 1) across all observations, or at any specific observation time
of day (Supplementary Table 2). Though we did not directly measure leaf
size in this study, ‘Olapa has larger leaves than ‘Ghi’a (see materials and
methods), and rougher crowns with more leaf clumping (Fig. 1b). The larger
leaves in ‘Olapa (large leaves tend to be warmer) may be counteracted by the
roughness of their crowns (which facilitates heat loss through turbulent
mixing with the surrounding air), while the smaller leaves in ‘Ghi’a (which
tend to be cooler) may be counteracted by a smoother crown architecture
(which can suppress turbulent mixing and maintain warmer crown tem-
peratures). Such trade-offs can explain why, despite significant trait differ-
ences between the species, overall crown temperatures did not vary as much
as leaf temperatures. Additionally, while leaves in full sun may thermo-
regulate differently due to differences in leaf physiology and morphology,
accounting for inherent spatial heterogeneity within tree crowns can result
in more similar temperatures because shaded leaves will have more similar
temperatures (see further discussion of abiotic factors below).

Species have different intraspecific Tcan variance
Along with pairwise inter-specific average temperature differences dis-
cussed above (Fig. 3, Supplementary Figs. 6 and 7), species also exhibited

different intra-specific differences in crown temperatures (Supplementary
Fig. 6b). Species’ crown temperature variances across the canopy were not
homogeneous (Levene’s Test for Equality of Variances: (a) at the crown-
level, F(3,3230) = 35.6, p < 0.001; and (b) at the leaf-level, F(3,2960) = 17.5,
P <0.001) (Supplementary Fig. 6b, boxplot comparisons across species).

Only ‘6hi’a (M. polymorpha) differed in intraspecific crown tempera-
ture variance across scales of observation (Supplementary Fig. 6b, boxplot
comparisons of tree crowns within species across filter levels). ‘Ohi’a showed
different variance structure at the crown-level and the leaf-level (Levene’s
Test for Equality of Variances: Te,,: F(1,3824) = 5.4, p = 0.02), suggesting
that leaf-scale effects on T_,, are less variable than effects from whole-crown
traits (Supplementary Fig. 6b). Similarly, pilo (C. rhynchocarpa) appears to
have highly variable temperatures when considering differences in crown
architecture (i.e., highly variable crown architecture across the population),
whereas isolating to the leaf-level results in much less variability, and similar
variability to other species, in crown temperatures across the population
(Supplementary Fig. 6b). These results reveal important interactions of leaf
and whole-crown trait effects on moderating canopy temperatures and
show that some species may have greater capacity (e.g., plasticity) to modify
crown architecture as a thermoregulation trait.

Interspecific Tdiff variation across scales

The importance of species identity explaining Tgig (Tcan-Tair) increased at
the leaf-level (Fig. 4a), supporting the results described above that species’
thermal differences associated with leaf-scale traits may be larger than those
associated with whole-crown traits. When we included abiotic (net radia-
tion, vapor pressure deficit, wind speed) and biotic (crown density, height,
and rugosity) factors in models, species’” identity explained 12.0% of the
residual variation in T g at the crown-level (Fig. 4a). However, at the leaf-
level, when examining only sun-lit, green photosynthetically active portions
of crowns, the residual variation in Tgy explained by species identity
increased to 26.3% (Fig. 4a and Supplementary Table 4). When biotic factors
were not explicitly considered in these models, species’ identity explained
even more of the residual variation in Tg;: 17.1% (crown) and 44.0% (leaf)
(Fig. 4a), presumably because differences in species’ identity are related to
crown traits. The species effect we identified suggest that tropical tree species
differ considerably in their leaf thermal regulation strategies. Yet these
divergent responses may be obscured at scales of observation that conflate
leaf morphological and physiological and crown-architectural influences on
canopy temperatures.

Abiotic and biotic drivers of Tdiff across scale

For the entire Laupahoehoe forest canopy, at both levels of analysis (crown
and leaf, respectively) we found that net radiation was the strongest pre-
dictor of Ty (standardized parameter estimate = 0.79 4+ /— 0.02 and
0.77 4 /— 0.02), compared to the other two abiotic drivers considered, vapor
pressure deficit (VPD; 0.16 + /— 0.02 and 0.16 + /— 0.02) and wind speed
(0.00 + /— 0.01 and 0.05 + /— 0.01) (Supplementary Table 4). This aligns
with previous evidence from a tropical forest, which showed the importance
of net radiation in tropical forests relative to VPD and wind speed"’. Of the
biotic predictors, we found that tree height was the strongest predictor of
Taier at both levels of analysis, with taller tree crowns experiencing tem-
peratures closer to air temperature (lower Tq;). However, this effect of tree
height was stronger at the leaf-level (standardized parameter estimate =
—0.12 +/— 0.01) than at the crown-level of analysis (—0.09 +/— 0.02;
Fig. 4b and Supplementary Table 4). Crown rugosity had a stronger effect on
Taier than crown density at the crown-level (note, crown traits were mea-
sured on tree crowns prior to applying the first data filter; Fig. 2a). Though
having the opposite effect, leaf clumping was comparable to the strength of
the effect of tree height at the crown-level but was less important at the leaf-
level (Fig. 4b and Supplementary Table 4). Crown density had very little
effect on Ty;erat either level of analysis (Fig. 4b and Supplementary Table 4).
In other words, it is perhaps not total leaf area, or density, contributing to
Tairs but how that leaf area is distributed and exposed to sunlight or shade
within the tree canopy.
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Fig. 5 | Bar plots represent the results of linear models split by species. Strength of
biotic (leaf clumping, crown density, crown rugosity, crown height) and abiotic
(wind speed (WS), vapor pressure deficit (VPD), net radiation (Rn)) predictors
explaining T g at two levels of data analysis (crown and leaf, represented by darker
and lighter shades of color, respectively). “Crown” refers to sunlit and shaded dense

vegetation, while “leaf” refers to only sunlit green leaves. All predictors were stan-
dardized (z-transformed). Error bars denote the standard error around the esti-
mates. The abiotic factors in the analysis vary across time while the biotic factors in
the analysis vary across space (different tree crowns).

Though net radiation in our data remained the strongest predictor
across scales and for all species (Fig. 5), applying the same model after each
level of filtering revealed scale-dependent, species-specific interactions
(Supplementary Table 4). Because species identity explained a high per-
centage of the residual variation in T g after isolating leaf-scale differences
(26.3%; Fig. 4a and Supplementary Table 4), we evaluated the thermal data
by species and for each, we again tested the relative effects of abiotic and
biotic factors on Ty (Fig. 5 and Supplementary Table 5). The relative effect
of net radiation ranged from 0.71 (C. rhynchocarpa, crown-level) to 0.88 (C.
trigygnum, leaf-level); the effect of VPD was more wide-ranging across
species, from 0.08 (A. koa, crown-level) to 0.23 (C. trigynum, crown and leaf-
level); and the effect of wind speed ranged from 0.00 (M. polymorpha,
crown-level) to 0.17 (C. rhynchocarpa, crown-level) and was not a sig-
nificant predictor of Tg;s for M. polymorpha at the crown-level or C. tri-
gynum at the leaf- and crown-level (Fig. 5 and Supplementary Table 4).
These differences at varying scales emphasize how co-occurring species may
diverge in their responses to the same ambient conditions. Specifically, the
trends reveal an important interaction between abiotic conditions and
crown thermal dynamics at different scales of observation. Net radiation
and VPD are strongly tied to physiological leaf-scale processes like stomatal
behavior™*!, which we expected to become stronger predictors when leaf-
scale effects were not conflated with crown architecture, however, it was
wind speed, which interacts with crown architecture and 3-dimensional
structural properties of forests such as boundary layer conditions and the
degree of turbulent mixing'**’, that had a stronger overall effect in the forest
canopy after isolating leaf-scale differences (Fig. 4b).

The intra- and inter-specific variation in tree crown traits of each
species (i.e., height, density, rugosity, leaf clumping; Fig. 1b) do have species-
specific effects on T For instance, though ‘6hi’a (M. polymorpha) has the
highest crown density (Fig. 1b), density had a small effect on T4 at the
crown-level and, counter to expectations, had no meaningful effect on Tair
at the crown-level for the other three species (Fig. 5 and Supplementary
Table 5). Crown density had a positive effect on koa (A. koa) T4;at only the
leaf-level, and a negative effect for pilo (C. rhynchocarpa) at the leaf-level
(Fig. 5 and Supplementary Table 5). At the crown-level, height only had a
significant negative effect on T for ‘0hi’a, and at the leaf-level height only
mattered for ‘6hi’a and pilo, with a particularly strong effect for pilo (Fig. 5
and Supplementary Table 5). Crown rugosity (rumple index) was only
important for ‘olapa (C. trigynum) at both levels of observation, and for
‘0hi’a at the leaf-level of observation (Fig. 5 and Supplementary Table 5),
having a negative effect on Ty Finally, leaf clumping had a significant
positive effect (increasing Tq;s) for koa and ‘6lapa at the crown-level and
leaf-level and for ‘6hi’a at the leaf-level (Fig. 5 and Supplementary Table 5). It
should be noted that crown density and crown rugosity were correlated for

all species (correlation coefficients between —0.7 and —0.82, depending on
species; Supplementary Fig. 8).

Our findings identify scale-dependent effects on crown and canopy
responses to environmental drivers. We expected that species experien-
cing the same ambient temperatures would differ in crown temperatures,
and that species’ differences in T would be scale-dependent due to
crown and leaf trait variation interacting with abiotic conditions (Fig. 1c).
We found nuanced scale-dependent interactions between ambient
abiotic conditions and species traits in (a) species’ T.,, differences (Fig. 3
and Supplementary Table 5), and (b) variation in the strength of biotic
and abiotic drivers on species’ Tqr (e.g., Fig. 5 and Supplementary
Table 5). The differences we observed (leaf- to whole-crown; Fig. 3, Fig.5,
and Supplementary Table 2) emphasize why we must consider processes
occurring at different scales to understand species’ responses to warming
temperatures.

Trees may acclimate or adapt to warming temperatures by modifying a
suite of leaf and crown traits. These trait responses, if just observed at a
crown-level, may be confounded if leaf traits strongly respond to one
environmental driver while crown architecture traits respond to another.
The endemic ‘Ohi’a lehua (Metrosideros polymorpha) is a foundational
species across the entire Hawaiian archipelago™. Because of the steep cli-
matic and substrate-age gradients across the islands’ forests, ‘6hi’a is well-
known to present high intraspecific variation in leaf and whole-plant phe-
notypes and to be locally adapted in many parts of its range, tolerating a wide
variety of environmental conditions. Thus, the species may have a high
adaptive capacity along to respond to future shifts to temperature™ ",
although in our data ‘ohi’a did not exhibit more intraspecific variation in
Terown compared to other species (Supplementary Fig. 6). Differences in
crown traits (e.g., Fig. 1b) between ‘Ohi’a and koa, and leaf trait differences
(e.g., stomatal conductance; 38-41) have implications for leaf temperature
regulation and can help explain temperature differences between the spe-
cies. Koa, typically found in wet habitats, exhibits higher and more variable
stomatal conductance™” than ‘Ohi’a, a species that can be found across a
range of dry to wet environments. This means koa has the potential for
higher gas exchange and water vapor release, and therefore more effective
transpirational cooling of koa leaves. In contrast, ‘6hi’a exhibits a lower and
less variable stomatal conductance**"!, aligning with a more conservative
water-use strategy and a comparatively lower ability to respond. This con-
trast could help explain the patterns we see of koa leaves being cooler than
ohia leaves (e.g., Fig. 3b). leading to hotter leaf temperatures. Possible
opposing responses to environmental drivers at different scales of obser-
vation (and levels of trait variation), could obscure our understanding of
how these species and forests are thermoregulating in response to a chan-
ging climate.
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Analyzing patterns and processes across multiple scales of obser-
vation is critical because observed patterns at one scale may be driven by
processes occurring at other scales®. For instance, observations of ther-
mal stress at the crown scale could be from physiological processes
breaking down at the leaf scale and/or from structural changes like leaf
abscission at the crown-scale. Spatially-explicit analyses of thermal
imagery can be used not only to measure canopy-scale thermal variation
across forested landscapes'”" but also to capture processes occurring at
the leaf and crown scales of individual trees (e.g., Figs. 1-5). The filtering
approach we developed can help disentangle whether changes in indi-
vidual tree crowns and across species, in response to environmental
change (e.g., drought sensitivities, 18), are likely driven by structural
change or physiological responses. This distinction is especially impor-
tant to make within tropical forests that are “green year-round”—a
characteristic that makes it difficult to resolve species’ unique phenolo-
gical patterns that have significant effects on carbon cycling and other
ecosystem functions" ™. Because most remote sensing and thermal
imaging analysis occurs at scales that conflate effects driven by processes
at different scales, we may be significantly confounding heterogeneous
responses of forests to climate change. In studying the thermal dynamics
of forests, our work shows the importance of considering multiple scales
of observation, understanding inter- and intra-specific variation in traits,
and the scale-dependent nature of species’ responses to climate change.

Tropical species may be sensitive to warming temperatures due to their
evolution in stable climates', making it important to understand how unique
species traits, both physiological and structural, influence their responses to
climate change. Our results show the importance of species’ identity and
species-specific traits in explaining how much crown temperatures deviated
from air temperatures, and that these species differences were dampened at
the crown compared to leaflevel. We show that leaf-level temperatures may
overestimate whole-crown temperatures due to the temperature-
modulating effects of crown architecture, which has implications for scal-
ing leaf temperatures to land surface temperatures. Conversely, focusing
only on whole-crown temperatures may underestimate the heat stress being
experienced by sunlit leaves, leading to an incomplete understanding of
whether leaf temperatures are nearing photosynthetic heat tolerance
thresholds"”. Modifying crown architecture traits, often overlooked com-
pared to leaf traits, is one way species can adapt or acclimate to warming
temperatures, highlighting the many ways that species can uniquely respond
to global change.

Materials and methods

Site Information

The field site at Laupahoehoe, HI (lat, long: 19.930, -155.29) is a 4-hectare
plot, which is part of the Hawai‘i Permanent Plot Network (HIPPNET;
described in detail in 29), and the Smithsonian ForestGEO Network (The
Center for Tropical Forest Science and Forest Global Earth Observatories
CTFS-ForestGEO). The plot exists at approximately 1155 to 1170 m in
elevation off the windward eastern coast of Hawai‘i island (Supplementary
Fig. 1). The Laupahoehoe site is a montane wet forest comprised of 18
flowering plants and a canopy dominated by ‘Ohi’a lehua (Metrosideros
polymorpha) and koa (Acacia koa) (Fig. 1). Forests dominated by ‘6hi’a, or a
mix of ‘Ohi’a and koa, represent 38% of the total forest cover on the island of
Hawai‘i*, and both species are of cultural significance to Hawaiians. Fur-
ther, ‘6hi’a is of conservation concern due to the widespread invasive fungus
(Certatocystis spp.) causing rapid ‘6hi’a death (ROD) on at least three of the
Hawaiian Islands (Hawai‘i, Oahu, and Kaua’i). Other trees that reach
canopy or sub-canopy height include pilo (Coprosma rhynchocarpa) and
‘Olapa (Cheirodendron trigynum) (Fig. 1). Though we did not measure leaf
traits directly in this study, the species vary in leaf traits such as size, shape,
thickness, and orientation. For example, koa has curved, narrowly lance-
shaped leaves, 10-15cm long and 6-25mm wide; ‘6hi’a has crowded,
opposite leaves that are elliptical or ovate, 2-7.5 cm long and 1.3-4 cm wide;
‘Olapa has large rounded leaves 5-18 cm long, with widths reaching almost

half the length; pilo has leaves that are about 5.5-15 cm long and 2-5cm
wide™*, It was estimated (2008-2013) that the site holds between 366-464
Mg ha™ of aboveground biomass and 11-13.6 Mg ha™ yr"' of aboveground
wood production; the mean annual temperature at this site is 16 °C, and the
mean annual precipitation is 3440 mm™.

UAV data collection

Data were collected on March 7 and March 11, 2022, and flights began at
9:02 am, 10:18 am, 10:48 am, 1:01 pm, and 2:56 pm, spanning 15-20 min-
utes each. The GatorEye sensor suite flew 120 meters above ground level and
attenms ! speed. The sensors were a VLP32c lidar sensor, a6000 visual
camera, custom Phoenix Aerial radiometric thermal camera with lab cali-
brations and temperature stabilization shell, and a Headwall Photonics
Nano hyperspectral camera. The Phoenix LiDAR Systems PT640 thermal
camera uses a custom calibrator to improve temperature accuracy. Every ten
seconds, instead of capturing the area of interest (canopy), the camera
captures an image of a uniformly heated plate blackbody within the camera
housing to perform an external dark-frame non-uniformity correction. This
adjustment prevents thermal drift from occurring as it makes measurements
across the data acquisition period. We assumed a constant vegetation
emissivity value of 0.95. The hyperspectral camera captures spectral bands
from the visible spectrum through the short-wave infrared region (wave-
lengths range from 400-1000 nm). Orthomosaics with a 20 cm® pixel
resolution were created for RGB, Thermal (°C), and lidar intensity with
detailed methods and calibration information described in (***', and avail-
able at www.gatoreye.org).

Tree crown delineation

Tree crowns were delineated in ArcMap (version 10.7.1%%) from ortho-
mosaiced RGB imagery obtained in March 2022 (Supplementary Fig. 1).
This was an iterative process by which confidence in the species identifi-
cation and in the polygons were remarked until as many crowns as possible
were designated with qualitatively “high confidence.” Crowns marked with
lower confidences were revisited with individual high-resolution drone
images to identify the species and align with a georeferenced census dataset
of individual stem locations. Any crowns that remained categorized as “low
confidence” after careful and repeat inspection were left out of final analyses.
We “rasterized” the tree crown polygons in R (version 4.1.37;) to match the
spatial resolution and extent of the thermal data. All analyses were con-
ducted with averages of the pixels within each crown. Primarily for Acacia
koa, a single identified crown may be a large leaf cluster (i.e., a portion of a
single crown), as it was difficult to determine which individual a leaf cluster
belonged in areas with many separate A. koa stems. This may have artifi-
cially increased the sample size for A. koa but should not affect our primary
results and conclusions. Our process resulted in a total of 652 crowns or leaf
clusters split between the four species: 396 Metrosideros polymorpha (‘6hi’a
lehua), 159 Acacia koa (koa), 51 Cheirodendron trigynum (‘6lapa), and 46
Coprosma rhynchocarpa (pilo) crowns or leaf clusters. The exact numbers of
crowns included in each analysis varied by time of day and filtering level (see
details below and in Supplementary Tables 1 and 2).

Tree crown traits

For each delineated tree crown, we extracted average height (m) from the
canopy height model depicted in Fig. 2B. We also calculated the coefficient
of variation (CV) of crown height (the ratio of standard deviation to mean
height) within each crown as a measure of leaf clumping that is comparable
across crowns of different mean heights. Higher CV indicates a more
uneven, “clumped” distribution of canopy heights and greater structural
variability within the crown. With the R package “lidR™™*, we used the
function “voxel_metrics” to derive average crown densities (pts m”) from
3D point densities from Lidar point clouds and the function “rum-
ple_index” to calculate the rumple index (a measure of rugosity or rough-
ness) for each crown. Higher rumple index values indicate more uneven, or
rough, canopy structure™.
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Filtering thermal data to account for structure and physiology
To analyze responses of well-lit and leafy vegetation pixels, we filtered
thermal data prior to analyses. Thermal data were processed through the
following consecutive filters': a LIDAR intensity filter, and” a sunpath and a
spectral filter (Fig. 2). The goal of these filters was to isolate the sunlit leaf-
level effects on canopy temperatures by removing the impact of crown
structure (e.g., crown density, non-photosynthetic versus photosynthetic
vegetation), and sun angle. The first filter applied to the thermal data was a
mask of LIDAR intensity values above the 90th percentile at each obser-
vation (flight) time. LiDAR intensity is independent of the amount of
sunlight hitting the canopy surface and provides insight into the leaf area
density and angle distribution and the three-dimensional structure within
forests, vegetation characteristics, and understory or terrain attributes. For
example, the intensity of LIDAR return signals can reflect the density or
sparsity of leaves or other biomass on tree crowns. This filter is also
important because pixel size is larger than leaf size—ensuring that we
analyze pixels within tree crowns that are primarily ‘full’ of objects, or
vegetation. Though we may lose pixels with sparse leaves, a lower LIDAR
threshold would capture sparser regions of the canopy and likely widen the
temperature differences we find between leaves and crowns, especially for
species with more open canopies. The next two filters were a sun path filter,
which uses solar ray tracing and removes self-shaded leaves from our
analysis, and a spectral filter, which allowed us to keep thermal data that
corresponded to pixels with an NDVI (normalized difference vegetation
index™”;) higher than 0.65 (where NDVI saturates) and a mean near-
infrared reflectance (NIR, 770-800 nm) higher than 0.2%. The goal of these
filters was to isolate high-intensity (high-density) pixels that are primarily
green leaves from those pixels that are densely filled with non-green biomass
such as branches or non-photosynthesizing leaves (Fig. 2).

Climate data

Climate data were collected from the climatological station at Laupahoehoe
Forest. We used air temperature, wind speed, relative humidity, upwelling,
and downwelling short and longwave radiation data that were collected
once every 10 minutes throughout the day. Because flight times took
approximately 15-20 minutes each, we averaged the three data points clo-
sest to each flight time for our analyses. For example, for the first flight time
(9:02 am), we used the average of data points collected at 9:00, 9:10, and
9:20 am.

From these averages of relative humidity and air temperature, we
calculated vapor pressure deficit (VPD)—the amount of water in the air
relative to the maximum amount of water the air can hold at a given
temperature. We calculated VPD for the site at each flight time as:

VPD =eg, —¢, (1)
where,

e, (saturation vapor pressure) = 6.112 X exp(17.67 X T )/

@
(T, + 243.5)(mbar)

air
€t = €y X 100 (convert mbar to Pa : (100Pambar ")) 3)

e,(ambient vapor pressure) = e, X RH100 4)

We also calculated net radiation (Rn)—the difference between
incoming (downwelling) and outgoing (upwelling) radiation for the site at
each flight time. This was calculated from 30-min averages of downwelling
and upwelling shortwave radiation (SWgowm and SW.,, respectively) and
downwelling and upwelling longwave radiation (LWgewn and LWy,
respectively):

Rn = S\Ndown - SV\]up + LWdown —-Lw (5)

up

The average daily temperature on March 7, 2022, was 14.7 °C, with
temperatures ranging from 11.2-19.1 °C, and the average temperature on
March 11, 2022, was 16.8 °C, ranging from 13.9-19.9 °C. No rainfall was
recorded on either day. The 30-minute average conditions used in analyses
at each of the five flight times are represented in Supplementary Fig. 2.
Though soil water content (SWC) can be an important determinant of plant
thermal regulation”, it did not vary significantly across observations and
was thus not included in the analysis of the abiotic drivers of T .

Species canopy temperature differences analysis

We ran a linear model with species predicting T to examine species
differences. We used a post-hoc multiple comparison test (TukeyHSD
function in base R; 53) at a confidence level of 0.95 and p-values to determine
statistically significant differences in Ty between species. We repeated this
analysis at each level of analysis (crown and leaf) in the thermal data filtering
process (Fig. 2a), and for each observation (flight).

Abiotic and biotic drivers of Tg;; analysis

To assess the relative importance of different environmental conditions and
crown traits on Ty, we analyzed which factors explained more variation in
T i using linear mixed-effects models in R™ with the package “Ime4™’. We
included net radiation (Rn), vapor pressure deficit (VPD), and windspeed
(WS) as fixed abiotic effects the model, crown density, rugosity (rumple
index), crown height, and leaf clumping as fixed biotic effects in the model,
and species identity as a random effect. All variables were standardized (z-
transformed; centered and scaled) prior to running models to compare the
relative strength of parameter estimates. The random effect of species
identity was evaluated as the percentage of the residual variation explained.
We repeated this analysis at both levels of analysis (crown- and leaf-level;
Fig. 2a), and both with and without including the four biotic crown
traits (Fig. 4a).

Within-species canopy temperature variation analysis

To test whether the variances in T, between species were equal, and
whether the variances in T, between filtering steps within a species were
equal, we used Levene’s Test for Equality of Variance with the function
“leveneTest” in the R package “car”*®. If p-values were less than 0.05, we
rejected the null hypothesis that the groups we were examining (species,
filter levels) showed equal variances in T,,. We also assessed temperature
distribution characteristics across species and levels of analysis (crown and
leaf) by calculating the skewness and kurtosis using the R package
“moments™>"'. We assessed normality with Anderson-Darling and
Kolmogorov-Smirnov tests using the R package “nortest”>*. These results
are presented in Supplementary Table 3.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data for this manuscript is available on Dryad at https://doi.org/10.5061/

dryad kwh70rzfp®.

Code availability

All analyses were performed with publicly available R packages (version 4.1.3;
https://www.R-project.org/)”. Code for this analysis is available on GitHub
(https://github.com/shanljbay/hawaii_crown_traits_and_temperatures.git).
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