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Abstract Understanding tree transpiration variability is vital for assessing ecosystem water‐use efficiency
and forest health amid climate change, yet most landscape‐level measurements do not differentiate individual
trees. Using canopy temperature data from thermal cameras, we estimated the transpiration rates of individual
trees at Harvard Forest and Niwot Ridge. PT‐JPL model was used to derive latent heat flux from thermal images
at the canopy‐level, showing strong agreement with tower measurements (R2 = 0.70–0.96 at Niwot, 0.59–0.78
at Harvard at half‐hourly to monthly scales) and daily RMSE of 33.5 W/m2 (Niwot) and 52.8 W/m2 (Harvard).
Tree‐level analysis revealed species‐specific responses to drought, with lodgepole pine exhibiting greater
tolerance than Engelmann spruce at Niwot and red oak showing heightened resistance than red maple at
Harvard. These findings show how ecophysiological differences between species result in varying responses to
drought and demonstrate that these responses can be characterized by deriving transpiration from crown
temperature measurements.

Plain Language Summary Understanding how forests use water, especially during droughts, is
crucial for a changing climate. We developed a method using thermal cameras to estimate individual tree water
loss (transpiration), something traditional methods lack. These cameras capture temperature data from the tree
crown, which is then used to estimate transpiration rates. Tests in two forests showed this method aligns well
with existing water use measurements. The study also revealed fascinating differences in how species handle
drought. For instance, lodgepole pine outperformed Engelmann spruce in one forest, while red oak proved more
resistant than red maple in the other. This shows that the thermal cameras can help assess how different trees
resist drought conditions. This thermal camera technique has the potential to become a valuable tool for
monitoring forest health as our climate evolves.

1. Introduction
Transpiration is the process of water movement through a plant, from the soil, through the stem and leaves, and
out through stomata to the atmosphere, and its evaporation from aerial parts, such as leaves, stems, and flowers
(Reddy, 2007). Tree transpiration represents an important component of total evapotranspiration in many
terrestrial ecosystems and is crucial for understanding and managing ecosystem water resources (Peters
et al., 2010). Accurate estimation of transpiration at the individual tree level is essential for understanding how
trees respond to drought, ensuring the survival of key species, and developing sustainable forest management
strategies that boost resistance to future climate change (Fisher et al., 2017).

While direct measurement of individual crown transpiration remains an elusive goal, each of the current methods
used to estimate it present challenges at scale. For instance, sap flow sensors offer a valuable means to estimate
transpiration at the individual tree level by directly measuring sap movement through the xylem and can provide
crucial insights into water use patterns (Smith & Allen, 1996). However, issues like sensor calibration, scaling
measurements to sapwood area, and spatial variability make it challenging to obtain precise measurements of tree
transpiration (Granier & Loustau, 1994). Micrometeorological methods, such as the Bowen ratio technique and

RESEARCH LETTER
10.1029/2024GL111479

Key Points:
• Canopy‐level evapotranspiration

derived from thermal cameras agreed
well with eddy covariance
measurements

• Crown temperature measurements
facilitated the estimation of individual‐
tree transpiration of co‐occurring spe-
cies using the same approach

• The results show interspecific
differences in water use and response
to drought that align with species traits

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
M. Javadian,
mostafa.javadian@nau.edu

Citation:
Javadian, M., Aubrecht, D. M., Fisher, J.
B., Scott, R. L., Burns, S. P., Diehl, J. L.,
et al. (2024). Scaling individual tree
transpiration with thermal cameras reveals
interspecies differences to drought
vulnerability. Geophysical Research
Letters, 51, e2024GL111479. https://doi.
org/10.1029/2024GL111479

Received 22 JUL 2024
Accepted 1 OCT 2024

© 2024. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

JAVADIAN ET AL. 1 of 11

https://orcid.org/0000-0001-7428-8869
https://orcid.org/0000-0003-2987-5380
https://orcid.org/0000-0002-6258-1838
https://orcid.org/0000-0003-3070-6621
https://orcid.org/0000-0002-1042-8452
https://orcid.org/0000-0002-0148-6714
mailto:mostafa.javadian@nau.edu
https://doi.org/10.1029/2024GL111479
https://doi.org/10.1029/2024GL111479
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL111479&domain=pdf&date_stamp=2024-10-12


eddy covariance, can be used to measure evapotranspiration of tree stands and forests with much better temporal
resolution, but these methods cannot be used at the individual tree level (Baldocchi, 2003).

Transpiration is directly linked to the energy balance of vegetation (Gates, 1968). This relationship arises because
the energy available to plants is partitioned into latent heat (LE, used in transpiration) and sensible heat (H, used in
warming the surrounding air) (Bonan, 2019). By constraining the energy balance through precise measurements
and modeling of these energy fluxes, we can estimate transpiration rates (Bonan, 2019). This approach leverages
the principle that the sum of LE and H, along with vegetation heat flux, must equal the net radiation received by
the plant canopy (Jones, 1985). One solution to estimate transpiration through leaf energy balance is to use
thermal imaging for the forest canopy temperature or the temperature of individual tree crowns. Thermal imaging
can be used to measure canopy temperatures with high spatiotemporal frequency at scales ranging from exper-
imental plots (Javadian et al., 2023), flux tower footprints (Javadian, Scott, et al., 2024; Still et al., 2022), drones
(Javadian et al., 2022; Still et al., 2019), to satellites (Fisher et al., 2020). Although thermal imaging has been
extensively used to enhance our understanding of ecosystem structure and function, it has not yet been utilized to
estimate tree‐level transpiration.

Several models have been proposed to estimate transpiration using canopy temperature obtained from thermal
imaging. The Priestley‐Taylor Jet Propulsion Laboratory model (PT‐JPL model, Fisher et al., 2008), has been
extensively used to estimate transpiration due to its reduced requirement for local measurements. PT‐JPL is used
in NASA's ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) evapo-
transpiration product and demonstrated high agreement with tower measurements (Fisher et al., 2020). However,
the ECOSTRESS 70‐m spatial resolution and 3–5 days temporal resolution is not adequate to capture transpi-
ration at the tree level nor frequent enough to capture faster tree responses to variations in weather conditions. By
contrast, continuous thermal imaging at the site level, like at an eddy covariance tower, can advance our un-
derstanding of the PT‐JPL model and, consequently, tree transpiration (Farella et al., 2022).

In this study, we use high‐resolution near‐surface thermal imagery from two distinct forest ecosystems, including
an evergreen subalpine conifer forest (Niwot Ridge) and a deciduous temperate forest (Harvard Forest) to esti-
mate transpiration rates of individual trees, and their responses to drought. First, we employ the PT‐JPL model to
estimate canopy ET and validate our estimates against tower‐based measurements. Subsequently, we apply the
model to individual tree crowns across various species to examine the differences in tree‐level modeled tran-
spiration in response to drought across timescales ranging from diurnal to seasonal. Finally, we interpret the
variations in modeled transpiration among different species in terms of their ecophysiological differences.

2. Materials and Methods
2.1. Site Descriptions

Our first field site is the 26 m tall Ameriflux “US‐NR1” tower (40.0329°N 105.5464°W) at the University of
Colorado's Mountain Research Station on Niwot Ridge, 40 kmwest of Boulder, CO. The tower is surrounded by a
mix of evergreen needleleaf species: lodgepole pine (Pinus contorta Douglas ex Loudon), Engelmann spruce
(Picea engelmannii Parry ex Engelm.), and subalpine fir (Abies lasiocarpa (Hook.) Nutt.). Lodgepole pine and
Engelmann spruce exhibit distinct adaptations to drought and shade. Lodgepole pine, tolerating a wider moisture
range, thrives in both sun and moderate drought (Amman, 1978). Conversely, Engelmann spruce flourishes in
cool, high‐elevation moisture, but stresses during prolonged dryness (Anderson, 1956). Additionally, lodgepole
pine is typically deeper rooted (Despain, 2001), and Engelmann spruce is shallow‐rooting at high‐elevations
(Robert, 1990). Shade tolerance further distinguishes them: Engelmann spruce thrives beneath the canopy,
while lodgepole pine prefers full sun for optimal growth (Keane et al., 2018). Bowling et al. (2018) showed winter
transpiration at Niwot is close to zero for both species.

We mounted an A655sc thermal camera (FLIR Systems, Inc., 640 × 480 pixel resolution, 45° FOV) near the top
of the US‐NR1 tower. The camera points east, is inclined about 30° below the horizon to reduce the effects of
direct sunlight and have a view across the canopy, and collects images continuously every 5 min. Mounted atop
the same tower, observing the same canopy are: two VIS‐NIR networked digital cameras (StarDot NetCam SC), a
4‐channel net radiometer (Kipp & Zonen CNR4), and a dual temperature/relative humidity probe (Vaisala
HMP35c). These instruments provide measurements necessary for correcting interference in the images recorded
by the FLIR cameras and for interpreting differences between canopy and air temperature. More details about the
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sites and cameras are in Aubrecht et al. (2016). The US‐NR1 tower provided 30 min LE, sensible heat flux (H),
incoming shortwave radiation (SW_IN), outgoing shortwave radiation (SW_OUT), incoming longwave radiation
(LW_IN), net radiation (Rn), friction velocity (u*), air temperature (Ta), relative humidity (RH), and vapor
pressure deficit (VPD) data that were used in the current analysis (Burns et al., 2015). At US‐NR1, air temperature
and humidity sensors were mounted at 2, 8, and 21.5 m heights but we used 21.5 m level to represent our top of
canopy region of interest (ROI).

Our second field site is the 40 m tall “Barn Tower” (42.5353°N 72.1899°W) at the Harvard Forest, 110 kmwest of
Boston, MA. The tower is surrounded by mixed forest stands dominated by red oak (Quercus rubra L.), red maple
(Acer rubrum L.), and white pine (Pinus strobus L.). Shallow root systems render red maple more vulnerable to
drought events when compared to red oaks (Abbott, 1974). The latter possess deeper root structures, granting
them access to subterranean water reserves. Red maple also exhibits moderate shade tolerance, flourishing in
partially shaded environments (Abbott, 1974). Red oak, on the other hand, demonstrates a preference for full sun
exposure (Auchmoody & Clay, 1979).

We mounted an A655sc thermal camera (FLIR Systems, Inc., 640 × 480 pixel resolution, 45° FOV) atop the Barn
tower. The camera points north, is inclined 20–30° below the horizon to reduce the effects of direct sunlight and
have a view across the canopy, and collects images continuously every 15 min. Supporting measurements
including a digital camera, a 4‐channel net radiometer, and a dual temperature/relative humidity probe are made
similar to the Niwot instrumentation. We also used 30 min LE, H, and u* data of US‐Ha1 (Urbanski et al., 2007).
The US‐Ha1 tower is situated approximately 2 km from the thermal camera location on the Barn tower. A
comparison of ECOSTRESS land surface temperature (LST) data at 70‐m resolution, acquired between 2018 and
2023, revealed a high degree of similarity between the Barn and US‐Ha1 (Figure S1 in Supporting Informa-
tion S1). The mean instantaneous LST (2018–2023) for the Barn was only 0.37 ± 0.82°C higher than US‐Ha1
(R2 = 0.93), indicating minimal LST differentials across these regions. Although no eddy flux measurements
were taken at the Barn tower, the high degree of LST similarity suggests that LE, H, and u* are likely comparable
between the two sites; nevertheless, radiation components, air temperature, and humidity data were acquired
through the instrumentation on the Barn tower (Richardson &Aubrecht, 2024). At Barn tower, those sensors were
mounted at the location of thermal camera which was above the canopies.

Both US‐NR1 and Barn towers were equipped with PhenoCam cameras, facilitating the capturing of RGB images
at these sites. These images were used for selection of ROIs and monitoring of the growing season (Seyednas-
rollah et al., 2019). Thermal and Visible images of the canopy at Harvard and Niwot are provided in Figure 1 with
ROIs delineated for each species to enable individual tree analysis. The ROIs were carefully defined to ensure
they remain fully vegetated throughout the entire growing season, based on RGB imagery. Additionally, Figures
S2 and S3 in Supporting Information S1 present the canopy temperatures along with the differences between
canopy and air temperatures for the trees highlighted.

The Standardized Precipitation Evapotranspiration Index (SPEI) (Vicente‐Serrano et al., 2010) was used for
drought assessment in this study. SPEI is a modified version of the Standardized Precipitation Index (SPI)
(McKee et al., 1993) and considers both potential evapotranspiration and precipitation. Here we used SPEI_12, as
a 12‐month SPEI, obtained from (http://sac.csic.es/spei/map/maps.html) with a one‐degree spatial resolution and
a monthly time resolution.

2.2. Model to Estimate Transpiration

The tree transpiration (T ) model used in this study is the transpiration component obtained from the PT‐JPL
algorithm (Fisher et al., 2008), which has been widely validated throughout the literature as one of the top‐
performing global remote sensing ET models (e.g., Chen et al., 2014; Fisher et al., 2020; Purdy et al., 2018).
PT‐JPL retrieves actual ET by reducing potential ET (ETp) starting with the PT equation (Fisher et al., 2011;
Priestley & Taylor, 1972):

ETp = α
Δ

Δ + γ
Rn
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where Δ is the slope of the saturation‐to‐vapor pressure curve, dependent on near‐surface air temperature, (Ta; °C)
and water vapor pressure (ea; kPa), γ is the psychrometric constant (0.066 kPa/°C), and α is the PT coefficient of
1.26 (unitless); ETp is in units of Wm− 2.

A series of ecophysiological scalar functions (unitless; 0–1), based on atmospheric vapor pressure deficit (Da;
kPa), RH (fraction), and vegetation indices, including normalized difference and soil adjusted vegetation indices
(NDVI obtained from MODIS and SAVI; unitless), simultaneously reduce ETp to actual ET, and partition total
ET into three sources for canopy transpiration (ETc), soil evaporation (ETs), and interception evaporation (ETi)
that has been described in Fisher et al. (2008, 2020):

ET = ETc + ETs + ETi

ETc = (1 − fwet) fg fT fMα
Δ

Δ + γ
Rnc

ETs = ( fwet + fSM (1 − fwet))α
Δ

Δ + γ
(Rns − G)

ETi = fwetα
Δ

Δ + γ
Rnc

fT = e
− (

Ta − Topt
Topt
)

2

where fwet is relative surface wetness (RH
4), fg is green canopy fraction ( fAPAR/fIPAR), fT is a plant temperature

constraint, fM is a plant moisture constraint ( fAPAR/fAPARmax), and fSM is a soil moisture constraint (RHDa ). fAPAR
is absorbed photosynthetically active radiation (PAR), fIPAR is intercepted PAR, Topt (°C) is the optimum

Figure 1. Example from a single temporal acquisition of RGB and the thermal camera in (a) and (b): US‐NR1 showing ROIs
with light green rectangles for lodgepole pine and dark blue rectangles for Engelmann spruce on 1st June 2018, at 12:00
(UTC‐7), (c and d): Harvard Forest Barn tower showing ROIs with black polygon for red oak and light blue polygons for red
maple on 17th October 2015, at 10:31 (UTC‐5).
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temperature linked to plant phenology and G is the soil heat flux (Wm− 2). Rnc and Rns are Rn for the canopy and
the soil, respectively, based on leaf area index derived from NDVI.

At the canopy‐level analysis (entire field of view), we compare the total ET (ETc + ETs + ETi) of PT‐JPL model
with the total ET measured by the flux tower. At tree‐level analysis, we focus solely on the transpiration (ETc) of
the trees from PT‐JPL since ETs and ETi are the same for the trees. The code utilized in this study is primarily
derived from Purdy (2020) (https://github.com/sciencebyAJ/PTJPL‐1D), with specific adaptations made to
facilitate canopy temperature based ET at the tree‐level.

The outgoing longwave radiation (LWout) in Rn (i.e., canopy Rn) was calculated using the corrected canopy
temperature data from thermal cameras via Stefan‐Boltzmann equation:

LWout = εσTc
4

where LWout is the upward longwave radiation from the canopy surface (Wm− 2), ε is the emissivity (unitless)
derived from previous studies (Aubrecht et al., 2016), σ is the Stefan‐Boltzmann constant
(=5.67 × 10− 8 Wm− 2 K− 4), and Tc is the average canopy temperature of all canopies at the field of view for the
canopy‐level analysis and the average canopy temperature of the associated ROI of the individual trees for the
tree‐level analysis. Tc has been corrected for background and atmospheric impacts based on Aubrecht
et al. (2016).

3. Results
The results for predicted LE based on our model versus measured LE show good agreement at both sites
(Figure 2). The coefficient of determination, R2, for Niwot, assessed at half‐hourly, daily, and monthly intervals,
stands at 0.70, 0.77, and 0.96, respectively. Meanwhile, for Harvard, the corresponding values are 0.62, 0.78, and
0.59 respectively; The Root Mean Square Error (RMSE) for Niwot is 12.9 Wm− 2/month whereas for Harvard it is
53.5 Wm− 2/month. The model overestimated LE in higher Rn and underestimated LE in lower Rn at both sites.

At Niwot, the differences in transpiration between lodgepole pine and Engelmann spruce showed a strong
response to drought conditions (Figures 3a–3c). Notably, the peaks in their transpiration differences coincided
significantly with the zenith of the SPEI_12, where more negative SPEI values indicate heightened drought
severity. Specifically, during the summers of 2017 and 2018, characterized by prominent drought conditions, the
transpiration differences reached their peaks with higher transpiration in lodgepole pine than Engelmann spruce.
A threshold SPEI value of approximately − 1 was identified as the point at which more pronounced changes in
transpiration occurred (Figure 3c). This suggests that when water availability declines past this threshold, plants
exhibit a stronger physiological response, likely due to increased drought stress. Conversely, in the absence of
significant drought stress during the summer of 2016 and spring of 2019, the transpiration differences between the
two species were negligible. This implies that lodgepole pine was the more drought‐tolerant species, and
Engelmann spruce was the more drought‐sensitive species. However, this distinction is influenced by a range of
factors, including physiological traits such as root depth, stomatal behavior, and other adaptive responses, which
should be considered.

To further explore the species differences, the diurnal transpiration patterns revealed that lodgepole pine
consistently exhibited higher transpiration rates than Engelmann spruce throughout most daylight hours in all
months (Figure S4 in Supporting Information S1). This difference was most pronounced around midday. Notably,
April, marking the typical onset of the growing season at Niwot, demonstrated the greatest mid‐day transpiration
differences between the two species compared to other months.

Similarly in Harvard, the variations in transpiration rates between red maple and red oak exhibited significant
sensitivity to drought conditions (Figures 3d–3f). Over the period from the drought‐free summer of 2014 to the
prolonged drought of the summer of 2016, the transpiration dynamics between red maple and red oak underwent a
noteworthy shift. Initially, in 2014, red maple demonstrated higher transpiration rates compared to red oak.
However, by 2016, during the drought period, red maple experienced a decline in transpiration, leading to lower
rates than those observed in red oak. This implies red maple was the more drought‐sensitive species, and red oak
was the more drought‐tolerant species.
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The diurnal transpiration patterns of red oak and red maple exhibited a marked similarity to their respective
drought responses (Figure S5 in Supporting Information S1). Throughout most of the afternoon, when soil
moisture is more constrained than in the morning, red oak demonstrated higher transpiration rates compared to red
maple, particularly during the months of June, July, and August. Conversely, during the morning, when soil
moisture limitations are less pronounced, red maple exhibited higher transpiration rates than red oak.

4. Discussion
We used the PT‐JPL model to estimate canopy‐level LE using thermal cameras and we validated our findings
against eddy covariance measurements. The results demonstrated a strong agreement between PT‐JPL canopy‐
level thermal camera‐based LE and eddy flux LE during daytime throughout the growing season at both study
sites. This approach was also applied to estimate individual tree transpiration among co‐occurring species. The
results revealed interspecific differences in water use and drought response that corresponded with known traits of
each species.

Figure 2. PT‐JPL exhibits robust skill in estimating daytime LE of growing seasons. Each scatterplot represents LE estimates by PT‐JPL versus in situ LE measurements
at the flux tower in half‐hourly, daily, and monthly scales. The 1:1 and linear regression lines are shown by the dashed and solid black lines, respectively. The PT‐JPL LE
represents the entire canopy level LE within each site.
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4.1. PT‐JPL Performance

Thermal camera‐based LE from PT‐JPL showed good performance against eddy flux LE. Still, we observed a
tendency for LE overestimation under conditions of higher Rn and underestimation under lower Rn across sub‐
daily, daily, and monthly scales (Figure S6 in Supporting Information S1). This phenomenon can be attributed
to our thermal camera measurements being mainly directed toward the upper canopy, which typically exhibits
higher canopy temperatures and greater transpiration rates. Consequently, during periods of elevated Rn (e.g.,
midday in summer), it is unsurprising that model estimations for upper canopy transpiration exceed the average
footprint of the tower. Conversely, during times of reduced Rn (e.g., early morning in fall), upper canopy tem-
peratures may be cooler relative to the lower canopy, resulting in lower LE values for the upper canopy compared
to the entire flux tower footprint, while also potentially overlooking the effects of diffuse radiation in the sub-
canopy and shading from leaves. This is supported by the differences between PT‐JPL upper and lower canopy
estimation of LE in Niwot where upper canopy ROIs exhibited higher LE during the summer compared to lower
canopy ROIs, while the reverse trend was observed in winter (Figure S7 in Supporting Information S1). The
overall bias at Niwot, however, was minimal; but, the estimate was biased high at Harvard, possibly due to the
need to increase the sensitivity of one of the ecophysiological constraint functions within PT‐JPL at this site such

Figure 3. (a) The average mid‐day monthly transpiration difference between Lodgepole pine and Engelmann spruce at Niwot Ridge, (b) SPEI drought index,
(c) Scatterplot between the average mid‐day monthly transpiration difference between Lodgepole pine and Engelmann spruce and SPEI drought index in US‐NR1,
(d) The average mid‐day monthly transpiration difference between red oak and red maple at Harvard Forest, (e) SPEI drought index, (f) Scatterplot between the average
mid‐day monthly transpiration difference between red oak and red maple and SPEI drought index at Harvard Forest. The blue‐shaded regions represent the canopy
dormancy. The red dotted lines indicate the y = 0 line.
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as soil moisture constraint ( fSM). In the PT‐JPL, fSM is traditionally estimated by RH. However, García
et al. (2013) enhanced fSM by incorporating the thermal inertia concept, utilizing soil temperature and albedo,
which significantly improved their model performance. Implementing a similar approach could represent a key
area of improvement for the LE estimates at Harvard. The overestimation of PT‐JPL ET in the higher Rn and
cloudy days was also reported by other studies. For example, Liu et al. (2021) revealed an overestimation of
instantaneous and daily PT‐JPL ET in a humid temperate forest ecosystem, due to misrepresenting local climatic
conditions, poor upscaling of instantaneous measurement to the daily scale on cloudy days, and inadequately
characterizing surface vegetation index similar to the overestimation that Wu et al. (2022) found during the
summer over 15 cropland flux sites in North America.

4.2. Utilizing Thermal Cameras to Estimate Individual Tree Transpiration

Thermal cameras have been employed extensively in studying canopy temperature across diverse tree species and
plant functional types in various ecosystems. However, our study marks the pioneering utilization of thermal
cameras to estimate individual tree transpiration rates. Our method demonstrated promising efficacy and offers a
potential alternative to traditional invasive techniques like sap flow sensors. Several advantages of employing
thermal cameras over other methods for estimating individual tree transpiration rates are evident. First, thermal
cameras enable the comparison of individual tree transpiration rates among neighboring trees utilizing the same
images with differing regions of interest. By contrast, the utilization of sap flow sensors, necessitates sensor
biases corrections and scaling to whole tree levels based on assumptions about xylem transport variability,
rendering accurate computation of tree transpiration rates challenging but they may perform better than thermal
cameras in areas where the species density or viewing geometry precludes clear ROIs for individual species.
Second, canopy temperature data obtained from thermal cameras can be directly integrated into various
evapotranspiration models grounded in energy balance principles, facilitating the estimation of different com-
ponents of ecosystem evapotranspiration. Third, thermal cameras can easily be deployed at flux towers and
provides an independent estimate of transpiration to complement flux tower LE measurements and assist with
gap‐filling.

4.3. Comparison of Individual Tree Transpiration Responses to Drought

At both sites, intraspecific differences in transpiration responses to drought align with species traits (Figure 3 and
Figure S8 in Supporting Information S1). Our findings from Niwot revealed that lodgepole pine exhibits greater
drought tolerance compared to Engelmann spruce. This finding is supported by Danyagri et al. (2023) and Justin
DeRose (2023) that found that lodgepole pine have several adaptations that help them survive drought, such as
efficient water use and deep root systems. The sap flow measurements at Niwot from Hu et al. (2010) showed
lodgepole pine having the highest transpiration rates, followed by Engelmann spruce and then fir. Horton (1958)
observed that lodgepole pine in Alberta can develop deep roots extending up to 4 feet. Conversely, Kauf-
mann (1975) suggest the majority of Engelmann spruce roots are within the top 30–46 cm of soil, rendering them
vulnerable to surface disturbances and drought conditions, particularly in shallow soil environments. Addition-
ally, the diurnal transpiration patterns showed that lodgepole pine consistently demonstrated higher transpiration
rates compared to Engelmann spruce during most daylight hours across all months, with a peak around midday.
This difference may be attributed to the species’ rooting strategies, which the shallow roots of Engelmann spruce
are more susceptible to midday soil evaporation, whereas the deeper roots of lodgepole pine are less affected
(Despain, 2001; Robert, 1990) in addition to higher stomatal conductance in lodgepole pine (Kaufmann, 1982).

Similarly, at Harvard, we found red oak was more tolerant to drought than red maple. While Barton and Glee-
son (1996) suggested that red maple might be more drought tolerant than red oak, most evidence points in the
other direction. For example, aligned with our finding, Matheny et al. (2017) showed, during a soil dry down,
transpiration and stem water storage decreased by more than 80% and 28% in red maples but only by 31% and 1%
in red oaks in Michigan. Additionally, Fekedulegn et al. (2003) demonstrated that red oak outperform red maple,
chestnut oak, and yellow‐poplar in terms of drought resilience in West Virginia. Furthermore, the topographic
positions occupied by the two species are different. Although they can coexist in various forest settings, red oak
demonstrates a greater affinity for well‐drained sites, such as rocky ridges and uplands (Green et al., 2010).
Conversely, red maple thrives along the fringes of swamps and wetlands, indicating a lower tolerance for drought
conditions (Alexander &Arthur, 2010; Stein &Acciavatti, 2001). Additionally, throughout most of the afternoon,
when soil moisture is more constrained than in the morning, red oak demonstrated higher transpiration rates
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compared to red maple. This could be due to red oak’s deeper rooting system, which better accesses limited
moisture compared to the shallower roots of red maple (Abbott, 1974), thicker leaves, and smaller stomata
(Fekedulegn et al., 2003).

4.4. Limitations and Future Directions

The study was constrained by the use of uniform RH, Ta, and NDVI values for all ROIs at each site, as these
variables were only available for the entire site footprint. This approach may not fully account for variability
among neighboring trees, which can differ due to distinct ecophysiological traits of each species. Additionally,
while LST at the Barn and US‐Ha1 towers were similar, potential differences in LE between the Barn and US‐Ha1
towers are still expected but it could not be assessed due to the unavailability of LE data for the Barn tower.

5. Conclusions
Our study highlights the power of thermal imaging combined with the PT‐JPL model to estimate individual tree
transpiration and assess species‐specific responses to drought stress. This capability is critical for understanding
the dynamic nature of water use in forest ecosystems, particularly in the face of a changing climate. By resolving
ET at the tree level, we can gain deeper insights into ecosystem resilience at the tree‐level. Notably, our findings
revealed significant differences in drought tolerance between co‐occurring species using thermal cameras at both
study sites. Lodgepole pine at Niwot and red oak at Harvard displayed a greater ability to maintain transpiration
rates during drought compared to Engelmann spruce and red maple, respectively. This underlines the importance
of considering species composition when evaluating ecosystem vulnerability to climate change. Furthermore, the
good agreement between thermal imagery‐derived ET and tower flux measurements at daily and monthly scales
validates the PT‐JPL potential for large‐scale applications, though there remains room for further improvement.
This study revealed how leveraging crown temperature measurements through ET modeling can opens doors for
non‐invasive monitoring of drought stress at the individual tree level.

Data Availability Statement
Thermal data has been archived at figshare (Javadian, Aubrecht, & Richardson, 2024). Flux tower data can be
accessed through the AmeriFlux data portal (https://ameriflux.lbl.gov). PhenoCam data is available at https://
phenocam.nau.edu/webcam/roi/niwot5/EN_1000/ and https://phenocam.nau.edu/webcam/roi/harvardbarn2/
DB_1000/. Barn tower data is provided by Richardson and Aubrecht (2024). SPEI data can be found at http://sac.
csic.es/spei/map/maps.html. ECOSTRESS LST and MODIS NDVI data are accessible via https://search.earth-
data.nasa.gov/.
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