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Abstract
1. Understanding how vegetation responds to drought is fundamental for under-

standing the broader implications of climate change on foundation tree species 
that support high biodiversity. Leveraging remote sensing technology provides a 
unique vantage point to explore these responses across and within species.

2. We investigated interspecific drought responses of two Populus species (P. fre-
montii, P. angustifolia) and their naturally occurring hybrids using leaf- level visible 
through shortwave infrared (VSWIR; 400–2500 nm) reflectance. As F1 hybrids 
backcross with either species, resulting in a range of backcross genotypes, we 
heretofore refer to the two species and their hybrids collectively as ‘cross types’. 
We additionally explored intraspecific variation in P. fremontii drought response 
at the leaf and canopy levels using reflectance data and thermal unmanned aerial 
vehicle (UAV) imagery. We employed several analyses to assess genotype- by- 
environment (G × E) interactions concerning drought, including principal compo-
nent analysis, support vector machine and spectral similarity index.

3. Five key findings emerged: (1) Spectra of all three cross types shifted signifi-
cantly in response to drought. The magnitude of these reaction norms can be 
ranked from hybrids>P. fremontii>P. angustifolia, suggesting differential variation 
in response to drought; (2) Spectral space among cross types constricted under 
drought, indicating spectral—and phenotypic—convergence; (3) Experimentally, 
populations of P. fremontii from cool regions had different responses to drought 
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1  |  INTRODUC TION

Climate change exacerbates drought conditions in many regions 
(Dai, 2011; Stocker et al., 2014), increasing vegetation stress, plant 
mortality and biodiversity loss while disrupting critical mutualisms 
and ecosystem stability (Allen et al., 2010; Au et al., 2023; Steinkamp 
& Hickler, 2015; Stone et al., 2018). Prolonged and severe drought 
conditions threaten vital ecosystem services (Breshears et al., 2011; 
Wolf & Paul- Limoges, 2023), yet forests have demonstrated resil-
ience and adaptive capacity to water stress (Amlin & Rood, 2003; 
Anderegg et al., 2018; Phelan et al., 2022). This resilience can be 
driven by genotype- by- environment (G × E) interactions, as both in-
traspecific and interspecific variations shape ecosystem responses 
to drought (Anderegg et al., 2018; Grossiord, 2020; Rodríguez- 
Alarcón et al., 2022). Remote sensing is a powerful, non- destructive 
tool for examining G × E interactions at multiple scales, capturing 
forest responses to water stress across species, populations and 
landscapes.

Spectroscopy and thermal imaging are particularly effec-
tive for studying G × E interactions in the context of drought, as 
they capture physiological responses to water stress across spa-
tial and temporal scales (Cotrozzi et al., 2017; Le et al., 2023; Li 
et al., 2023; Sapes et al., 2024). Spectroscopy, which captures 
data across the visible through shortwave infrared (VSWR; 350–
2500 nm) spectrum at short wavelength intervals (e.g. 1–10 nm), 
allows us to detect changes in plant traits indicative of water stress 
(e.g. rehydration capacity, leaf water potential, relative water 
content, electrolyte leakage) before they are visually apparent 
(Cotrozzi et al., 2017; Mohd Asaari et al., 2022; Sapes et al., 2024). 
Water stress, quantified as canopy water content, has been es-
timated across large spatial scales using imaging spectroscopy 

(Asner et al., 2016). These data further capture changes in other 
leaf traits (e.g. leaf mass per area, chlorophyll content; Asner & 
Martin, 2016), providing a non- destructive measure of plant phe-
notypes at both the leaf and landscape levels. While the entire 
VSWIR spectrum is used to capture plant physiological responses, 
specific regions contribute distinct information: the visible range 
(400–700 nm) largely reflects photosynthetic pigments like chlo-
rophyll, the near- infrared (NIR; 750–1300 nm) detects variation 
in cell structure and water content, and the shortwave infrared 
(SWIR; 1300–2500 nm) is often indicative of non- photosynthetic 
plant traits such as lignins and tannins (Asner & Martin, 2016). 
Furthermore, recent studies by Corbin et al. (2025) show that 
spectroscopy is adept at discriminating among populations and 
genotypes and detecting G × E interactions of P. fremontii, one of 
the species used in the present study. By detecting drought stress 
and phenotypic responses across environments, spectroscopy 
captures plant water- use strategies and adaptive capacities, form-
ing a foundation to advance our understanding of local adapta-
tions, community structure, phytochemistry and stress responses 
as well as for scaling these analyses to broader spatial extents 
through complementary remote sensing methods such as thermal 
imaging.

Thermal imaging is another important remote sensing tool for 
investigating variation among water- use strategies, plant water 
status and drought tolerance at large spatial scales (Fuchs, 1990; 
Scherrer et al., 2011). Leaf and canopy temperatures, mediated 
by transpiration via evaporative cooling (latent heat loss), rise 
when water availability is limited, making thermal imaging a reli-
able indicator of water stress. This approach has been success-
fully applied in plant and ecosystem sciences using platforms such 
as towers, unmanned aerial vehicles (UAVs) and satellites (Farella 

than populations from warm regions, with source population mean annual tem-
perature driving the magnitude and direction of change in VSWIR reflectance. 
(4) UAV thermal imagery revealed that watered, warm- adapted populations 
maintained lower leaf temperatures and retained more leaves than cool- adapted 
populations, but differences in leaf retention decreased when droughted. (5) 
These findings are consistent with patterns of local adaptation to drought and 
temperature stress, demonstrating the ability of leaf spectra to detect ecological 
and evolutionary responses to drought as a function of adaptation to different 
environments.

4. Synthesis. Leaf- level spectroscopy and canopy- level UAV thermal data captured 
inter-  and intraspecific responses to water stress in cottonwoods, which are 
widely distributed in arid environments. This study demonstrates the potential of 
remote sensing to monitor and predict the impacts of drought on scales varying 
from leaves to landscapes.

K E Y W O R D S
cottonwood, drought, G × E interactions, hyperspectral, interspecific, intraspecific, plant–
climate interactions, Populus, spectroscopy, UAV
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et al., 2022). By capturing G × E interactions at landscape scales, 
thermal imaging and spectroscopy offer a means of understanding 
ecosystem responses as climate change intensifies drought across 
many regions.

Given the growing importance of understanding G × E inter-
actions in the context of climate change, cottonwoods offer ideal 
case studies for investigating water stress in trees due to their 
significant intra-  and interspecific variation, which mediates their 
response to environmental stressors (Blasini et al., 2021, 2022; 
Bothwell et al., 2023; Hultine et al., 2020; Kaluthota et al., 2015; 
Moran et al., 2023; Woolbright et al., 2008). Two cottonwood spe-
cies, (Populus fremontii Wats. and P. angustifolia James) and their 
naturally occurring hybrids coinhabit riparian zones throughout the 
southwestern U.S. but also differ in their hydraulic traits. Populus 
fremontii (Fremont cottonwood) has higher canopy conductance 
(Fischer et al., 2004) and less stomatal sensitivity to cumulative va-
pour pressure deficit over the growing season than its sister species, 
P. angustifolia (narrowleaf cottonwood; Guo et al., 2022). Further, hy-
brids between P. fremontii and P. angustifolia display distinct genetic 
and ecological characteristics, such as the formation of hybrid zones 
that consist of F1 hybrids and backcross genotypes with the potential 
for increased tolerance to drought (Hultine et al., 2020; Martinsen 
et al., 2001; Whitham et al., 1999). Hybrids are of special interest 
as their unique genetic combinations (F1s to backcrosses; Hersch- 
Green et al., 2014) provide targets for selection and the potential 
for evolution in response to climate change (see review by Peñalba 
et al., 2024). Drought resilience in both Populus species is a pressing 
conservation concern as they constitute foundation species (Hultine 
et al., 2020) that have declined due, in part, to water limitations, 
leading to the decline of riparian ecosystems in the American south-
west (Braatne et al., 1996; Hultine et al., 2020; Stromberg, 2001; 
Stromberg et al., 1996).

Intraspecific differences—shaped largely by past climatic condi-
tions—also play a key role in a species' ability to tolerate water stress 
(Gazol et al., 2023; González de Andrés et al., 2021; Jung et al., 2014; 
Luo et al., 2023). In P. fremontii, intraspecific variation is pronounced, 
with populations exhibiting distinct physiological adaptations to 
temperature and water availability, consistent with the recogni-
tion of distinct ecotypes across its range (Bothwell et al., 2023; 
Hultine et al., 2020; Ikeda et al., 2017). For example, warm- adapted 
P. fremontii populations use high transpiration rates during heat 
waves to keep leaf temperatures below thermal thresholds (Blasini 
et al., 2021; Moran et al., 2023; Posch et al., 2024). However, this 
greater capacity for leaf cooling comes at the cost of operating 
closer to hydraulic failure thresholds than cool- adapted populations 
(Blasini et al., 2021; Posch et al., 2024), given their high susceptibil-
ity to drought- induced xylem cavitation (Leffler et al., 2000; Tyree 
et al., 1994).

We investigated G × E interactions using leaf- level VSWIR 
spectroscopy and canopy- level UAV thermal data by exploring in-
tra-  and interspecific drought responses in cottonwood (Populus 
spp.). First, we explored interspecific drought responses of three 

Populus cross types, P. fremontii, P. angustifolia and their hybrids, 
using leaf VSWIR reflectance data collected during two green-
house drought experiments. We focused on quantifying their 
spectral shifts and phenotypic convergence under environmental 
stress, hypothesizing that, while the spectral space of the three 
cross types will shift as a result of drought, their spectra will be 
distinct regardless of drought status. We additionally assessed 
intraspecific G × E interactions in P. fremontii by evaluating how 
variations in source population mean annual temperature (MAT) 
impacted drought responses in leaf- level VSWIR and canopy- level 
UAV thermal data from two common garden experiments. We 
hypothesized that intraspecific spectral and thermal responses 
to drought will reflect historic climate adaptations to heat and 
drought, and warm- adapted populations will exhibit lower leaf 
temperatures pre- drought but will be more impacted by drought 
than cool- adapted populations. By investigating the drought re-
sponse of foundation tree species using remote sensing, we sought 
to explore and demonstrate remote sensing as a tool for quantify-
ing and monitoring intra-  and interspecific variation in response to 
environmental stressors at local to landscape scales.

2  |  METHODS

2.1  |  Spectroscopy data

2.1.1  |  Spectroscopy experiments

Two spectroscopy experiments were conducted to assess the spec-
tral response to drought of three Populus cross types, including P. 
fremontii and P. angustifolia, their F1 hybrids and backcrosses to ei-
ther parent species (Table 1). Both experiments included cuttings 
from sites along five riparian corridors across Arizona, Utah and New 
Mexico (Indian Creek, Blue River, Weber River, San Francisco River, 
Little Colorado River; Figure S1; Table S1) grown in a greenhouse at 
Northern Arizona University (NAU) in Flagstaff, AZ. Drought treat-
ments consisted of watering the 3- month- old saplings every 4 days 
to saturation while control plants received water every other day. 
For the first experiment, 51 of the 132 saplings were droughted, and 
81 were well- watered. Spectral measurements were collected using 
a leaf clip and a field spectrometer (Analytical Spectra Devices (ASD) 
Inc., Boulder, CO, USA) after the 10th week. The second experiment 
included 100 saplings; 48 individuals were well- watered and 52 
were droughted for 9 weeks prior to spectral measurements. Sample 
sizes for each were balanced by randomly selecting n spectra from 
each cross type × water status (see below for details).

Cross type was determined through DNA extraction and micro-
satellite genotyping. Genomic DNA was extracted from desiccated 
leaves using a modified high molecular weight protocol (Mayjonade 
et al., 2016). Twelve microsatellite primers and associated protocols 
are described in Bothwell et al. (2017). PCR amplicons were manually 
scored using GeneMapper v. 4.0. Two loci showed inconsistencies 
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and were excluded, leaving 10 loci for individual genotyping. We 
used STRUCTURE v.2.2 to determine the most likely number of 
groups (K) based on allele frequencies at each locus, returning the 
per cent ancestry (Q- score) for each individual. STRUCTURE runs 
were conducted for K = 1–6 using admixed ancestry models assum-
ing independent allele frequencies (burn- in lengths = 1000; Markov 
Chain Monte Carlo chain length = 10,000). K runs were repeated 
3 times, and results were combined into Q- scores using CLUMPP 
(Jakobsson & Rosenberg, 2007). Individuals were classified by an-
cestry values as follows: <0.1 (P. fremontii), 0.1–0.9 (hybrids) and 
>0.9 (P. angustifolia; Table S2).

We next assessed intraspecific spectral drought responses using 
P. fremontii trees sourced from four populations spanning a 6.8°C 
thermal gradient in Arizona (Figure S1). Populus fremontii was selected 
for these studies because it is native to the two common garden sites 
in Phoenix and Agua Fria (Table 1), while P. angustifolia and hybrids 
are not. Two sites were sourced from cooler regions (12.3–16.9°C 
MAT), and two were from warmer regions (Table 2). Cuttings from 
each population were grown in a greenhouse at NAU for 9 months 
and then transported to a common garden in Phoenix, AZ. Prior to 
the drought treatment, saplings were grown for 2 years under well- 
watered conditions according to Posch et al. (2024). Initial leaf reflec-
tance measurements were collected on July 19 using a leaf clip and 
ASD field spectrometer. Water was progressively limited throughout 
August, starting August 11, when watering time was reduced from 
20 min every 6 h to 10 min. Water stress peaked on August 25 (3 min 
every 12 h), and the drought treatment ended on August 29 when 
watering time returned to 20 min every 6 h (Posch et al., 2024). Leaf 
reflectance data were collected from all plants a second time on 
September 29. As this experiment was not climate- controlled, sap-
lings experienced high temperatures in July during the first set of 
spectral measurements. Throughout the three- month experiment 
from July through September, temperatures declined, resulting in 
lower thermal stress at the end of the experiment when the second 
set of measurements were collected (Posch et al., 2024).

All spectral measurements were collected using an ASD spec-
trometer (see above) from 350 to 2500 nm at 1 nm intervals (Figure 1). 

White references were collected every 5–10 samples to ensure spec-
tral measurements were within the same reference environment, 
and wavelengths below 400 nm and above 2450 nm were removed 
to minimize noise. Brightness normalization was implemented on all 
spectral measurements to reduce variability unrelated to leaf chemis-
try and structure (Feilhauer et al., 2010; Kruse et al., 1993). Parabolic 
corrections were applied to the data to account for spectral offsets 
resulting from different temperature sensitivities of the ASD at 1000 
and 1830 nm (Hueni & Bialek, 2017). We then averaged the spectral 
measurements collected from three leaves per plant. For Greenhouse 
1 & 2 data (cross type datasets), we removed wavelengths 900–
1100 nm due to sensor noise in the Greenhouse 1 data that could 
not be corrected post hoc. This spectral region does not have strong 
molecular signatures for vegetation (Martin et al., 2018), and this 
omission did not significantly alter Greenhouse 2 results, so we con-
cluded that removing these wavelengths from the cross type dataset 
had minimal effects on the results. As all spectroscopy datasets had 
unequal cross type/source population × drought group sizes, we ran-
domly subset the data into equal groups based on the minimum group 
size. This resulted in n = 24 for each cross type × drought treatment 
(cross type dataset) and n = 11 for each source population × drought 
status (P. fremontii dataset).

2.1.2  |  Data analysis of spectroscopy experiments

We used several analyses to assess the response of leaf reflectance 
spectra to drought within and among species. The first analysis eval-
uated the spectral similarity between drought and watered plants 
among the three cross types and within P. fremontii. To do this, we 
projected group centroids from 20- dimensional principal compo-
nent (PC) space to 2- dimensional space, a method that has been 
used to demonstrate ecologically relevant similarities among groups 
(Seeley, Martin, et al., 2023). Principal component analysis (PCA) 
maps higher dimensional data into a lower dimensional space, and 
the resulting orthogonal PCs in the lower dimensional space capture 
the maximum variation in the data.

TA B L E  1  Summary of experiments included in this investigation.

Experiment
Dataset(s) 
included in Cross types

Number of trees/
images Experiment notes

Greenhouse 1 Cross type P. fremontii
P. angustifolia
Hybrid

132 Calibration error with ASD spectrometer resulting in 
low signal to noise between 900 and 1100 nm

Greenhouse 2 Cross type P. fremontii
P. angustifolia
Hybrid

100 There were no watered P. fremontii in this experiment

Phoenix 
Common 
Garden

P. fremontii P. fremontii 60 Spectral measurements collected in July, prior to 
water stress experiments in August. Second set of 
measurements collected in September

Agua Fria 
Common 
Garden

Canopy 
Unmanned Aerial 
Vehicle

P. fremontii 122 (Average thermal 
images per date)

Thermal and RGB UAV imagery captured every 
1–2 weeks
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    |  5SEELEY et al.

We performed a PCA across the entire VSWIR for both datasets 
(cross type and P. fremontii) separately and obtained the first 20 PC 
using the Python scikit- learn package (Pedregosa et al., 2011). The first 
20 dimensions were chosen as they capture a large proportion of vari-
ation within the data (>99.9%) and the majority of the significant PC 
(p < 0.05) that separate data according to treatment and/or crosstype/
source population. We additionally performed a sensitivity analysis 

to compare how the number of PC affected the results (Figure S2). 
The data were then grouped by both drought status and cross type/P. 
fremontii source population and calculated group centroids (group 
mean) along each PC. Next, Euclidean distances between each group 
centroid in 20- dimensional space were calculated and projected in 
2- dimensional space using multidimensional scaling, highlighting mean 
differences in drought response between cross types and populations. 

TA B L E  2  Source population climatic variables for Populus fremontii dataset.

Source population Code Reference name Elevation Mean annual temperature (°C)
Mean annual precipitation 
(mm)

Jack Rabbit, Little CO River JLA Cold 1507 12.3 212

San Pedro, Charleston TSZ Cool 1219 16.9 322

New River, Phoenix NRV Warm 666 19.9 337

Cibola, CO River CCR Hot 70 22.6 97

F I G U R E  1  Conceptual figure outlining the study design. Mean brightness normalized reflectance of each cross type for (a) watered and 
(b) drought treatments. Visible, near- infrared (NIR) and shortwave infrared (SWIR) regions of the spectrum are labelled.
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6  |    SEELEY et al.

We used bootstrapping (100 iterations) to identify the centroids, 
randomly selecting a subset of each dataset with equal group sizes 
for each iteration. This method allowed us to isolate patterns within 
this highly dimensional dataset that were driven by genetic identity 
and treatment. By extracting this information from among the noise 
caused by within- group variation, we can better understand biologi-
cally relevant trends in the data (Seeley, Martin, et al., 2023). We have 
employed two other methods, spectral similarity index and support 
vector machine models, to explore within- group variation and spectral 
overlap between groups, discussed below. To visualize group variation 
among the first 50 PC that significantly distinguished one or more 
groups according to ANOVA (p < 0.05), we plotted these data using 
boxplots (Figures S3 and S4).

As the PCA distance analysis focused on group means, we explored 
the spectral overlap among the cross types using the spectral similar-
ity index (SSI). We calculated SSI according to Equation (1) (Somers 
et al., 2009, 2015) to find the spectral similarity between one group (i) 
and another (j), where R is the reflectance value at each wavelength (b).

We first calculated SSI between watered and water- stressed 
plants for each cross type to compare their relative shifts in spectral 
space. Next, we calculated the pairwise similarity among cross types 
when watered versus water- stressed to assess whether this stressor 
constricted the spectral variation among the cross types. We boot-
strapped (50,000 iterations) SSI calculations, randomly selecting 
new subsets of data with equal sample sizes.

We next employed a support vector machine (SVM) algorithm 
to assess the separability of leaf spectra based on drought sta-
tus and cross type/P. fremontii source population. SVM is a su-
pervised classification algorithm commonly used in spectroscopy 
applications as it efficiently handles the high dimensionality of re-
flectance data and routinely outperforms other machine learning 
algorithms (Balzotti & Asner, 2018; Dalponte et al., 2012; Seeley 
et al., 2024). For each dataset, we ran two classifications, one pre-
dicting drought status and the second predicting either cross type 
or source population. We used a radial basis function kernel SVM 
and optimized hyperparameter selection using a cross- validation 
grid search with the scikit- learn package (Pedregosa et al., 2011). 
Data were separated into training and test datasets using a ran-
dom 70/30 stratified split. We bootstrapped with 100 iterations 
to obtain model accuracies.

Next, we focused on intraspecific variation in drought responses 
among the four P. fremontii source populations by comparing differ-
ences between pre-  (July) and post-  (September) drought spectra. 
We visually compared the change in spectra by plotting the mean 
difference between the pre-  and post- drought for each source pop-
ulation across the VSWIR. A one- way ANOVA was applied to each 
wavelength to assess statistically significant differences between 
pre-  and post- drought spectra.

Lastly, we assessed the ability of each population and cross type 
to acclimate to drought using the photochemical reflectance index 
(PRI), a spectral index associated with stress response. PRI is cal-
culated as the normalized difference in reflectance between two 
channels in the visible range (𝜌531 and 𝜌570) according to Equation (2) 
(Thénot et al., 2002).

PRI captures leaf xanthophyll pigment content and epoxidation 
state, both of which respond to leaf stress and are indicators of pho-
tosynthetic efficiency (Gamon et al., 1992). We compared the PRI 
across drought treatments and cross types/source populations using 
Tukey pairwise comparisons and kernel density plots of PRI centred 
on the mean.

2.1.3  |  Canopy- level unmanned aerial vehicle 
experiments

In 2014, a P. fremontii common garden located in the Agua Fria National 
Monument (34.2° N, 112.1° W) was established using cuttings from 
16 geographically separate populations. We focused on six of those 
populations, three of which were sourced from warm (19.9–22.6°C 
MAT) sites, and another three were located at cool sites (10.7–14.7°C 
MAT). The MAT of Agua Fria is between these two temperatures 
(17.2°C MAT), and it receives 400 mm of precipitation annually. All 
plants were watered using drip irrigation twice per week (~37–46 L/
week) during the hottest parts of the summer (May–early August), and 
once per week (~19–23 L/week) the rest of the growing season (Blasini 
et al., 2021). In late August 2020, a year with half the 30- year aver-
age annual precipitation, approximately half of the trees in the garden 
stopped receiving water (Figure S5). Starting in early September 2020, 
an unmanned aerial vehicle (UAV) (Parrot ANAFI thermal drone; FLIR 
Boson 320 thermal camera; Teledyne FLIR OR, USA) with red, green, 
blue (RGB) and a coaligned thermal camera was flown over watered and 
water- stressed trees approximately weekly through mid- November (9 
flights total). Flights occurred around solar noon on cloud- free days. 
The UAV flew ~3 m above tree canopies and collected 10 images per 
tree with its camera facing down (90°).

2.2  |  UAV data analysis

UAV data were processed to obtain leaf temperatures for each tree 
and the number of leaf pixels for each image. This method has been 
shown to detect differences in individual genotypes and populations 
of P. fremontii (Sankey et al., 2021). Thermal images were preproc-
essed with FLIR Thermal Studio Pro (Teledyne FLIR LLC, Wilsonville, 
Oregon, US) to convert raw radiance measurements to temperature 
values using the following parameters: emissivity = 0.98; reflected 
(sky) temperature = −20°C; ambient temperature = 40°C; distance to 

(1)SSI =
1

n

n
∑

b= 0

sd
(

Rb,i
)

+ sd
(

Rb,j
)

∣ Rb,i − Rb,j ∣

(2)PRI =
𝜌531 − 𝜌570

𝜌531 + 𝜌570
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    |  7SEELEY et al.

target = 2 m; relative humidity = 30%. Leaf thermal values were ex-
tracted using RGB leaf segmentation. Only RGB images with green 
foliage upon visual inspection were included. Pixels with leaves were 
identified as those with (1) green pixel value > red pixel value, (2) green 
digital number values (ranging 0–255) > 100 (to avoid shadows) and 
(3) at least one colour (green, red, blue) digital value less than 120 (to 
avoid bright soil pixels and glare). This combination was achieved via 
trial and error with visual examination to account for diverse non- leaf 
pixels (e.g. soil, irrigation piping, dead foliage, etc.). Approximately 100 
masked images were inspected visually to ensure accurate segmenta-
tion (Figure 2).

We then compared leaf temperature and the number of leaves 
in each image across treatments and populations. To standard-
ize the temperature distribution differences between warm-  and 
cool- adapted populations for each treatment, we normalized tem-
perature values by date, which allowed us to compare leaf tempera-
tures across the duration of the experiment regardless of changing 
weather. Observations were aggregated across all sampling dates. 
We then performed Bonferroni t- tests between treatment groups 
and calculated skew and kurtosis to assess distributional differ-
ences between populations of different adaptations. In our sensi-
tivity analysis, we compared results using all remaining pixels after 
segmentation with (1) ≤100 pixels sampled per image to limit the 
influence of any given image in overall results and (2) the remaining 
canopy pixel temperatures averaged by image to completely avoid 
pixel autocorrelation.

3  |  RESULTS

3.1  |  Intra-  and interspecific drought responses

Interspecific variation among spectra in PC space was driven by both 
treatment and cross type (Figure 3a). Group centroids clustered ac-
cording to both cross type and water status, with all cross types dem-
onstrating a directionally similar shift when water- stressed. Regardless 
of drought status, hybrid spectra were intermediate to P. fremontii and 
P. angustifolia in PC space. Distances between cross type centroids 
were generally shorter for droughted plants compared to watered 
plants (Table S3), indicating that drought conditions led to a conver-
gence in spectral space across the cross types. This reduction in cen-
troid separation was reflected in an increase in SSI, which estimates 
spectral similarity based on the mean and variance of the data, for all 
cross type pairwise comparisons when water- stressed (Table 3). SSI 
was highest between P. angustifolia and hybrid spectra for both wa-
tered and drought treatments. P. fremontii and the hybrid had the low-
est spectral similarity, although the distance between their centroids 
was closer than that between P. angustifolia and the hybrid when 
droughted. P. fremontii had the greatest distance between its watered 
and drought plants, but it is important to note that watered P. fremontii 
were represented in only one of the greenhouse experiments. When 
comparing SSI between treatments, we found that watered and water- 
stressed P. angustifolia had the greatest spectral overlap, while that of 
the hybrids was the least (Table 4).

F I G U R E  2  Example red, green, blue (RGB) image segmentation. (a) Original RGB image, (b) masked RGB image with black representing no 
data, (c) original thermal image and (d) masked thermal image with leaf temperature pixels remaining.
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8  |    SEELEY et al.

Intraspecific variation in the P. fremontii dataset was primarily 
driven by drought status as September (post- drought) centroids 
clustered away from July (pre- drought) centroids (Figure 3b). While 
P. fremontii spectra did not cluster according to source population, 
centroids from cool source populations (JLA, TSZ) shifted together 
along the y- axis in the PC distance plots (Figure 3b) post- drought. 
Centroids from the warm populations (NRV, CCR) shifted together 
along both PC distance axes, separating from the cool- adapted 
populations along the x- axis. The different spectral responses in PC 
space among P. fremontii populations were further demonstrated 
by plotting the change in mean reflectance from July to September 
for each population (Figure 4). Spectra of warmer populations (CCR, 
NRV) decreased in the NIR and increased in the SWIR, while that 
of cooler populations increased nonsignificantly in the NIR reflec-
tance and decreased in shorter SWIR wavelengths. In the longer 

SWIR wavelengths, reflectance of cooler populations increased 
post- drought. In the visible and red- edge regions, the direction of 
change was the same for all populations (July reflectance was higher 
than September), but the magnitude of the change increased from 
the hottest (CCR) to the coldest (JLA) population. Peaks in change in 
the visible (green) and red- edge occurred at ~560 nm and ~715 nm.

For both the cross type and intraspecific P. fremontii datasets, the 
SVM more accurately predicted environmental conditions (drought 
status) than genetic information (cross type or source population; 
Figure 5). The SVM predicted cross type with 63.8% accuracy re-
gardless of drought status. Populus fremontii and P. angustifolia were 
misclassified as each other less frequently than with the hybrids (7% 
and 12%, respectively, compared to 20%–24%). When predicting 
drought status, model accuracy increased to 72.0%. The SVM pre-
dicting P. fremontii source population had a 58.7% accuracy. The hot 
population (CCR) had the highest true positive rate (71.6%) while 
that of both cooler populations was the lowest (48.3% and 55.3% for 
cold—JLA and cool—TSZ, respectively). Warmer populations were 
infrequently predicted as one of the cooler populations (4.4%–9.3%), 
though the inverse was more common (11.8%–19.5%). When pre-
dicting drought status within P. fremontii, the SVM accuracy was high 
(98.7%).

3.2  |  Drought stress response

Stress, estimated via PRI, differed between cross types and accord-
ing to source population MAT (Figure 6). Among P. fremontii, PRI was 
lower for all populations, except for the hottest population (CCR), in 
July prior to the drought treatment (p < 0.05), indicating higher stress 
(Figure 6a). CCR had higher PRI (less stress) than all populations ex-
cept the warm population (NRV; p < 0.05) in July. There were no 

F I G U R E  3  Distance between the centroids of each drought status × (a) cross type and (b) P. fremontii cottonwood source population in 
principal component (PC) space. See Figure S3 for bootstrapped confidence intervals. The first twenty PC (explained variance: 0.9998) of 
the leaf spectra were used to calculate distances. Closed circles represent watered trees, and open circles are droughted trees. In (a), leaf 
icons for each cross type are included. In (b), the shifts between pre-  (July) and post-  (September) drought for both warm-  and cool- adapted 
P. fremontii populations are highlighted by ellipses. Note axes are non- dimensional as they represent a reduced dimensional space based on 
distances between group centroids.

TA B L E  3  Spectral similarity index (SSI) among cross types when 
watered and water- stressed. Higher SSI indicates greater spectral 
similarity among groups.

Cross type Watered Drought

P. fremontii P. angustifolia 38.3 73.6

P. fremontii Hybrid 31.4 44.7

P. angustifolia Hybrid 94.2 111.4

TA B L E  4  Spectral similarity index (SSI) among treatment 
(watered versus drought) for each cross type. Higher SSI indicates 
greater spectral similarity.

P. fremontii 74.5

Hybrid 37.2

P. angustifolia 102.1
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    |  9SEELEY et al.

significant differences between any of the populations in September 
post- drought. While mean PRI did not differ among populations, the 
distribution of PRI values was wider for the cool- adapted popula-
tions (JLA, TSZ) than for the warm- adapted populations (CCR, NRV), 
with some leaves extending to −0.04 to −0.06 in these popula-
tions (Figure 6b). PRI likewise differed among cross types and their 
drought treatments. For P. fremontii and the hybrids, PRI was higher 
under the drought treatment (p < 0.05). When watered, PRI did not 
differ between cross types, whereas PRI of water- stressed P. fre-
montii and the hybrid was higher than that of P. angustifolia.

3.3  |  Intraspecific drought response—Canopy level

Thermal and RGB imagery from UAVs at the Agua Fria Garden re-
vealed significant variations in leaf temperature and leaf count across 
different source populations and treatment groups (Figure 7). Leaf 
temperatures were higher in the cool- adapted populations than in the 
warm- adapted populations regardless of treatment (p < 0.0001). On 

average, cool- adapted populations, both watered and non- watered, 
were 2.19°C above the date mean (the mean temperature across all 
groups for a given date) while warm- adapted populations were 1.13°C 
below the date mean. The distribution of leaf temperature deviation 
from the date mean was also largely driven by population, with cool- 
adapted populations having a skew towards higher temperatures. 
Kurtosis of the leaf temperature distribution was greatest in warm- 
adapted, irrigated trees (6.04) and lowest in droughted cool- adapted 
trees (1.53). Irrigated cool- adapted trees had a kurtosis of 1.57, while 
that of droughted warm- adapted trees was 2.48. The number of 
leaves per image followed the inverse pattern of temperature differ-
ences from the date mean in that cool- adapted droughted plants had 
the lowest number of leaves, while irrigated warm- adapted plants had 
the highest. Differences between each adaptation × treatment were 
significant according to the Tukey pairwise HSD (p < 0.0001) except 
for drought versus irrigated cool- adapted plants. On average, cool- 
adapted plants had 67 per cent fewer leaf pixels compared to warm- 
adapted plants. Warm- adapted plants experienced a reduction in leaf 
cover when droughted (23% on average).

F I G U R E  4  Populus fremontii response to drought from Phoenix, AZ experiment. (a) Mean brightness normalized reflectance for each 
population for pre-  (July) and post-  (September) drought. (b) Mean differences between pre-  and post- drought brightness normalized 
reflectance for each P. fremontii source population. Regions that differ between pre-  and post- drought according to ANOVA are bolded. 
Cool- adapted populations are represented by blue colours, and warm- adapted populations are represented by red colours.
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10  |    SEELEY et al.

4  |  DISCUSSION

We employed remote sensing data at leaf and canopy scales to in-
vestigate genotype- by- environment (G × E) interactions in relation to 
water stress. P. fremontii, P. angustifolia and their hybrids demonstrated 
drought- induced spectral shifts, with hybrids showing the largest 
changes. Although shifts were directionally similar across cross types, 
the spectral variation between P. fremontii, P. angustifolia and their hy-
brids affected the accuracy of drought predictions, suggesting a need 
for species- specific models. Spectral overlap among cross types was 
higher for the drought treatment, indicating that environmental stress 
can drive phenotypic convergence. Intraspecific spectral and thermal 
drought responses of P. fremontii were mediated by source population 
MAT. Warm- adapted populations maintained cooler leaf tempera-
tures, had higher PRI and retained more leaves under well- watered 
conditions, but many of these advantages diminished under drought, 
indicating that drought serves as an ‘equalizer’ to temperature adapta-
tions in limited water conditions. These findings emphasize the value 
of remote sensing technologies for studying G × E interactions as they 
offer non- destructive methods to monitor inter-  and intraspecific re-
sponses to drought across scales.

4.1  |  Interspecific drought response

Spectral responses to drought among P. fremontii, P. angustifolia and 
their hybrids demonstrated clear G × E interactions. In PC space, 
leaf reflectance data clustered by both cross type and water sta-
tus. While the direction of the spectral shift between treatments 
was similar among cross types, the magnitude of the spectral re-
sponses differed. P. angustifolia exhibited the smallest response, as 
evidenced by the PC centroid and SSI. Further, the PRI of P. angusti-
folia remained unchanged, suggesting limited adaptation to drought 
stress. In contrast, the PRI of both P. fremontii and the hybrids was 
higher when water- stressed, indicating an enhanced photosynthetic 
efficiency in response to drought. Hybrids demonstrated the great-
est spectral shift, suggesting that hybrids may have a greater abil-
ity to adapt to drought conditions. Prior studies have indicated that 
hybrids between the two species differ hydraulically from their par-
ents (Fischer et al., 2004) and may be more drought- tolerant (Hultine 
et al., 2020). Cottonwood surveys following a record drought on the 
Colorado Plateau in 2002 recorded higher stand mortality for P. 
fremontii and P. angustifolia (0 – >50%) compared to hybrids (<8%; 
Hultine et al., 2020). Future investigations comparing P. fremontii 

F I G U R E  5  Confusion matrices for support vector machine (SVM) models classifying leaf reflectance spectra based on (a) cross type, (b) 
cross types drought status, (c) Populus fremontii source population and (d) P. fremontii population drought status. Per cent accuracy for each 
SVM model is listed above each confusion matrix. Confusion matrix results are presented as the mean of 100 iterations.
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    |  11SEELEY et al.

and P. fremontii × P. angustifolia hybrids under more severe drought 
conditions could reveal whether the larger spectral responses of the 
hybrids indicated drought adaptability and resilience.

Drought not only shifted the spectral space occupied by the 
three cross types, but it also influenced the overall structure of 
spectral variation among the cross types, resulting in greater spec-
tral overlap. The SVM model incorporating all cross types performed 
better at classifying water- stressed (82%) compared to watered trees 
(62%), indicating greater spectral overlap among droughted cross 
types. This result was supported by the SSI, which demonstrated 
greater similarity of spectra under drought compared to watered 
conditions. This constriction of spectral space among these Populus 
species indicates that functional diversity among cross types may 
likewise constrict during drought (see Table 5), potentially leading 
to long- term environmental filtering given continued drought (Díaz 
et al., 2007; Gehring et al., 2014; Mouillot et al., 2013).

While drought- induced spectral convergence suggests conserved 
stress responses across cross types, cross types maintain distinct 
spectral signatures and, as discussed above, differences in response 

magnitudes. The SVM analyses indicated a high degree of separability 
between P. fremontii and P. angustifolia regardless of drought status, 
as misclassifications between P. fremontii and P. angustifolia were in-
frequent (7% and 14%, respectively). Most misclassifications occurred 
with the hybrids, which were expected to be less separable due to 
their shared genetic similarity with each parent species (Seeley, Stacy, 
et al., 2023). The interspecific variation among the cross types likely 
reduced the accuracy of the drought classification when all cross types 
were analysed together (72.0%), as the species- specific drought clas-
sification models for P. fremontii achieved 98.7% accuracy. These find-
ings suggest that while cross types exhibit similar spectral responses to 
water stress, species- specific models will be necessary for accurately 
predicting drought responses at larger spatial scales.

4.2  |  Climate- driven intraspecific drought response

We observed intraspecific G × E interactions in the spectral re-
sponse of P. fremontii to drought across four source populations 

F I G U R E  6  Boxplots of (a) photochemical reflectance index (PRI) by population, before and after drought (b) Kernel density estimate 
plot of PRI post- drought (September) for all populations. (c) Boxplots of PRI by cross type for watered and drought treatments. Asterisks 
represent significant levels (*p < 0.05; **p < 0.01).
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12  |    SEELEY et al.

adapted to different climate regimes. Drought had a greater ef-
fect on spectral reflectance than source population location, as 
evidenced in the SVM and PCA analyses. Reflectance spectra of 
geographically distinct P. fremontii populations were accurately 
classified by drought status (98.7%) but not by source popula-
tion (58.7%). Further, group centroids in PC space clustered more 
strongly according to drought status than source population. 
However, spectral responses to drought diverged with respect 

to source population MAT. Warm- adapted populations (CCR, 
NRV; MAT: 22.6°C, 19.9°C) exhibited similar spectral shifts post- 
drought, while cool- adapted populations (TSZ, JLA; MAT: 16.9°C, 
12.3°C) responded differently, clustering together in their spec-
tral trajectories. The similarities in drought response among warm 
and cool- adapted populations were further observed when plot-
ting the difference in mean spectra from July to September for 
each population.

F I G U R E  7  Boxplots of (a) leaf temperature for warm and cool- adapted populations, centred around date means and (b) number of leaf 
pixels per image for droughted and irrigated plants from warm and cool populations. (c) Histogram of leaf temperatures centred around the 
mean comparing warm and cool populations for drought plants. Asterisks represent significance level (**p < 0.01).
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    |  13SEELEY et al.

Drought responses were mediated by source population MAT 
rather than ecotype. Among the four source populations, three 
(CCR, NRV, TSZ) belong to the Sonoran Desert (SD) ecotype, while 
one (JLA) belongs to the Utah High Plateau (UHP) ecotype (Blasini 
et al., 2021; Ikeda et al., 2017). While TSZ is part of the SD ecotype, 
it responded to drought more similarly to the UHP ecotype (JLA), 
consistent with other studies that identified TSZ as an intermediate 
population between these two ecotypes (Blasini et al., 2021). Our 
findings align with prior research demonstrating that MAT- driven di-
vergent selection in P. fremontii influenced plastic responses in bud 
set and tree height when grown at common garden sites across a 
temperature gradient (Cooper et al., 2022). Trait syndromes of the 
warm populations include adaptations to avoid high- temperature 
stress via evaporative cooling, which could lead to a greater risk of 
hydraulic failure and susceptibility to drought (Blasini et al., 2021, 
2022; Moran et al., 2023; Posch et al., 2024). Cool populations have 
adapted to withstand freeze–thaw cycles and maximise sunlight, 
resulting in potentially greater vulnerability to heatwaves (Blasini 
et al., 2021, 2022).

Other studies have similarly observed intraspecific variation 
moulded by climate among populations, affecting their ability to 
adapt to new climates (Benito Garzón et al., 2011; Leites et al., 2012; 
Wang et al., 2010) and drought (Gazol et al., 2017; Martínez- Vilalta 
et al., 2009). This variation in stress response is particularly import-
ant in foundation tree species, such as P. fremontii, as it can influence 
plant and animal communities (Jung et al., 2014; Luo et al., 2023; 
Stone et al., 2018). For example, when the foundation tree species 
Pinus edulis experienced high stress, negative shifts in mycorrhi-
zal fungal mutualists and arthropod communities were observed, 
with drought severity affecting the degree to which community 
composition responded to tree genetics versus architecture (Stone 
et al., 2018).

These G × E interactions were also observed at the canopy 
level using UAV thermal data. Consistent with previous studies, 
leaves of warm- adapted populations were cooler than those of 
cool- adapted populations (Blasini et al., 2022; Posch et al., 2024). 
Warm- adapted populations also retained more leaves, but this ef-
fect was reduced under drought. Differences in canopy thermal 
distributions further reflected drought adaptation: warm- adapted 
populations maintained a narrower leaf temperature range (higher 
kurtosis), especially in the presence of sufficient soil moisture, 
while cool- adapted populations exhibited wider temperature 

distributions with a right skew, indicating greater variability in 
heat stress responses.

Leaf- level PRI (a stress indicator derived from spectral data) 
mirrored patterns observed in the UAV data. Post- drought, PRI val-
ues were lower on average (indicating higher stress) and had wider 
distributions in cool- adapted populations. JLA had the widest PRI 
distribution post- drought and a left skew, suggesting that, as JLA 
individuals adapted to a new climate optimum, some remained very 
stressed. Trait driver theory (Enquist et al., 2015) suggests that the 
skew observed in the cool- adapted populations may be a result 
of these populations rapidly adjusting to warmer temperatures to 
meet the optimum trait values already present in the warm- adapted 
populations.

While warm- adapted populations maintained more leaves and 
higher PRI under well- watered conditions, drought reduced these 
differences. While drought did not significantly change leaf tem-
perature as measured by UAV in the Agua Fria common garden, 
Posch et al. (2024), using leaf thermometers at the Phoenix common 
garden, observed that warm- adapted populations maintained cooler 
leaves under well- watered conditions, but these leaf temperature 
differences collapsed under drought conditions. At the Agua Fria 
common garden, we observed that drought increased leaf tempera-
ture variance (lower kurtosis) in warm- adapted populations, though 
not in cool- adapted populations, potentially resulting in a positive 
feedback as leaves senesce and evaporative cooling in the canopy 
is reduced. Drought can thus be considered a homogenizer between 
populations, as differences between populations diminish with de-
creasing available water.

4.2.1  |  Drought as a homogenizer

Drought conditions resulted in reduced inter-  and intraspecific vari-
ation. Spectral convergence under water stress observed among P. 
fremontii, P. angustifolia and their hybrids mirrors trait- space conver-
gence documented in stressed plants (Lhotsky et al., 2016; Posch 
et al., 2024; Rodríguez- Alarcón et al., 2022). Further, reduced in-
traspecific variation among P. fremontii populations in leaf reten-
tion, quantified here using UAV imagery, leaf temperature (Posch 
et al., 2024) and litter traits (e.g. decomposition; Jeplawy et al., 2021) 
may result in ecosystem- level responses. For example, Stone 
et al. (2018) found that record drought largely eliminated differences 

Drought- induced reductions in Citations

Spectral diversity Wang et al. (2022)

Leaf and Plant Trait Variation (e.g. leaf mass 
per area, canopy height, flowering age, 
temperature)

Lhotsky et al. (2016), Posch et al. (2024) and 
Rodríguez- Alarcón et al. (2022)

Community Diversity (e.g. arthropod, fungal, 
vegetation)

Aguirre- Gutiérrez et al. (2020), Pourbabaei 
et al. (2014), Preece et al. (2019) and Stone 
et al. (2018)

Variation in Ecosystem Processes (e.g. 
decomposition)

Jeplawy et al. (2021) and Santonja 
et al. (2015)

TA B L E  5  Summary of studies reporting 
drought- induced reductions in plant and 
community trait variation.
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14  |    SEELEY et al.

in arthropod communities that, during wetter years, responded to 
intraspecific variation in Pinus edulus (i.e. a large G × E interaction). 
Our work contributes to a growing body of literature document-
ing convergence from the plant to ecosystem levels in response to 
drought (Table 5).

4.2.2  |  Spectral signatures of drought

A decrease in visible and red- edge reflectance was observed across 
all populations from pre-  (July) to post-  (September) drought, with 
the magnitude of this decline varying by source population MAT. A 
reduction in visible reflectance is a commonly observed response 
to drought stress (Asner et al., 2004; Knipling, 1970; Manley 
et al., 2019), often attributed to increased biosynthesis of acces-
sory pigments such as anthocyanins, which absorb strongly around 
530 nm (Ahliha et al., 2018; Chalker- Scott, 1999; Cirillo et al., 2021). 
The coldest population (JLA) had the greatest decline in visible and 
red- edge reflectance, followed by the other populations accord-
ing to their MAT (TSZ, NRV, CCR). The warmest population (CCR) 
had a nonsignificant decrease in the visible and the smallest sig-
nificant decrease in the red edge. While this pattern may suggest 
that populations from colder regions had the greatest response 
to drought, the reduction in temperature stress throughout the 
experiment may also explain this pattern. Post- drought spectral 
measurements were collected in September when air tempera-
tures were lower than pre- drought measurements in July. Stress in 
plants can result in increased reflectance in the visible and red- edge 
(Carter & Knapp, 2001) due to the loss of photosynthetic pigments. 
Consistent with this, PRI values, which serve as an indicator of 
xanthophyll cycle activity and photosystem II efficiency (Peñuelas 
et al., 1995), indicated that cool- adapted populations were experi-
encing greater temperature stress in July (pre- drought) compared 
to September (post- drought). Previous research from a common 
garden experiment with P. fremontii supports this interpretation, as 
individuals exposed to higher temperatures (22.8°C MAT, 33.8°C 
MWMT) exhibited increased visible and red- edge reflectance com-
pared to those in cooler gardens (17.2 and 10.7°C MAT; 28.5 and 
24.6°C MWMT; Seeley, Thomson, et al., 2025).

The near- infrared (NIR) region, which is particularly sensi-
tive to cell structural changes during drought (Bayat et al., 2016; 
Knipling, 1970; Lin et al., 2015; Manley et al., 2019), also exhibited 
population- dependent responses. P. fremontii from cool populations 
representing both UHP and SD ecotypes demonstrated a nonsig-
nificant increase in NIR reflectance, while those from the warm SD 
ecotype decreased in the NIR. As the warm- adapted populations 
take greater hydraulic risks at the warmest times of the year (Blasini 
et al., 2022; Posch et al., 2024), the decrease in NIR reflectance in 
warm populations from pre to post- drought may indicate that they 
were more at hydraulic risk in July (pre- drought) when temperatures 
were warmer.

Similar to the NIR response, changes in the SWIR followed a con-
sistent pattern within warm- adapted (CCR, NRV) and cool- adapted 

(JLA, TSZ) populations but differed between the two groups. Warm- 
adapted population reflectance increased significantly in shorter 
wavelengths of the SWIR, while that of cool- adapted populations had 
a nonsignificant decrease. All populations demonstrated increased 
reflectance in longer wavelengths of the SWIR post- drought, which 
is supported by other studies (Carter, 1991; Lin et al., 2015), though 
the magnitude often differed between warm-  and cool- adapted 
populations, suggesting divergent phenotypic responses between 
populations. Warm-  and cool- adapted P. fremontii populations have 
demonstrated contrasting defence compound plasticity (e.g. phe-
nolic glycosides, tannins) under changing temperatures (Eisenring 
et al., 2022). As P. fremontii populations differentially adjust their 
phytochemical profiles in response to environmental stressors and 
reflectance in the SWIR is influenced by multiple plant traits (Asner 
& Martin, 2016), including leaf water potential (Cotrozzi et al., 2017; 
Tucker, 1980) and defence compounds (Couture et al., 2016), this 
may help explain the observed differences among populations in the 
SWIR.

4.3  |  Implications for adaptive management of 
riparian forest

Adaptive management of natural resources, including ecosystems 
and the services they provide, is an important goal with ongoing cli-
mate change (Birgé et al., 2016). By better understanding drought 
syndromes in reflectance spectra and thermal data as well as how 
they differ within and between species, we can expand our ability to 
implement adaptive management strategies for drought in critical 
riparian ecosystems. For example, we can use reflectance spectra 
as a proxy for understanding changes in trait spaces as reflectance 
spectra can accurately predict many plant traits, including those that 
respond to drought. Here, we demonstrated that the spectral space 
of P. fremontii and P. angustifolia shifts in response to drought. While 
these spaces remained distinct regardless of water status, more 
overlap occurred for the drought- stressed trees. Trait spaces, includ-
ing those related to photosynthesis, water- use efficiency and leaf 
morphology, tend to shift under stress as plants adjust to reduced 
water availability.

Reflectance spectra, sensitive to biophysical and chemical 
changes, provide a non- invasive method to quantify these trait 
shifts at both the leaf and landscape levels. Combined with ac-
curate species classifications (Balzotti & Asner, 2018; Dalponte 
et al., 2012; Seeley, Vaughn, et al., 2023), imaging spectroscopy 
could track species- specific responses to drought across large 
spatial scales. These data additionally have the potential to map 
hybrid zones, as evidenced by leaf- level spectroscopy investi-
gations (Deacon et al., 2017; Meder et al., 2014; Seeley, Stacy, 
et al., 2023). Hybrid zones have been infrequently mapped and 
monitored despite their recognized importance in evolutionary 
processes (Taylor et al., 2015; Wielstra, 2019). Here, an SVM was 
able to classify hybrids with varying degrees of hybridization (F1 
and backcrosses) and water stress better than random chance; 
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model refinement and larger sample sizes may allow landscape- 
scale monitoring of P. fremontii × P. angustifolia hybrid zones and 
their response to prolonged drought. Lastly, we demonstrated 
how UAV thermal and RGB imagery can be used to upscale leaf- 
level reflectance investigations of intraspecific drought responses 
to track G × E interactions at the canopy level. Together, these re-
mote sensing- derived results can help inform which species and 
populations to use for restoration plantings, as well as any popula-
tion/species/community- assisted migrations to help riparian areas 
adapt to warmer and drier conditions (e.g. Keith et al., 2023).

5  |  CONCLUSIONS

Remote sensing has become a powerful tool for non- destructively 
monitoring plants across large spatial scales and supporting conserva-
tion decision- making (Nagendra et al., 2013; Rose et al., 2015; Seeley 
& Asner, 2021; Turner et al., 2003). While inter-  and intraspecific 
variation in drought response and survivability has been documented 
across many tree species (Lopez- Iglesias et al., 2014), it has been in-
frequently studied using remote sensing, especially at high spectral 
resolutions (Cavender- Bares et al., 2016; Coates et al., 2015; Hwang 
et al., 2017; Miller et al., 2020). Remote sensing can accurately ac-
cess genetically based functional traits within and across species, and 
their naturally occurring hybrids from local to regional scales. Here, 
we assessed G × E interactions in P. fremontii, P. angustifolia and their 
hybrids using remote sensing data and connected the results to the 
ecology and evolution of these trees, which includes local adaptation 
of specific ecotypes, community structure, phytochemistry and stress 
responses, among others (Blasini et al., 2021; Cooper et al., 2022; 
Cushman et al., 2014; Posch et al., 2024). We then upscaled leaf- level 
spectroscopy investigations of intraspecific variations in drought re-
sponse using UAV thermal imagery. As managers incorporate genetics 
into restoration strategies, these remote sensing tools offer an impor-
tant and economical tool to identify populations and genotypes that 
may adapt and survive predicted climate changes.

AUTHOR CONTRIBUTIONS
Original idea: Christopher E. Doughty, Benjamin C. Wiebe, Kevin 
R. Hultine, Megan M. Seeley; common garden development: 
Gerard J. Allan, Thomas G. Whitham, Catherine A. Gehring, 
Madeline E. Moran, Bradley C. Posch; greenhouse experiments: 
Elena A. Schaefer, Beatrice M. Bock, Catherine A. Gehring, Hillary 
F. Cooper, Arthur Keith and Kevin R. Hultine; data collection: 
Benjamin C. Wiebe, Christopher E. Doughty, Hillary F. Cooper, 
Andrew J. Abraham, Madeline E. Moran, Bradley C. Posch; sta-
tistical analysis: Megan M. Seeley, Benjamin C. Wiebe; genetic 
analysis: Maya Scull, Gerard J. Allan; methodology: Megan M. 
Seeley, Benjamin C. Wiebe; Gregory P. Asner; Roberta P. Martin, 
Catherine A. Gehring, Madeline E. Moran, Bradley C. Posch, 
Kevin R. Hultine, Christopher E. Doughty; writing the manuscript: 
Megan M. Seeley. All authors reviewed several drafts and agreed 
with the final version.

ACKNOWLEDG EMENTS
This research was supported by the National Science Foundation (NSF) 
MacroSystems grant DEB- 1340852 awarded to Gerard J. Allan, Thomas 
G. Whitham, Catherine A. Gehring and Christopher E. Doughty as well 
as the NSF DEB- 1340856 awarded to Kevin R. Hultine. The Agua Fria 
common garden was initially developed under NSF Macrosystems 
grant DEB- 2017877 awarded to Gerard J. Allan, Thomas G. Whitham, 
Catherine A. Gehring and Christopher E. Doughty.

CONFLIC T OF INTERE ST STATEMENT
The authors have declared that no competing interests exist.

PEER RE VIE W
The peer review history for this article is available at https:// www. 
webof scien ce. com/ api/ gatew ay/ wos/ peer-  review/ 10. 1111/ 1365-  
2745. 70061 .

DATA AVAIL ABILIT Y STATEMENT
All data files are publicly available on the Figshare database at 
DOI: https:// doi. org/ 10. 6084/ m9. figsh are. 27273567 (Seeley, 
Wiebe, et al., 2025). The analysis scripts and workflows used in 
this study are available at the GitHub repositories maintained by 
Seeley (2025): https:// github. com/ MegsS eeley/  droug ht_ cotto 
nwood  and Wiebe (2005) https:// github. com/ bencw iebe/ Therm 
alDro nePro cessing.

ORCID
Megan M. Seeley  https://orcid.org/0000-0003-1945-1162 
Benjamin C. Wiebe  https://orcid.org/0000-0002-9325-1540 
Catherine A. Gehring  https://orcid.org/0000-0002-9393-9556 
Kevin R. Hultine  https://orcid.org/0000-0001-9747-6037 
Bradley C. Posch  https://orcid.org/0000-0003-0924-6608 
Hillary F. Cooper  https://orcid.org/0000-0003-2634-1404 
Elena A. Schaefer  https://orcid.org/0000-0002-1510-9733 
Beatrice M. Bock  https://orcid.org/0000-0003-2240-9360 
Andrew J. Abraham  https://orcid.org/0000-0001-8625-8851 
Madeline E. Moran  https://orcid.org/0000-0002-4464-8795 
Arthur Keith  https://orcid.org/0000-0003-0382-5609 
Gerard J. Allan  https://orcid.org/0000-0002-8007-4784 
Thomas G. Whitham  https://orcid.org/0000-0002-1262-4342 
Roberta M. Martin  https://orcid.org/0000-0003-3509-8530 
Gregory P. Asner  https://orcid.org/0000-0001-7893-6421 
Christopher E. Doughty  https://orcid.org/0000-0003-3985-7960 

R E FE R E N CE S
Aguirre- Gutiérrez, J., Malhi, Y., Lewis, S. L., Fauset, S., Adu- Bredu, S., 

Affum- Baffoe, K., Baker, T. R., Gvozdevaite, A., Hubau, W., Moore, 
S., Peprah, T., Ziemińska, K., Phillips, O. L., & Oliveras, I. (2020). 
Long- term droughts may drive drier tropical forests towards in-
creased functional, taxonomic and phylogenetic homogeneity. 
Nature Communications, 11(1), 3346. https:// doi. org/ 10. 1038/ 
s4146 7-  020-  16973 -  4

Ahliha, A. H., Nurosyid, F., Supriyanto, A., & Kusumaningsih, T. (2018). 
Optical properties of anthocyanin dyes on TiO2 as photosensitizers 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70061 by N

orthern A
rizona U

niversity, W
iley O

nline Library on [01/07/2025]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70061
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70061
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70061
https://doi.org/10.6084/m9.figshare.27273567
https://github.com/MegsSeeley/drought_cottonwood
https://github.com/MegsSeeley/drought_cottonwood
https://github.com/bencwiebe/ThermalDroneProcessing
https://github.com/bencwiebe/ThermalDroneProcessing
https://orcid.org/0000-0003-1945-1162
https://orcid.org/0000-0003-1945-1162
https://orcid.org/0000-0002-9325-1540
https://orcid.org/0000-0002-9325-1540
https://orcid.org/0000-0002-9393-9556
https://orcid.org/0000-0002-9393-9556
https://orcid.org/0000-0001-9747-6037
https://orcid.org/0000-0001-9747-6037
https://orcid.org/0000-0003-0924-6608
https://orcid.org/0000-0003-0924-6608
https://orcid.org/0000-0003-2634-1404
https://orcid.org/0000-0003-2634-1404
https://orcid.org/0000-0002-1510-9733
https://orcid.org/0000-0002-1510-9733
https://orcid.org/0000-0003-2240-9360
https://orcid.org/0000-0003-2240-9360
https://orcid.org/0000-0001-8625-8851
https://orcid.org/0000-0001-8625-8851
https://orcid.org/0000-0002-4464-8795
https://orcid.org/0000-0002-4464-8795
https://orcid.org/0000-0003-0382-5609
https://orcid.org/0000-0003-0382-5609
https://orcid.org/0000-0002-8007-4784
https://orcid.org/0000-0002-8007-4784
https://orcid.org/0000-0002-1262-4342
https://orcid.org/0000-0002-1262-4342
https://orcid.org/0000-0003-3509-8530
https://orcid.org/0000-0003-3509-8530
https://orcid.org/0000-0001-7893-6421
https://orcid.org/0000-0001-7893-6421
https://orcid.org/0000-0003-3985-7960
https://orcid.org/0000-0003-3985-7960
https://doi.org/10.1038/s41467-020-16973-4
https://doi.org/10.1038/s41467-020-16973-4


16  |    SEELEY et al.

for application of dye- sensitized solar cell (DSSC). IOP Conference 
Series: Materials Science and Engineering, 333(1), 012018. https:// 
doi. org/ 10. 1088/ 1757-  899X/ 333/1/ 012018

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., 
Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. 
H. (Ted), Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, 
N., Lim, J.- H., Allard, G., Running, S. W., Semerci, A., & Cobb, N. 
(2010). A global overview of drought and heat- induced tree mortal-
ity reveals emerging climate change risks for forests. Forest Ecology 
and Management, 259(4), 660–684. https:// doi. org/ 10. 1016/j. 
foreco. 2009. 09. 001

Amlin, N. M., & Rood, S. B. (2003). Drought stress and recovery of ripar-
ian cottonwoods due to water table alteration along Willow Creek, 
Alberta. Trees, 17(4), 351–358. https:// doi. org/ 10. 1007/ s0046 
8-  003-  0245-  3

Anderegg, W. R. L., Konings, A. G., Trugman, A. T., Yu, K., Bowling, D. R., 
Gabbitas, R., Karp, D. S., Pacala, S., Sperry, J. S., Sulman, B. N., & 
Zenes, N. (2018). Hydraulic diversity of forests regulates ecosys-
tem resilience during drought. Nature, 561(7724), 538–541. https:// 
doi. org/ 10. 1038/ s4158 6-  018-  0539-  7

Asner, G. P., Brodrick, P. G., Anderson, C. B., Vaughn, N. R., Knapp, D. 
E., & Martin, R. E. (2016). Progressive forest canopy water loss 
during the 2012–2015 California drought. Proceedings of the 
National Academy of Sciences of the United States of America, 113(2), 
E249–E255.

Asner, G. P., & Martin, R. E. (2016). Spectranomics: Emerging science and 
conservation opportunities at the interface of biodiversity and re-
mote sensing. Global Ecology and Conservation, 8, 212–219. https:// 
doi. org/ 10. 1016/j. gecco. 2016. 09. 010

Asner, G. P., Nepstad, D., Cardinot, G., & Ray, D. (2004). Drought stress 
and carbon uptake in an Amazon forest measured with space-
borne imaging spectroscopy. Proceedings of the National Academy 
of Sciences of the United States of America, 101(16), 6039–6044. 
https:// doi. org/ 10. 1073/ pnas. 04001 68101 

Au, J., Bloom, A. A., Parazoo, N. C., Deans, R. M., Wong, C. Y. S., Houlton, 
B. Z., & Magney, T. S. (2023). Forest productivity recovery or col-
lapse? Model- data integration insights on drought- induced tipping 
points. Global Change Biology, 29(19), 5652–5665. https:// doi. org/ 
10. 1111/ gcb. 16867 

Balzotti, C. S., & Asner, G. P. (2018). Biotic and abiotic controls over can-
opy function and structure in humid Hawaiian forests. Ecosystems, 
21(2), 331–348. https:// doi. org/ 10. 1007/ s1002 1-  017-  0151-  y

Bayat, B., Van der Tol, C., & Verhoef, W. (2016). Remote sensing of grass 
response to drought stress using spectroscopic techniques and 
canopy reflectance model inversion. Remote Sensing, 8(7), 557. 
https:// doi. org/ 10. 3390/ rs807 0557

Benito Garzón, M., Alía, R., Robson, T. M., & Zavala, M. A. (2011). 
Intra- specific variability and plasticity influence potential tree 
species distributions under climate change. Global Ecology and 
Biogeography, 20(5), 766–778. https:// doi. org/ 10. 1111/j. 1466-  
8238. 2010. 00646. x

Birgé, H. E., Allen, C. R., Garmestani, A. S., & Pope, K. L. (2016). Adaptive 
management for ecosystem services. Journal of Environmental 
Management, 183, 343–352. https:// doi. org/ 10. 1016/j. jenvm an. 
2016. 07. 054

Blasini, D. E., Koepke, D. F., Bush, S. E., Allan, G. J., Gehring, C. A., 
Whitham, T. G., Day, T. A., & Hultine, K. R. (2022). Tradeoffs be-
tween leaf cooling and hydraulic safety in a dominant arid land 
riparian tree species. Plant, Cell & Environment, 45(6), 1664–1681. 
https:// doi. org/ 10. 1111/ pce. 14292 

Blasini, D. E., Koepke, D. F., Grady, K. C., Allan, G. J., Gehring, C. A., 
Whitham, T. G., Cushman, S. A., & Hultine, K. R. (2021). Adaptive 
trait syndromes along multiple economic spectra define cold and 
warm adapted ecotypes in a widely distributed foundation tree 
species. Journal of Ecology, 109(3), 1298–1318. https:// doi. org/ 10. 
1111/ 1365-  2745. 13557 

Bothwell, H. M., Cushman, S. A., Woolbright, S. A., Hersch- Green, E. 
I., Evans, L. M., Whitham, T. G., & Allan, G. J. (2017). Conserving 
threatened riparian ecosystems in the American west: Precipitation 
gradients and river networks drive genetic connectivity and diver-
sity in a foundation riparian tree (Populus angustifolia). Molecular 
Ecology, 26(19), 5114–5132. https:// doi. org/ 10. 1111/ mec. 14281 

Bothwell, H. M., Keith, A. R., Cooper, H. F., Hull, J. B., Andrews, L. V., 
Wehenkel, C., Hultine, K. R., Gehring, C. A., Cushman, S. A., 
Whitham, T. G., & Allan, G. J. (2023). Microevolutionary processes 
in a foundation tree inform macrosystem patterns of community 
biodiversity and structure. Forests, 14(5), 943. https:// doi. org/ 10. 
3390/ f1405 0943

Braatne, J. H., Rood, S. B., & Heilman, P. E. (1996). Life history, ecology, 
and conservation of riparian cottonwoods in North America. In R. F. 
Stettler (Ed.), Biology of Populus and its implications for management 
and conservation (pp. 57–85). NRC Research Press.

Breshears, D. D., López- Hoffman, L., & Graumlich, L. J. (2011). When 
ecosystem services crash: Preparing for big, fast, patchy climate 
change. Ambio, 40(3), 256–263. https:// doi. org/ 10. 1007/ s1328 
0-  010-  0106-  4

Carter, G. A. (1991). Primary and secondary effects of water content on 
the spectral reflectance of leaves. American Journal of Botany, 78(7), 
916–924. https:// doi. org/ 10. 1002/j. 1537-  2197. 1991. tb144 95. x

Carter, G. A., & Knapp, A. K. (2001). Leaf optical properties in higher 
plants: Linking spectral characteristics to stress and chlorophyll 
concentration. American Journal of Botany, 88(4), 677–684. https:// 
doi. org/ 10. 2307/ 2657068

Cavender- Bares, J., Meireles, J. E., Couture, J. J., Kaproth, M. A., 
Kingdon, C. C., Singh, A., Serbin, S. P., Center, A., Zuniga, E., Pilz, G., 
& Townsend, P. A. (2016). Associations of leaf spectra with genetic 
and phylogenetic variation in oaks: Prospects for remote detection 
of biodiversity. Remote Sensing, 8(3), 221. https:// doi. org/ 10. 3390/ 
rs803 0221

Chalker- Scott, L. (1999). Environmental significance of Anthocyanins in 
plant stress responses. Photochemistry and Photobiology, 70(1), 1–9. 
https:// doi. org/ 10. 1111/j. 1751-  1097. 1999. tb019 44. x

Cirillo, V., D'Amelia, V., Esposito, M., Amitrano, C., Carillo, P., Carputo, D., 
& Maggio, A. (2021). Anthocyanins are key regulators of drought 
stress tolerance in tobacco. Biology, 10(2), 139. https:// doi. org/ 10. 
3390/ biolo gy100 20139 

Coates, A. R., Dennison, P. E., Roberts, D. A., & Roth, K. L. (2015). Monitoring 
the impacts of severe drought on Southern California chaparral 
species using hyperspectral and thermal infrared imagery. Remote 
Sensing, 7(11), 14276–14291. https:// doi. org/ 10. 3390/ rs711 14276 

Cooper, H. F., Best, R. J., Andrews, L. V., Corbin, J. P. M., Garthwaite, I., 
Grady, K. C., Gehring, C. A., Hultine, K. R., Whitham, T. G., & Allan, 
G. J. (2022). Evidence of climate- driven selection on tree traits and 
trait plasticity across the climatic range of a riparian foundation 
species. Molecular Ecology, 31(19), 5024–5040. https:// doi. org/ 10. 
1111/ mec. 16645 

Corbin, J. P. M., Best, R. J., Garthwaite, I. J., Cooper, H. F., Doughty, C. E., 
Gehring, C. A., Hultine, K. R., Allan, G. J., & Whitham, T. G. (2025). 
Hyperspectral leaf reflectance detects interactive genetic and en-
vironmental effects on tree phenotypes, enabling large- scale mon-
itoring and restoration planning under climate change. Plant, Cell & 
Environment, 48(3), 1842–1857. https:// doi. org/ 10. 1111/ pce. 15263 

Cotrozzi, L., Couture, J. J., Cavender- Bares, J., Kingdon, C. C., Fallon, B., 
Pilz, G., Pellegrini, E., Nali, C., & Townsend, P. A. (2017). Using foliar 
spectral properties to assess the effects of drought on plant water 
potential. Tree Physiology, 37(11), 1582–1591. https:// doi. org/ 10. 
1093/ treep hys/ tpx106

Couture, J. J., Singh, A., Rubert- Nason, K. F., Serbin, S. P., Lindroth, R. L., 
& Townsend, P. A. (2016). Spectroscopic determination of ecologi-
cally relevant plant secondary metabolites. Methods in Ecology and 
Evolution, 7(11), 1402–1412. https:// doi. org/ 10. 1111/ 2041-  210X. 
12596 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70061 by N

orthern A
rizona U

niversity, W
iley O

nline Library on [01/07/2025]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

https://doi.org/10.1088/1757-899X/333/1/012018
https://doi.org/10.1088/1757-899X/333/1/012018
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1007/s00468-003-0245-3
https://doi.org/10.1007/s00468-003-0245-3
https://doi.org/10.1038/s41586-018-0539-7
https://doi.org/10.1038/s41586-018-0539-7
https://doi.org/10.1016/j.gecco.2016.09.010
https://doi.org/10.1016/j.gecco.2016.09.010
https://doi.org/10.1073/pnas.0400168101
https://doi.org/10.1111/gcb.16867
https://doi.org/10.1111/gcb.16867
https://doi.org/10.1007/s10021-017-0151-y
https://doi.org/10.3390/rs8070557
https://doi.org/10.1111/j.1466-8238.2010.00646.x
https://doi.org/10.1111/j.1466-8238.2010.00646.x
https://doi.org/10.1016/j.jenvman.2016.07.054
https://doi.org/10.1016/j.jenvman.2016.07.054
https://doi.org/10.1111/pce.14292
https://doi.org/10.1111/1365-2745.13557
https://doi.org/10.1111/1365-2745.13557
https://doi.org/10.1111/mec.14281
https://doi.org/10.3390/f14050943
https://doi.org/10.3390/f14050943
https://doi.org/10.1007/s13280-010-0106-4
https://doi.org/10.1007/s13280-010-0106-4
https://doi.org/10.1002/j.1537-2197.1991.tb14495.x
https://doi.org/10.2307/2657068
https://doi.org/10.2307/2657068
https://doi.org/10.3390/rs8030221
https://doi.org/10.3390/rs8030221
https://doi.org/10.1111/j.1751-1097.1999.tb01944.x
https://doi.org/10.3390/biology10020139
https://doi.org/10.3390/biology10020139
https://doi.org/10.3390/rs71114276
https://doi.org/10.1111/mec.16645
https://doi.org/10.1111/mec.16645
https://doi.org/10.1111/pce.15263
https://doi.org/10.1093/treephys/tpx106
https://doi.org/10.1093/treephys/tpx106
https://doi.org/10.1111/2041-210X.12596
https://doi.org/10.1111/2041-210X.12596


    |  17SEELEY et al.

Cushman, S. A., Max, T., Meneses, N., Evans, L. M., Ferrier, S., Honchak, 
B., Whitham, T. G., & Allan, G. J. (2014). Landscape genetic connec-
tivity in a riparian foundation tree is jointly driven by climatic gradi-
ents and river networks. Ecological Applications, 24(5), 1000–1014. 
https:// doi. org/ 10. 1890/ 13-  1612. 1

Dai, A. (2011). Drought under global warming: A review. WIREs Climate 
Change, 2(1), 45–65. https:// doi. org/ 10. 1002/ wcc. 81

Dalponte, M., Bruzzone, L., & Gianelle, D. (2012). Tree species classifi-
cation in the southern Alps based on the fusion of very high geo-
metrical resolution multispectral/hyperspectral images and LiDAR 
data. Remote Sensing of Environment, 123, 258–270. https:// doi. org/ 
10. 1016/j. rse. 2012. 03. 013

Deacon, N. J., Grossman, J. J., Schweiger, A. K., Armour, I., & Cavender- 
Bares, J. (2017). Genetic, morphological, and spectral characteri-
zation of relictual Niobrara River hybrid aspens (Populus × smithii). 
American Journal of Botany, 104(12), 1878–1890. https:// doi. org/ 10. 
3732/ ajb. 1700268

Díaz, S., Lavorel, S., Chapin, F. S., Tecco, P. A., Gurvich, D. E., & Grigulis, 
K. (2007). Functional diversity—At the crossroads between ecosys-
tem functioning and environmental filters | SpringerLink. In J. G. 
Canadell, D. E. Pataki, & L. F. Pitelka (Eds.), Terrestrial ecosystems in 
a changing world. Global change. Springer. https:// doi-  org. ezpro xy1. 
lib. asu. edu/ 10. 1007/ 978-  3-  540-  32730 -  1_ 7

Eisenring, M., Best, R. J., Zierden, M. R., Cooper, H. F., Norstrem, M. 
A., Whitham, T. G., Grady, K., Allan, G. J., & Lindroth, R. L. (2022). 
Genetic divergence along a climate gradient shapes chemical plas-
ticity of a foundation tree species to both changing climate and her-
bivore damage. Global Change Biology, 28(15), 4684–4700. https:// 
doi. org/ 10. 1111/ gcb. 16275 

Enquist, B. J., Norberg, J., Bonser, S. P., Violle, C., Webb, C. T., Henderson, 
A., Sloat, L. L., & Savage, V. M. (2015). Scaling from traits to ecosys-
tems: Developing a general trait driver theory via integrating trait- 
based and metabolic scaling theories. In S. Pawar, G. Woodward, & 
A. I. Dell (Eds.), Advances in ecological research (Vol. 52, pp. 249–318). 
Academic Press. https:// doi. org/ 10. 1016/ bs. aecr. 2015. 02. 001

Farella, M. M., Barnes, M. L., Breshears, D. D., Mitchell, J., van Leeuwen, 
W. J. D., & Gallery, R. E. (2022). Evaluation of vegetation indices 
and imaging spectroscopy to estimate foliar nitrogen across dis-
parate biomes. Ecosphere, 13(3), e3992. https:// doi. org/ 10. 1002/ 
ecs2. 3992

Feilhauer, H., Asner, G. P., Martin, R. E., & Schmidtlein, S. (2010). 
Brightness- normalized partial least squares regression for hyper-
spectral data. Journal of Quantitative Spectroscopy and Radiative 
Transfer, 111(12), 1947–1957. https:// doi. org/ 10. 1016/j. jqsrt. 2010. 
03. 007

Fischer, D. G., Hart, S. C., Whitham, T. G., Martinsen, G. D., & Keim, P. 
(2004). Ecosystem implications of genetic variation in water- use of 
a dominant riparian tree. Oecologia, 139(2), 288–297. https:// doi. 
org/ 10. 1007/ s0044 2-  004-  1505-  7

Fuchs, M. (1990). Infrared measurement of canopy temperature and de-
tection of plant water stress. Theoretical and Applied Climatology, 
42, 253–261. https:// doi. org/ 10. 1007/ BF008 65986 

Gamon, J. A., Peñuelas, J., & Field, C. B. (1992). A narrow- waveband 
spectral index that tracks diurnal changes in photosynthetic effi-
ciency. Remote Sensing of Environment, 41(1), 35–44. https:// doi. 
org/ 10. 1016/ 0034-  4257(92) 90059 -  S

Gazol, A., Camarero, J. J., Anderegg, W. R. L., & Vicente- Serrano, S. M. 
(2017). Impacts of droughts on the growth resilience of northern 
hemisphere forests. Global Ecology and Biogeography, 26(2), 166–
176. https:// doi. org/ 10. 1111/ geb. 12526 

Gazol, A., Fajardo, A., & Camarero, J. J. (2023). Contributions of intraspe-
cific variation to drought tolerance in trees. Current Forestry Reports, 
9(6), 461–472. https:// doi. org/ 10. 1007/ s4072 5-  023-  00199 -  w

Gehring, C. A., Mueller, R. C., Haskins, K. E., Rubow, T. K., & Whitham, 
T. G. (2014). Convergence in mycorrhizal fungal communities due 
to drought, plant competition, parasitism and susceptibility to 

herbivory: Consequences for fungi and host plants. Frontiers in 
Microbiology, 5, 306. https:// doi. org/ 10. 3389/ fmicb. 2014. 00306 

González de Andrés, E., Rosas, T., Camarero, J. J., & Martínez- Vilalta, J. 
(2021). The intraspecific variation of functional traits modulates 
drought resilience of European beech and pubescent oak. Journal of 
Ecology, 109(10), 3652–3669. https:// doi. org/ 10. 1111/ 1365-  2745. 
13743 

Grossiord, C. (2020). Having the right neighbors: How tree species diver-
sity modulates drought impacts on forests. New Phytologist, 228(1), 
42–49. https:// doi. org/ 10. 1111/ nph. 15667 

Guo, J. S., Bush, S. E., & Hultine, K. R. (2022). Temporal variation in sto-
matal sensitivity to vapour pressure deficit in western riparian 
forests. Functional Ecology, 36(7), 1599–1611. https:// doi. org/ 10. 
1111/ 1365-  2435. 14066 

Hersch- Green, E. I., Allan, G. J., & Whitham, T. G. (2014). Genetic anal-
ysis of admixture and patterns of introgression in foundation cot-
tonwood trees (Salicaceae) in southwestern Colorado, USA. Tree 
Genetics & Genomes, 10(3), 527–539. https:// doi. org/ 10. 1007/ 
s1129 5-  014-  0701-  9

Hueni, A., & Bialek, A. (2017). Cause, effect, and correction of field 
spectroradiometer interchannel radiometric steps. IEEE Journal of 
Selected Topics in Applied Earth Observations and Remote Sensing, 
10(4), 1542–1551. https:// doi. org/ 10. 1109/ JSTARS. 2016. 2625043

Hultine, K. R., Allan, G. J., Blasini, D., Bothwell, H. M., Cadmus, A., 
Cooper, H. F., Doughty, C. E., Gehring, C. A., Gitlin, A. R., Grady, 
K. C., Hull, J. B., Keith, A. R., Koepke, D. F., Markovchick, L., Corbin 
Parker, J. M., Sankey, T. T., & Whitham, T. G. (2020). Adaptive capac-
ity in the foundation tree species Populus fremontii: Implications 
for resilience to climate change and non- native species invasion in 
the American southwest. Conservation. Physiology, 8(1), coaa061. 
https:// doi. org/ 10. 1093/ conph ys/ coaa061

Hwang, T., Gholizadeh, H., Sims, D. A., Novick, K. A., Brzostek, E. R., 
Phillips, R. P., Roman, D. T., Robeson, S. M., & Rahman, A. F. (2017). 
Capturing species- level drought responses in a temperate decid-
uous forest using ratios of photochemical reflectance indices be-
tween sunlit and shaded canopies. Remote Sensing of Environment, 
199, 350–359. https:// doi. org/ 10. 1016/j. rse. 2017. 07. 033

Ikeda, D. H., Max, T. L., Allan, G. J., Lau, M. K., Shuster, S. M., & Whitham, 
T. G. (2017). Genetically informed ecological niche models improve 
climate change predictions. Global Change Biology, 23(1), 164–176. 
https:// doi. org/ 10. 1111/ gcb. 13470 

Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster match-
ing and permutation program for dealing with label switching and 
multimodality in analysis of population structure. Bioinformatics, 
23(14), 1801–1806. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btm233

Jeplawy, J. R., Cooper, H. F., Marks, J., Lindroth, R. L., Andrews, M. I., 
Compson, Z. G., Gehring, C., Hultine, K. R., Grady, K., Whitham, T. 
G., Allan, G. J., & Best, R. J. (2021). Plastic responses to hot tem-
peratures homogenize riparian leaf litter, speed decomposition, 
and reduce detritivores. Ecology, 102(10), e03461. https:// doi. org/ 
10. 1002/ ecy. 3461

Jung, V., Albert, C. H., Violle, C., Kunstler, G., Loucougaray, G., & 
Spiegelberger, T. (2014). Intraspecific trait variability mediates the 
response of subalpine grassland communities to extreme drought 
events. Journal of Ecology, 102(1), 45–53. https:// doi. org/ 10. 1111/ 
1365-  2745. 12177 

Kaluthota, S., Pearce, D. W., Evans, L. M., Letts, M. G., Whitham, T. G., & 
Rood, S. B. (2015). Higher photosynthetic capacity from higher lat-
itude: Foliar characteristics and gas exchange of southern, central 
and northern populations of Populus angustifolia. Tree Physiology, 
35(9), 936–948. https:// doi. org/ 10. 1093/ treep hys/ tpv069

Keith, A. R., Bailey, J. K., & Whitham, T. G. (2023). Assisted migration 
experiments along a distance/elevation gradient show limits to 
supporting home site communities. PLOS Climate, 2(5), e0000137. 
https:// doi. org/ 10. 1371/ journ al. pclm. 0000137

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70061 by N

orthern A
rizona U

niversity, W
iley O

nline Library on [01/07/2025]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

https://doi.org/10.1890/13-1612.1
https://doi.org/10.1002/wcc.81
https://doi.org/10.1016/j.rse.2012.03.013
https://doi.org/10.1016/j.rse.2012.03.013
https://doi.org/10.3732/ajb.1700268
https://doi.org/10.3732/ajb.1700268
https://doi-org.ezproxy1.lib.asu.edu/10.1007/978-3-540-32730-1_7
https://doi-org.ezproxy1.lib.asu.edu/10.1007/978-3-540-32730-1_7
https://doi.org/10.1111/gcb.16275
https://doi.org/10.1111/gcb.16275
https://doi.org/10.1016/bs.aecr.2015.02.001
https://doi.org/10.1002/ecs2.3992
https://doi.org/10.1002/ecs2.3992
https://doi.org/10.1016/j.jqsrt.2010.03.007
https://doi.org/10.1016/j.jqsrt.2010.03.007
https://doi.org/10.1007/s00442-004-1505-7
https://doi.org/10.1007/s00442-004-1505-7
https://doi.org/10.1007/BF00865986
https://doi.org/10.1016/0034-4257(92)90059-S
https://doi.org/10.1016/0034-4257(92)90059-S
https://doi.org/10.1111/geb.12526
https://doi.org/10.1007/s40725-023-00199-w
https://doi.org/10.3389/fmicb.2014.00306
https://doi.org/10.1111/1365-2745.13743
https://doi.org/10.1111/1365-2745.13743
https://doi.org/10.1111/nph.15667
https://doi.org/10.1111/1365-2435.14066
https://doi.org/10.1111/1365-2435.14066
https://doi.org/10.1007/s11295-014-0701-9
https://doi.org/10.1007/s11295-014-0701-9
https://doi.org/10.1109/JSTARS.2016.2625043
https://doi.org/10.1093/conphys/coaa061
https://doi.org/10.1016/j.rse.2017.07.033
https://doi.org/10.1111/gcb.13470
https://doi.org/10.1093/bioinformatics/btm233
https://doi.org/10.1093/bioinformatics/btm233
https://doi.org/10.1002/ecy.3461
https://doi.org/10.1002/ecy.3461
https://doi.org/10.1111/1365-2745.12177
https://doi.org/10.1111/1365-2745.12177
https://doi.org/10.1093/treephys/tpv069
https://doi.org/10.1371/journal.pclm.0000137


18  |    SEELEY et al.

Knipling, E. B. (1970). Physical and physiological basis for the reflectance 
of visible and near- infrared radiation from vegetation. Remote 
Sensing of Environment, 1(3), 155–159. https:// doi. org/ 10. 1016/ 
S0034 -  4257(70) 80021 -  9

Kruse, F. A., Heidebrecht, K. B., Shapiro, A. T., Barloon, P. J., & Goetz, 
A. F. H. (1993). The spectral image processing system (SIPS) in-
teractive visualization and analysis of imaging spectrometer data. 
Remote Sensing of Environment, 44, 145–163.

Le, T. S., Harper, R., & Dell, B. (2023). Application of remote sensing in 
detecting and monitoring water stress in forests. Remote Sensing, 
15(13), 13. https:// doi. org/ 10. 3390/ rs151 33360 

Leffler, A. J., England, L. E., & Naito, J. (2000). Vulnerability of Fremont 
cottonwood (Populus fremontii Wats.) individuals to xylem cavita-
tion. Western North American Naturalist, 60(2), 204–210.

Leites, L. P., Robinson, A. P., Rehfeldt, G. E., Marshall, J. D., & Crookston, N. 
L. (2012). Height- growth response to climatic changes differs among 
populations of Douglas- fir: A novel analysis of historic data. Ecological 
Applications, 22(1), 154–165. https:// doi. org/ 10. 1890/ 11-  0150. 1

Lhotsky, B., Kovács, B., Ónodi, G., Csecserits, A., Rédei, T., Lengyel, A., 
Kertész, M., & Botta- Dukát, Z. (2016). Changes in assembly rules 
along a stress gradient from open dry grasslands to wetlands. 
Journal of Ecology, 104(2), 507–517. https:// doi. org/ 10. 1111/ 1365-  
2745. 12532 

Li, W., Pacheco- Labrador, J., Migliavacca, M., Miralles, D., Hoek van 
Dijke, A., Reichstein, M., Forkel, M., Zhang, W., Frankenberg, C., 
Panwar, A., Zhang, Q., Weber, U., Gentine, P., & Orth, R. (2023). 
Widespread and complex drought effects on vegetation physiology 
inferred from space. Nature Communications, 14(1), 4640. https:// 
doi. org/ 10. 1038/ s4146 7-  023-  40226 -  9

Lin, C., Popescu, S. C., Huang, S. C., Chang, P. T., & Wen, H. L. (2015). A 
novel reflectance- based model for evaluating chlorophyll concen-
trations of fresh and water- stressed leaves. Biogeosciences, 12(1), 
49–66. https:// doi. org/ 10. 5194/ bg-  12-  49-  2015

Lopez- Iglesias, B., Villar, R., & Poorter, L. (2014). Functional traits predict 
drought performance and distribution of Mediterranean woody 
species. Acta Oecologica, 56, 10–18. https:// doi. org/ 10. 1016/j. 
actao. 2014. 01. 003

Luo, W., Griffin- Nolan, R. J., Song, L., Te, N., Chen, J., Shi, Y., Muraina, T. 
O., Wang, Z., Smith, M. D., Yu, Q., Knapp, A. K., Han, X., & Collins, 
S. L. (2023). Interspecific and intraspecific trait variability differ-
entially affect community- weighted trait responses to and recov-
ery from long- term drought. Functional Ecology, 37(3), 504–512. 
https:// doi. org/ 10. 1111/ 1365-  2435. 14239 

Manley, P. V., Sagan, V., Fritschi, F. B., & Burken, J. G. (2019). Remote 
sensing of explosives- induced stress in plants: Hyperspectral im-
aging analysis for remote detection of unexploded threats. Remote 
Sensing, 11(15), 1827. https:// doi. org/ 10. 3390/ rs111 51827 

Martin, R. E., Chadwick, K. D., Brodrick, P. G., Carranza- Jimenez, L., 
Vaughn, N. R., & Asner, G. P. (2018). An approach for foliar trait 
retrieval from airborne imaging spectroscopy of tropical forests. 
Remote Sensing, 10(2), 199. https:// doi. org/ 10. 3390/ rs100 20199 

Martínez- Vilalta, J., Cochard, H., Mencuccini, M., Sterck, F., Herrero, 
A., Korhonen, J. F. J., Llorens, P., Nikinmaa, E., Nolè, A., Poyatos, 
R., Ripullone, F., Sass- Klaassen, U., & Zweifel, R. (2009). Hydraulic 
adjustment of scots pine across Europe. New Phytologist, 184(2), 
353–364. https:// doi. org/ 10. 1111/j. 1469-  8137. 2009. 02954. x

Martinsen, G. D., Whitham, T. G., Turek, R. J., & Keim, P. (2001). Hybrid 
populations selectively filter gene introgression between species. 
Evolution, 55(7), 1325–1335. https:// doi. org/ 10. 1111/j. 0014-  3820. 
2001. tb006 55. x

Mayjonade, B., Gouzy, J., Donnadieu, C., Pouilly, N., Marande, W., Callot, 
C., Langlade, N., & Muños, S. (2016). Extraction of high- molecular- 
weight genomic DNA for long- read sequencing of single molecules. 
BioTechniques, 61(4), 203–205. https:// doi. org/ 10. 2144/ 00011 4460

Meder, R., Kain, D., Ebdon, N., Macdonell, P., & Brawner, J. T. (2014). 
Identifying hybridisation in Pinus species using near infrared 

spectroscopy of foliage. Journal of Near Infrared Spectroscopy, 22(5), 
337–345.

Miller, D. L., Alonzo, M., Roberts, D. A., Tague, C. L., & McFadden, J. P. 
(2020). Drought response of urban trees and turfgrass using air-
borne imaging spectroscopy. Remote Sensing of Environment, 240, 
111646. https:// doi. org/ 10. 1016/j. rse. 2020. 111646

Mohd Asaari, M. S., Mertens, S., Verbraeken, L., Dhondt, S., Inzé, D., 
Bikram, K., & Scheunders, P. (2022). Non- destructive analysis of 
plant physiological traits using hyperspectral imaging: A case study 
on drought stress. Computers and Electronics in Agriculture, 195, 
106806. https:// doi. org/ 10. 1016/j. compag. 2022. 106806

Moran, M. E., Aparecido, L. M. T., Koepke, D. F., Cooper, H. F., Doughty, 
C. E., Gehring, C. A., Throop, H. L., Whitham, T. G., Allan, G. J., 
& Hultine, K. R. (2023). Limits of thermal and hydrological toler-
ance in a foundation tree species (Populus fremontii) in the desert 
southwestern United States. New Phytologist, 240(6), 2298–2311. 
https:// doi. org/ 10. 1111/ nph. 19247 

Mouillot, D., Graham, N. A. J., Villéger, S., Mason, N. W. H., & Bellwood, 
D. R. (2013). A functional approach reveals community responses 
to disturbances. Trends in Ecology & Evolution, 28(3), 167–177. 
https:// doi. org/ 10. 1016/j. tree. 2012. 10. 004

Nagendra, H., Lucas, R., Honrado, J. P., Jongman, R. H. G., Tarantino, 
C., Adamo, M., & Mairota, P. (2013). Remote sensing for conserva-
tion monitoring: Assessing protected areas, habitat extent, habitat 
condition, species diversity, and threats. Ecological Indicators, 33, 
45–59. https:// doi. org/ 10. 1016/j. ecoli nd. 2012. 09. 014

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., 
Grisel, O., Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., 
Vanderplas, J., Passos, A., Cournapeau, D., Brucher, M., Perrot, M., 
& Duchesnay, É. (2011). Scikit- learn: Machine learning in python. 
Journal of Machine Learning Research, 12(85), 2825–2830.

Peñalba, J. V., Runemark, A., Meier, J. I., Singh, P., Wogan, G. O. U., 
Sánchez- Guillén, R., Mallet, J., Rometsch, S. J., Menon, M., 
Seehausen, O., Kulmuni, J., & Pereira, R. J. (2024). The role of hy-
bridization in species formation and persistence. Cold Spring Harbor 
Perspectives in Biology, 16(12), a041445. https:// doi. org/ 10. 1101/ 
cshpe rspect. a041445

Peñuelas, J., Filella, I., & Gamon, J. A. (1995). Assessment of photo-
synthetic radiation- use efficiency with spectral reflectance. New 
Phytologist, 131(3), 291–296. https:// doi. org/ 10. 1111/j. 1469-  8137. 
1995. tb030 64. x

Phelan, C. A., Pearce, D. W., Franks, C. G., Zimmerman, O., Tyree, M. T., 
& Rood, S. B. (2022). How trees thrive in a dry climate: Diurnal and 
seasonal hydrology and water relations in a riparian cottonwood 
grove. Tree Physiology, 42(1), 99–113. https:// doi. org/ 10. 1093/ 
treep hys/ tpab087

Posch, B. C., Bush, S. E., Koepke, D. F., Schuessler, A., Anderegg, L. L. D., 
Aparecido, L. M. T., Blonder, B. W., Guo, J. S., Kerr, K. L., Moran, 
M. E., Cooper, H. F., Doughty, C. E., Gehring, C. A., Whitham, T. G., 
Allan, G. J., & Hultine, K. R. (2024). Intensive leaf cooling promotes 
tree survival during a record heatwave. Proceedings of the National 
Academy of Sciences of the United States of America, 121(43), 
e2408583121. https:// doi. org/ 10. 1073/ pnas. 24085 83121 

Pourbabaei, H., Verya, R., & Mohammad, N. A. (2014). Effects of drought 
on plant species diversity and productivity in the oak forests of 
Western Iran. Ecologia Balkanica, 6(1), 61–71.

Preece, C., Verbruggen, E., Liu, L., Weedon, J. T., & Peñuelas, J. (2019). 
Effects of past and current drought on the composition and diver-
sity of soil microbial communities. Soil Biology and Biochemistry, 
131, 28–39. https:// doi. org/ 10. 1016/j. soilb io. 2018. 12. 022

Rodríguez- Alarcón, S., Tamme, R., & Carmona, C. P. (2022). Intraspecific 
trait changes in response to drought lead to trait convergence be-
tween—But not within—Species. Functional Ecology, 36(8), 1900–
1911. https:// doi. org/ 10. 1111/ 1365-  2435. 14099 

Rose, R. A., Byler, D., Eastman, J. R., Fleishman, E., Geller, G., Goetz, 
S., Guild, L., Hamilton, H., Hansen, M., Headley, R., Hewson, J., 

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70061 by N

orthern A
rizona U

niversity, W
iley O

nline Library on [01/07/2025]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

https://doi.org/10.1016/S0034-4257(70)80021-9
https://doi.org/10.1016/S0034-4257(70)80021-9
https://doi.org/10.3390/rs15133360
https://doi.org/10.1890/11-0150.1
https://doi.org/10.1111/1365-2745.12532
https://doi.org/10.1111/1365-2745.12532
https://doi.org/10.1038/s41467-023-40226-9
https://doi.org/10.1038/s41467-023-40226-9
https://doi.org/10.5194/bg-12-49-2015
https://doi.org/10.1016/j.actao.2014.01.003
https://doi.org/10.1016/j.actao.2014.01.003
https://doi.org/10.1111/1365-2435.14239
https://doi.org/10.3390/rs11151827
https://doi.org/10.3390/rs10020199
https://doi.org/10.1111/j.1469-8137.2009.02954.x
https://doi.org/10.1111/j.0014-3820.2001.tb00655.x
https://doi.org/10.1111/j.0014-3820.2001.tb00655.x
https://doi.org/10.2144/000114460
https://doi.org/10.1016/j.rse.2020.111646
https://doi.org/10.1016/j.compag.2022.106806
https://doi.org/10.1111/nph.19247
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1016/j.ecolind.2012.09.014
https://doi.org/10.1101/cshperspect.a041445
https://doi.org/10.1101/cshperspect.a041445
https://doi.org/10.1111/j.1469-8137.1995.tb03064.x
https://doi.org/10.1111/j.1469-8137.1995.tb03064.x
https://doi.org/10.1093/treephys/tpab087
https://doi.org/10.1093/treephys/tpab087
https://doi.org/10.1073/pnas.2408583121
https://doi.org/10.1016/j.soilbio.2018.12.022
https://doi.org/10.1111/1365-2435.14099


    |  19SEELEY et al.

Horning, N., Kaplin, B. A., Laporte, N., Leidner, A., Leimgruber, 
P., Morisette, J., Musinsky, J., Pintea, L., … Wilson, C. (2015). Ten 
ways remote sensing can contribute to conservation. Conservation 
Biology, 29(2), 350–359. https:// doi. org/ 10. 1111/ cobi. 12397 

Sankey, T., Hultine, K., Blasini, D., Koepke, D., Bransky, N., Grady, K., 
Cooper, H., Gehring, C., & Allan, G. (2021). UAV thermal image de-
tects genetic trait differences among populations and genotypes 
of Fremont cottonwood (Populus fremontii, Salicaceae). Remote 
Sensing in Ecology and Conservation, 7(2), 245–258. https:// doi. org/ 
10. 1002/ rse2. 185

Santonja, M., Fernandez, C., Gauquelin, T., & Baldy, V. (2015). Climate 
change effects on litter decomposition: Intensive drought leads to a 
strong decrease of litter mixture interactions. Plant and Soil, 393(1), 
69–82. https:// doi. org/ 10. 1007/ s1110 4-  015-  2471-  z

Sapes, G., Schroeder, L., Scott, A., Clark, I., Juzwik, J., Montgomery, 
R. A., Guzmán Q, J. A., & Cavender- Bares, J. (2024). Mechanistic 
links between physiology and spectral reflectance enable previ-
sual detection of oak wilt and drought stress. Proceedings of the 
National Academy of Sciences of the United States of America, 121(7), 
e2316164121. https:// doi. org/ 10. 1073/ pnas. 23161 64121 

Scherrer, D., Bader, M. K.- F., & Körner, C. (2011). Drought- sensitivity 
ranking of deciduous tree species based on thermal imaging of 
forest canopies. Agricultural and Forest Meteorology, 151(12), 1632–
1640. https:// doi. org/ 10. 1016/j. agrfo rmet. 2011. 06. 019

Seeley, M. M. (2025). Code for: Remote sensing reveals inter-  and intra-
specific variation in riparian cottonwood (Populus spp) response to 
drought [Jupyter Notebook]. https:// github. com/ MegsS eeley/  
droug ht_ cotto nwood  (Original work published 2025).

Seeley, M., & Asner, G. P. (2021). Imaging spectroscopy for conservation 
applications. Remote Sensing, 13(2), 292. https:// doi. org/ 10. 3390/ 
rs130 20292 

Seeley, M., Wiebe, B. C., Gehring, C. A., Hultine, K., Posch, B. C., Cooper, 
H. F., Schaefer, E., Bock, B., Abraham, A. J., Moran, M. E., Keith, A., 
Allan, G. J., Scull, M., Whitham, T. G., Martin, R. M., Asner, G. P., 
& Doughty, C. (2025). Dataset for: Remote sensing reveals inter- 
and intraspecific variation in riparian cottonwood (Populus spp) re-
sponse to drought. Figshare. https:// doi. org/ 10. 6084/ m9. figsh are. 
27273567

Seeley, M. M., Martin, R. E., Vaughn, N. R., Thompson, D. R., Dai, J., & 
Asner, G. P. (2023). Quantifying the variation in reflectance spectra 
of Metrosideros polymorpha canopies across environmental gra-
dients. Remote Sensing, 15(6), 1614. https:// doi. org/ 10. 3390/ rs150 
61614 

Seeley, M. M., Stacy, E. A., Martin, R. E., & Asner, G. P. (2023). Foliar func-
tional and genetic variation in a keystone Hawaiian tree species es-
timated through spectroscopy. Oecologia, 202, 15–28. https:// doi. 
org/ 10. 1007/ s0044 2-  023-  05374 -  1

Seeley, M. M., Thomson, E., Allan, G. J., Wiebe, B. C., Whitham, T. G., Hultine, 
K. R., Cooper, H. F., Asner, G. P., & Doughty, C. E. (2025). Disentangling 
heritability and plasticity effects on Populus fremontii leaf reflec-
tance across a temperature gradient (p. 2024.10.21.619129). bioRxiv. 
https:// doi. org/ 10. 1101/ 2024. 10. 21. 619129

Seeley, M. M., Vaughn, N. R., & Asner, G. A. (2024). Evaluating individ-
ual tree species classification performance across diverse environ-
ments. Environmental Research: Ecology, 3(1), 011001. https:// doi. 
org/ 10. 1088/ 2752-  664X/ ad1f49

Seeley, M. M., Vaughn, N. R., Shanks, B. L., Martin, R. E., König, M., & 
Asner, G. P. (2023). Classifying a highly polymorphic tree species 
across landscapes using airborne imaging spectroscopy. Remote 
Sensing, 15(8), 4365. https:// doi. org/ 10. 3390/ rs151 84365 

Somers, B., Asner, G. P., Martin, R. E., Anderson, C. B., Knapp, D. E., Wright, 
S. J., & Van De Kerchove, R. (2015). Mesoscale assessment of changes 
in tropical tree species richness across a bioclimatic gradient in Panama 
using airborne imaging spectroscopy. Remote Sensing of Environment, 
167, 111–120. https:// doi. org/ 10. 1016/j. rse. 2015. 04. 016

Somers, B., Delalieux, S., Stuckens, J., Verstraeten, W. W., & Coppin, P. 
(2009). A weighted linear spectral mixture analysis approach to 
address endmember variability in agricultural production systems. 
International Journal of Remote Sensing, 30(1), 139–147. https:// doi. 
org/ 10. 1080/ 01431 16080 2304625

Steinkamp, J., & Hickler, T. (2015). Is drought- induced forest dieback 
globally increasing? Journal of Ecology, 103(1), 31–43. https:// doi. 
org/ 10. 1111/ 1365-  2745. 12335 

Stocker, T. F., Qin, D., Plattner, G.- K., Tignor, M. M. B., Allen, S. K., 
Boschung, J., Nauels, A., Xia, Y., Bex, V., & Midgley, P. M. (2014). 
Climate change 2013: The physical science basis. Contribution 
of Working Group I to the Fifth Assessment Report of IPCC the 
Intergovernmental Panel on Climate Change. In T. Stocker, D. Qin, 
G.- K. Plattner, M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia, V. 
Bex, & P. Midgley (Eds.), Climate change 2013: The physical science 
basis. Contribution of Working group I to the fifth assessment report 
of IPCC the intergovernmental panel on climate change. Cambridge 
University Press. https:// doi. org/ 10. 1017/ CBO97 81107 415324

Stone, A. C., Gehring, C. A., Cobb, N. S., & Whitham, T. G. (2018). Genetic- 
based susceptibility of a foundation tree to herbivory interacts with 
climate to influence arthropod community composition, diversity, 
and resilience. Frontiers in Plant Science, 9, 1831. https:// doi. org/ 10. 
3389/ fpls. 2018. 01831 

Stromberg, J. C. (2001). Restoration of riparian vegetation in the south- 
western United States: Importance of flow regimes and fluvial dy-
namism. Journal of Arid Environments, 49(1), 17–34. https:// doi. org/ 
10. 1006/ jare. 2001. 0833

Stromberg, J. C., Tiller, R., & Richter, B. (1996). Effects of groundwater 
decline on riparian vegetation of semiarid regions: The San Pedro, 
Arizona. Ecological Applications, 6(1), 113–131. https:// doi. org/ 10. 
2307/ 2269558

Taylor, S. A., Larson, E. L., & Harrison, R. G. (2015). Hybrid zones: 
Windows on climate change. Trends in Ecology & Evolution, 30(7), 
398–406. https:// doi. org/ 10. 1016/j. tree. 2015. 04. 010

Thénot, F., Méthy, M., & Winkel, T. (2002). The photochemical reflec-
tance index (PRI) as a water- stress index. International Journal of 
Remote Sensing, 23, 5135–5139. https:// doi. org/ 10. 1080/ 01431 
16021 0163100

Tucker, C. J. (1980). Remote sensing of leaf water content in the near 
infrared. Remote Sensing of Environment, 10(1), 23–32. https:// doi. 
org/ 10. 1016/ 0034-  4257(80) 90096 -  6

Turner, W., Spector, S., Gardiner, N., Fladeland, M., Sterling, E., & 
Steininger, M. (2003). Remote sensing for biodiversity science and 
conservation. Trends in Ecology & Evolution, 18(6), 306–314. https:// 
doi. org/ 10. 1016/ S0169 -  5347(03) 00070 -  3

Tyree, M. T., Kolb, K. J., Rood, S. B., & Patiño, S. (1994). Vulnerability 
to drought- induced cavitation of riparian cottonwoods in Alberta: 
A possible factor in the decline of the ecosystem? Tree Physiology, 
14(5), 455–466. https:// doi. org/ 10. 1093/ treep hys/ 14.5. 455

Wang, R., Gamon, J. A., & Cavender- Bares, J. (2022). Seasonal patterns of 
spectral diversity at leaf and canopy scales in the Cedar Creek prai-
rie biodiversity experiment. Remote Sensing of Environment, 280, 
113169. https:// doi. org/ 10. 1016/j. rse. 2022. 113169

Wang, T., O'Neill, G. A., & Aitken, S. N. (2010). Integrating environmen-
tal and genetic effects to predict responses of tree populations to 
climate. Ecological Applications, 20(1), 153–163. https:// doi. org/ 10. 
1890/ 08-  2257. 1

Whitham, T. G., Martinsen, G. D., Keim, P., Floate, K. D., Dungey, H. S., & 
Potts, B. M. (1999). Plant hybrid zones affect biodiversity: Tools for a 
genetic- based understanding of community structure. Ecology, 80(2), 
416–428. https:// doi. org/ 10. 1890/ 0012-  9658(1999) 080[0416: 
PHZABT] 2.0. CO; 2

Wiebe, B. C. (2005). Thermal Drone Processing Code [Python]. https:// 
github. com/ bencw iebe/ Therm alDro nePro cessing (Original work 
published 2005).

 13652745, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.70061 by N

orthern A
rizona U

niversity, W
iley O

nline Library on [01/07/2025]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

https://doi.org/10.1111/cobi.12397
https://doi.org/10.1002/rse2.185
https://doi.org/10.1002/rse2.185
https://doi.org/10.1007/s11104-015-2471-z
https://doi.org/10.1073/pnas.2316164121
https://doi.org/10.1016/j.agrformet.2011.06.019
https://github.com/MegsSeeley/drought_cottonwood
https://github.com/MegsSeeley/drought_cottonwood
https://doi.org/10.3390/rs13020292
https://doi.org/10.3390/rs13020292
https://doi.org/10.6084/m9.figshare.27273567
https://doi.org/10.6084/m9.figshare.27273567
https://doi.org/10.3390/rs15061614
https://doi.org/10.3390/rs15061614
https://doi.org/10.1007/s00442-023-05374-1
https://doi.org/10.1007/s00442-023-05374-1
https://doi.org/10.1101/2024.10.21.619129
https://doi.org/10.1088/2752-664X/ad1f49
https://doi.org/10.1088/2752-664X/ad1f49
https://doi.org/10.3390/rs15184365
https://doi.org/10.1016/j.rse.2015.04.016
https://doi.org/10.1080/01431160802304625
https://doi.org/10.1080/01431160802304625
https://doi.org/10.1111/1365-2745.12335
https://doi.org/10.1111/1365-2745.12335
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.3389/fpls.2018.01831
https://doi.org/10.3389/fpls.2018.01831
https://doi.org/10.1006/jare.2001.0833
https://doi.org/10.1006/jare.2001.0833
https://doi.org/10.2307/2269558
https://doi.org/10.2307/2269558
https://doi.org/10.1016/j.tree.2015.04.010
https://doi.org/10.1080/01431160210163100
https://doi.org/10.1080/01431160210163100
https://doi.org/10.1016/0034-4257(80)90096-6
https://doi.org/10.1016/0034-4257(80)90096-6
https://doi.org/10.1016/S0169-5347(03)00070-3
https://doi.org/10.1016/S0169-5347(03)00070-3
https://doi.org/10.1093/treephys/14.5.455
https://doi.org/10.1016/j.rse.2022.113169
https://doi.org/10.1890/08-2257.1
https://doi.org/10.1890/08-2257.1
https://doi.org/10.1890/0012-9658(1999)080%5B0416:PHZABT%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B0416:PHZABT%5D2.0.CO;2
https://github.com/bencwiebe/ThermalDroneProcessing
https://github.com/bencwiebe/ThermalDroneProcessing


20  |    SEELEY et al.

Wielstra, B. (2019). Historical hybrid zone movement: More perva-
sive than appreciated. Journal of Biogeography, 46(7), 1300–1305. 
https:// doi. org/ 10. 1111/ jbi. 13600 

Wolf, S., & Paul- Limoges, E. (2023). Drought and heat reduce forest car-
bon uptake. Nature Communications, 14(1), 6217. https:// doi. org/ 10. 
1038/ s4146 7-  023-  41854 -  x

Woolbright, S. A., DiFazio, S. P., Yin, T., Martinsen, G. D., Zhang, X., Allan, 
G. J., Whitham, T. G., & Keim, P. (2008). A dense linkage map of hy-
brid cottonwood (Populus fremontii × P. angustifolia) contributes to 
long- term ecological research and comparison mapping in a model 
forest tree. Heredity, 100(1), 59–70. https:// doi. org/ 10. 1038/ sj. hdy. 
6801063

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Number of watered and droughted trees for each 
crosstype included in each experiment. Sample sizes for each group 
were balanced by randomly selecting a subset of the spectra from 
each crosstype × water status.
Table S2. Average ancestry values for each assigned cross type, 
treatment and source population.
Table S3. Distances between group centroids projected from 
20- dimensional principal component space into 2 dimensions for 
the crosstype dataset.
Figure S1. Locations of cottonwood source populations for all 
experiments. Populus fremontii, P. angustifolia and their hybrids 
were collected for the greenhouse experiments from sites labelled 
with triangles. Circles represent sites where only P. fremontii was 
collected for the common garden experiment in Phoenix, AZ.
Figure S2. Sensitivity analysis for number of principal components 
(PC) used in PCA analysis (5, 10, 20, 50 and PC that differ (p < 0.05) 
between one or more groups) for the (a) crosstype and (b) Populus 
fremontii datasets. Prior to calculating centre means, data were 

scaled across all PC. Open circles represent watered trees and closed 
circles represent water- stressed trees. Colour represents crosstype: 
green—Populus fremontii, grey—hybrids and purple—P. angustifolia.
Figure S3. Boxplots of the first 50 principal components (PC) that 
significantly separate groups within the crosstype dataset according 
to ANOVA (p < 0.05). PC with significant variation between one or 
more groups, grouped according to (a) crosstype and treatment, (b) 
treatment and (c) crosstype. Note that PCA distance matrices were 
calculated as the average across 100 interactions and this figure 
represents the results from one iteration.
Figure S4. Boxplots of the first 50 principal components (PC) that 
significantly separate groups within the Populus fremontii dataset 
according to ANOVA (p < 0.05). PC with significant variation between 
one or more groups, grouped according to (a) source population 
and treatment, (b) treatment and (c) source population. Note that 
PCA distance matrices were calculated as the average across 100 
interactions and this figure represents the results from one iteration.
Figure S5. Per cent soil moisture in watered (blue) and drought (red) 
plots at Agua Fria.
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