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Abstract

In the context of climate change and anthropogenic modifications, natural ecosystems must
adapt to their environment at an unprecedented pace. Riparian forests are particularly sensitive
to these alterations as they heavily rely on soil water availability for survival. Understanding
the response of riparian trees to drought episodes is a significant asset for the management of

forests and natural spaces.

In this study, a combined approach of remote sensing and ecophysiology was adopted to
understand the response of white poplar trees to water constraints during a vegetative season
and at a drought period along a hydroclimatic gradient. The objective was to identify responses
and mechanisms adopted to face water stress at different spatial and temporal scales, as well as

to assess their vulnerability to climate change.

The results obtained reveal a contrast in the mechanisms of drought response depending on the
location of the stands along the hydroclimatic gradient. In the northern regions, there is a
relative stability of NDVI during the season and a low relative temperature during the drought,
but with very low values of water potential and leaf water content, indicating high water
consumption. In contrast, further south, the opposite phenomenon was observed, with a rapid
decrease in NDVI, higher temperature but higher ecophysiological indicators that respond more

gradually.

Key words: Alluvial forest, Thermal infrared, Water stress, Populus Alba, Remote sensing,

Hydroclimatic gradient



Reésume

Dans un contexte de changement climatiques et de modifications anthropiques, les écosystémes
naturels doivent s’adapter a leur environnement a un rythme sans précédent. Les forets
alluviales sont des milieux particuliérement sensibles a ces altérations car elles dépendent
fortement de la disponibilité¢ en eau dans les sols pour survivre. Mieux comprendre la réaction
des arbres ripariens face aux épisodes de sécheresse est un atout considérable pour la gestion

des foréts et des espaces naturels.

Dans cette étude, une approche combinée de la télédétection et de 1’écophysiologie a été
adoptée afin de de cerner la réaction des peupliers blancs aux contraintes hydriques au cours
d’une saison végétative et en moment de sécheresse le long d’un gradient hydroclimatique.
L’objectif étant d’identifier les réponses et les mécanismes mis en place face au stress hydrique
a différentes échelles spatiales et temporelles, ainsi que de pouvoir évaluer leur vulnérabilité

face au changement climatique

Les résultats obtenus montrent un contraste entre les mécanismes de réponse a la sécheresse
mis en place en fonction de la position des peuplements le long du gradient hydroclimatique.
Au nord, ils montrent une relative stabilit¢ du NDVI au cours de la saison et une température
relative faible durant la sécheresse mais des taux de teneur en eau et de potentiel hydrique tres
faible, indiquant une forte consommation d’eau. Au contraire, plus au sud, le phénomene
inverse a été observé, avec une baisse rapide du NDVI, une température élevée mais des

indicateurs écophysiologiques plus hauts et qui répondent plus progressivement.

Mots clés : Foret alluvial, Infrarouge thermique, Stress hydrique, Populus Alba,

Télédétection, Gradient hydroclimatique
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1. Introduction

1.1. Research context

The increasing frequency and severity of droughts associated with global warming is
threatening forest ecosystems (Choat et al., 2018; Peters et al., 2021; Reichstein et al., 2013). Large-
scale forest mortality has been documented worldwide (Allen et al., 2010, 2015) and linked to drought
and global warming (Anderegg et al., 2013; Choat et al., 2012; Greenwood et al., 2017; Hartmann et
al., 2018). Among these ecosystems, riparian forests are particularly vulnerable to drought despite
their location in lowland floodplains (Kibler et al., 2021; Williams et al., 2022). Soil moisture and
groundwater availability are the primary requirements for long-term survival of most riparian tree
species under drought conditions (Pettit & Froend, 2018). However, the increasing duration of
droughts is reducing soil moisture (Samaniego et al., 2018) and streamflow (De Girolamo et al.,
2022), weakening the functioning of these riparian tree species. In this context, developing a better
characterization of water stress mechanisms in riparian forests is fundamental for assessing the risk

of tree mortality, not only at the individual scale.

Because of their location in lowlands, riparian forests are naturally exposed and highly sensitive to
fluctuations in water availability (Friedman et al., 2022; Shafroth et al., 2002). In response, most
riparian tree species have developed several physiological and morphological adaptations to cope
with water deficits, such as rapid root extension and low shoot:root biomass ratios (Rood et al., 2003;
Stella & Battles, 2010). However, prolonged periods of water scarcity and anthropogenic alterations
of streamflow and groundwater levels can severely reduce water availability inevitably affecting
riparian tree growth and health. Drought-related growth decline and mortality have been documented
in riparian trees, mostly in semi-arid environments (Pettit & Froend, 2018; Rivaes et al., 2013;
Stromberg et al., 1996). More recently, studies have expanded the scope of interest by analyzing
riparian forest responses to drought at the landscape scale (Kibler et al., 2021; Pace et al., 2021; Rohde
et al., 2021). However, these studies only examined riparian stand responses without accounting for
specific individuals nor for climate variability. As a result, our understanding of how riparian forests
respond to evolving drought conditions remains limited (Portela et al., 2023; Slette et al., 2019),
especially across hydroclimatic gradients (Palmer et al., 2008). By investigating the responses of
specific riparian tree species to drought in diverse climates, the overall drought response strategies

and resilience of riparian forests can better be understood.



1.2. Water stress

Increasing temperatures and reduced precipitation, which are characteristics of climatic drought,
directly affect soil water availability (Berg & Sheffield, 2018). As temperatures rise, evaporative
demand increases, leading to an increase in evapotranspiration, which directly controls water fluxes
between soil, trees, and the atmosphere (Katul et al., 2012). As a result, reduced water availability
alters soil-root and leaf-atmosphere interfaces, leading to limited water and CO- fluxes (Reichstein et
al., 2002), severely limiting carbon assimilation and tree growth, and threatening tree survival. Water
stress in plants is a complex physiological response to the limited availability of water (Teskey &
Hinckley, 1986). These responses can induce a series of harmful plant-water interactions susceptible
to disrupt plant’s physiology. Under high evaporative demand and low soil water availability, water
potential decreases, causing most species to close their stomata (Pirasteh-Anosheh et al., 2016).
Prolonged periods of stomatal closure can lead to irreversible disruption of water transfer in xylem
tissue due to the breakdown of water cohesion and massive vascular embolism (Bréda et al., 2006;
Martinez-Vilalta et al., 2019). Deterioration of hydraulic function is the primary cause of drought-
induced tree mortality (McDowell, 2011). Reduced growth and tree mortality can also be explained
by carbon starvation, although this is less common than that caused by hydraulic failure (Hentschel
et al., 2016; McDowell et al., 2008). Carbon starvation occurs when photosynthetic carbon
assimilation is insufficient to meet the demands of cell maintenance and defensive metabolism

(McDowell, 2011).

Trees adopt various strategies and behaviors to withstand episodes of water stress. These adaptations
are either morphological, physiological, or biochemical and are designed to maximize productivity
while limiting water loss (Lisar et al., 2012). Tree responses fall into two categories: those that resist
stress and those that avoid stress. Some trees adopt relatively isohydric behavior, reducing stomatal
conductance to limit water loss and maintain leaf water potential (¥m), thereby exposing themselves
to carbon starvation (Hentschel et al., 2016; Sevanto et al., 2014). Other trees adopt anisohydric
behavior, keeping their stomata open to maintain high levels of transpiration and ensure carbon
assimilation and growth, but at a higher risk of hydraulic failure (Sevanto et al., 2014). These
ecophysiological responses are also accompanied by morphological changes such as leaf area
reduction, canopy dieback, branch abscission, and reduced diameter growth (Stella & Battles, 2010).
These different drought resistance mechanisms can vary within the same species and even more so at
broad landscape scales. Various remote and ground-based technologies have been developed to

measure tree water status.



1.2.1. Ecophysiological measurements

The most widely used and closely related proxy to water stress is water potential, which measures
the potential energy of water in plant tissues and which is closely related to water stress. Relative
water content (RWC) is another proxy that has gained popularity due to its ease of measurement and
ability to serve as a good indicator of landscape-scale mortality (Martinez-Vilalta et al., 2019).
However, these proxies cannot account for variations in CO2 flux, upon which carbon assimilation
depends. To address this limitation, the intrinsic water use efficiency index (WUE;), an integrative
measure of the balance between carbon and water fluxes, can be used to provide valuable information
on carbon assimilation (Seibt et al., 2008). However, obtaining data through these ecophysiological
measurements requires significant financial and time investments, particularly when working on large

spatial and temporal scales.

1.2.2. Remote sensing measurements

To address these challenges, remote sensing tools have been developed to estimate vegetation
water status and identify areas most affected by drought (Le et al., 2023). Remote sensing
technologies can be cost-effective, display spatial patterns at a variety of scales, and reveal a variety
of structural and physiological characteristics of water-stressed plants. Remote sensing tools use a
range of spectral wavelengths to detect changes in the reflectance or thermal properties of plants.
These technologies acquire many hundreds of spectral bands across the spectrum from 400 nm to 2
500 nm, using satellite, airborne or hand-held devices (Govender, 2009). Plant water content at the
leaf and canopy scales can be estimated using specific spectral reflectance bands and indices from
near infrared, middle infrared and short-wave infrared regions of the electromagnetic spectrum
(Tucker, 1980; Hunt and Rock, 1989; Gao, 1995; Zarco-Tejada et al., 2003; Jackson et al., 2004;
Shen et al., 2005; Chun-Jiang et al., 2006 in Govender, 2009). Many parameters play a role in the
spectral reflectance of a plant, such as species, site, age or maturity of plants or foliage, nutrient status,
and leaf orientation, effects of variable irradiance, variable background, and the geometrical
arrangement of the object/scene, sensor, and surface, orientation of the ground surface in relation to

the location of the sun and remote sensing device and meteorological conditions (Asner, 1998).

Vegetation indices based on reflectance in the visible or near-infrared, such as NDVI and NDWI, are
primarily used to estimate leaf chlorophyll or leaf water content (Le et al., 2023). Several studies have
shown significant relationships between changes in greenness and water availability (Aguilar et al.,

2012) permitting to relate on the evolution of NDVI through seasons to deduct the water availability



of vegetation (Lochin et al., in prep.). In addition, thermal radiation emitted by trees is widely used
to estimate tree water status, as canopy temperature is a reliable proxy for transpiration (Fuchs, 1990).
When plants experience water stress, they close their stomata to reduce water loss, which in turn
reduces evaporative cooling. This causes the temperature of the plant canopy to equilibrate with
ambient conditions. In contrast, well-hydrated plants can maintain transpiration and evaporative
cooling, resulting in cooler canopy temperatures (Surendar, 2013). Therefore, canopy temperature

can be used as a direct indication of plant water stress.

1.3. Objectives and approaches

The combined use of ecophysiological indicators and remote sensing is commonplace in
agronomy to assess water stress in crop plantations in environments heavily influenced by human
activities (Ben-Gal et al., 2009; Berni et al., 2009). These studies have demonstrated significant
correlations between remotely sensed water stress indicators and ecophysiological measurements.
However, this combination of tools has rarely been used to study the water stress responses of trees
or forests, particularly in natural ecosystems. Recent work has demonstrated the potential of these
tools to assess forest water status and health at large scales (Marusig et al., 2020). But to our
knowledge, few studies, if any, have combined these tools to assess water stress responses of riparian

forests at the landscape scale, taking into account climatic variability.

This study aims to combine ecophysiological and remote sensing measurements to estimate the water
status of white poplar (Populus alba L.) during the seasonal progression of drought at three sites,
located within riparian forests and across a strong climatic gradient. In addition, two levels of
remotely sensed data were used with differing yet complementary objectives, i.e., satellite and
airborne imagery. These tools combined should be able to provide insights into the responses of
riparian trees to drought along a climatic gradient, as well as into the water stress resistance
mechanisms developed by this species. The role of local water availability in the resistance and
resilience of Populus alba to drought was also assessed. Generally, the climatic gradient allows to
hypothesize about the future resistance of forests in environments less accustomed to water stress.
Two working hypotheses concerning southern regions, often characterized by Mediterranean
climates, and so more prone to intensified and prolonged drought events, were used:

1) Trees in southern regions are more susceptible to the impacts of drought;

2) A warmer canopy coupled with a low NDVI indicates compromised ecophysiological

health.



2. Methods

2.1. Regional context and study sites

The study area focuses on the French Rhone corridor, a major European river flowing between
Geneva and the Mediterranean Sea. Its catchment area in France covers 90,500 km? with a mean
annual discharge of 1,700 m?/s at its mouth (Olivier et al., 2022). This river corridor is mainly north-
south oriented (Fig. 1a) and is characterized by an important hydroclimatic gradient, from drier and
warmer conditions in the south to wetter and cooler conditions in the north (Sargeant & Singer, 2021;
Sauquet et al., 2019). This hydroclimatic gradient strongly influences the growth and health of
riparian trees, which are sensitive to both local climatic context and non-local climate forcing (Lochin
et al., 2023; Sargeant & Singer, 2021). Despite these climatic differences, riparian forests along this
hydroclimatic gradient are homogeneous in terms of species and distribution (Olivier et al., 2022).
They are primarily dominated by a combination of early successional trees, including Populus nigra,
Populus alba, and Salix alba, and post-pioneer trees, such as Fraxinus excelsior and Acer platanoides
(Réapple, 2018). These forests are also home to invasive species, such as Acer negundo and Robinia

pseudoacacia (Janssen et al., 2020).

The Rhone is a highly anthropized river that has undergone several large-scale development projects
since the 19th century. The most recent and impactful has been the construction of sixteen dams and
diversion canals for hydropower generation (Lamouroux et al., 2015; Olivier et al., 2022). These
structures have altered hydrological, sedimentary, and ecological flows, particularly in the Old
Rhone, the former main channel, where flows have been reduced by 95% following the creation of
diversion canals (Bravard & Gaydou, 2015; Véazquez-Tarrio et al., 2019). These hydrological
consequences, combined with the incision of the Rhone and the lowering of water levels due to the
high frequency of low minimum discharge, have led to a sudden drop in water levels and a significant

disconnection of alluvial stands (Olivier et al., 2022).
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Fig. 1 (a) Location of the 3 study sites along the Rhone and of the 20 trees per site, classified according to the level of water availability
(LWAP and HWAP) for (b) the upstream site, (c) the midstream site, and (d) the downstream site.

To account for hydroclimatic differences, three sites were selected (Fig. 1a) distributed along the
Rhone River: Brégnier-Cordon (hereafter referred to as upstream, Fig. 1b), Péage-de-Roussillon
(midstream, Fig. 1c), and Donzére-Mondragon (downstream, Fig. 1d). At these three sites, the
climatic averages over the growing season from May to August between 1995 and 2023 showed a
significant difference. The average air temperature at the upstream site was 19.1°C, with an average
cumulative rainfall of 373 mm. At midstream, these values were 20.1°C and 244 mm, respectively,
while at downstream they were 22.1°C and 183 mm, respectively (data from E-OBS). In addition, to
represent equivalent hydrological conditions, the three sites are among some bypassed reaches, each

characterized by two plots with clear differences in water availability conditions.



2.2. Plot selection and target species

The goal being to select plots with high or low water availability, the degree of connection of
riparian stands to the water table was approximated. To this end, a proxy for water availability based
on remote sensing information was used (explained in Section 2.3.2) and identified plots with
potentially high and plots with potentially low groundwater availability at each site. This step, with

the field survey, was the first one in the workflow of this study, as shown in Figure 2.
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Fig. 2 - General workflow and study design of the methods for the pre-processing and the processing steps. The different shapes
surrounding the steps help to identify the different types of data sources and results. Polygons with different heights represent data
collected in the field during the season, parallelograms are external data, rectangles are intermediate results, while rounded-corner
rectangles indicate the final data used for analysis.

Both local knowledge and an overview of previous studies along the Rhone corridor have pointed out
members of the Salicaceae family as insightful and strategic model trees to study tree response to
droughts. The studied species is the white poplar, renowned for its contributions to the rehabilitation
of degraded land and restoration of forest landscapes (Isebrands & Richardson, 2014). White poplar
is a phreatophyte species that relies heavily on root connections to the alluvial water table (Sanchez-
Pérez et al., 2008; Sargeant & Singer, 2021; Singer et al., 2013). It is one of the dominant species in
Rhone alluvial forests (Olivier et al., 2022). To conduct the study ten white poplars were selected
from each of the high water availability potential (HWAP) and low water availability potential

(LWAP) plots at each of the three sites. To our knowledge, no accurate forest inventory has been



conducted along the latitudinal gradient of the study area. Therefore, our objective was to capture the
variability in tree size. Mature trees with a mean diameter of 62.6 cm (+/- 25.1 cm) and a mean height
of 21.3 m (+/- 4.9 m) were carefully selected. The circumference was measured at breast height using
a measuring tape and extracted tree heights from a canopy height model developed using data from
the LiDAR HD  program of the French  National  Geographic Institute
(https://geoservices.ign.fr/lidarhd). Each tree was located using high-accuracy DGPS (Geomax

Zenith 35 Pro). Trees were selected based on three criteria: (1) ease of access to enable regular
sampling; (2) availability of low-hanging, reachable branches; and (3) visibility of the entire canopy

from above to ensure clear identification of trees in aerial images.
2.3. Satellite remote sensing acquisition and processing

2.3.1. NDVI time series

Sentinel-2 satellite imagery was used to assess the vegetative responses of individual trees
over time. These satellites provide imagery with a spatial resolution of 10-20 m and a temporal
resolution of six days over our study area (Li & Roy, 2017). Images with less than 30% cloud cover
were downloaded and processed with a cloud mask, using Google Earth Engine (Gorelick et al.,
2017). They were used to calculate the Normalized Difference Vegetation Index (NDVI) to quantify
the dynamics of riparian tree health during the growing season. NDVI was calculated using the

following formula:

NIR — R
NIR + R

NDVI =

(M

where NIR corresponds to Sentinel-2 satellite band 8 and R corresponds to the visible red band (i.e.,
band 4). Median NDVI values were extracted from the canopy of each sampled tree. Canopy polygons
were delineated using the method described in Section 2.4 (Fig. 4d). In total, the NDVI time series

for the growing season of 2023 consists of 168 images covering the three sites.

2.3.2. NDVIbisrindex

Median NDVI images were obtained for each site and plot in June and August 2022. We
calculated NDVIpisr from these median images using the method developed by Lochin et al. (in prep.).
The NDVIpisr index shows the evolution of NDVI between June and August, distinguishing areas

where NDVI decreases from those where it remains stable. The NDVIpisr index was used as a proxy



for water availability. Lochin et al. (in prep.) showed how this index applied to the midstream site
was related to water availability in the phreatic zone for white poplars. We used data from the summer
2022 to calculate NDVIpisr because it was, on average, the second hottest summer in France since
1900 and one of the driest on record (Guinaldo et al., 2023; Tripathy & Mishra, 2023). Using NDVIpisr
over the 2022 growing season, we were able to differentiate plots with potentially high phreatic water

availability from those with potentially low water availability (Fig. 3).
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Fig. 3 - Comparison of NDVID“r values on each plot (LWAP and HWAP) and on each of the three sites (upstream, midstream,
downstream). * indicates that the difference between means is statistically significant according to the Wilcoxon test, with *%*%*
indicating p < 0.001, ** = p <0.01, * = p < 0.05, and ns = p > 0.05.

2.4. Airborne remote sensing acquisition and processing

2.4.1. Aerial data collection

Aerial imagery was collected using an ultralight trike. Two cameras were carried during the
flight to collect data in the visible (RGB) and thermal infrared (TIR) domains. The cameras were
mounted on a stabilizer to provide clear images despite the motion induced during the flight. Each
camera was programmed in time-lapse mode to take an image every 2 seconds and was connected to

an external battery and a laptop to adjust the focus during the flight, if necessary. The visible camera



was a Nikon Z 6 II (30 mm lens) with a resolution of 6048 x 4024 pixels and was connected to a GPS
transmitter. The thermal infrared camera was a VarioCam HD head with a resolution of 1024 x 768
pixels, which senses infrared radiation in the 7.5 - 14 um range. Each site was overflown between
11:30 a.m. and 12:30 p.m. on days with clear skies and no precipitation over the previous 24 h.
Average flight altitude was 500 m, resulting in visible images with a resolution of 6 cm-pixel! and
30 cm-pixel! for the TIR images. Campaigns were conducted on 12 (downstream), 17 (upstream),

and 18 (midstream) July 2023, concurrent with tree sampling.

2.4.2. Aerial data processing

Each set of images was processed separately using the Agisoft Metashape Professional 2.0.2
software. First, RGB images were imported into the software in their original format (.jpeg) and
georeferenced. Then, in QGIS (3.32), the alignment was optimized using markers based on the latest
IGN Ortho 20 cm orthophotos and IGN high-resolution LiDAR. The generated orthophoto had a
resolution of 6 cm. The infrared thermal images, originally in .raw format, were then post-processed
into .tiff using Irbis Pro 3.0 (InfraTec Gmbh©). To generate the final thermal orthomosaic, thermal
images were first aligned using existing GPS information and then carefully aligned on the previously
generated orthophoto. The exported thermal orthomosaics were composed of a single band

(temperature in Kelvin), converted to °C, with a resolution of 30 cm-pixel!.

2.4.3. Canopy delineation and values extraction

Considering that it is preferable to measure canopy temperature by averaging all the leaves (Jones
et al., 2009), the mean value of the entire canopy was extracted for each tree. To do this, each sampled
tree was identified using high-precision DGPS (Geomax Zenith 35 Pro). Canopies were delineated
using high-resolution orthophotos (Fig. 4a), and a digital height model derived from high-definition
Lidar data obtained from IGN (Fig. 4b). Extraction from these polygons resulted in 60 values (i.e.,
20 per site) of mean canopy temperature (T¢) (Fig. 4c). We then calculated the canopy temperature
relative to air temperature (T,) at the time of the survey (ATc..). This standardization allowed us to
overcome the climatic differences between sites and flights, and is a reliable estimator of tree water

use (Gonzalez-Dugo et al., 2012; Hernandez-Clemente et al., 2019; Lapidot et al., 2019).
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Fig. 4 (a) High resolution ortophoto of the forest area and (b) digital height model to visualize the canopy in order to
extract (c) the surface temperature and (d) the NDVI. Example of canopy delineation for the tree 4 at Midstream.

2.5. Leaf trait measurements

2.5.1. Minimum leaf water potential

During the growing season, we measured the minimum leaf water potential (W, MPa) every
three weeks at all sites and plots (see Fig. 5). We collected a branch with leaves from each tree
between 11:00 a.m. and 2:00 p.m. We then selected two green leaves and placed them in an aluminum
bag with wet paper inside to maintain high humidity levels under dark conditions. Finally, we stored
the branches in a cooler box until measurements, approximately 3 hours later. A preliminary
experiment showed that W, did not vary significantly whether measured immediately after sampling
or 3 hours later (data not shown). Back in the laboratory, ¥, was determined for each selected leaf
using a pressure chamber (mod. 1505D, PMS Instrument Company, Albany, OR, USA 1505D,
Scholander et al. 1965). The mean of the two measured leaves per tree was then used as a single
replicate. Some trees were inaccessible due to broken branches or dieback during the season. The

number of samples obtained at each site for each sampling is condensed in Section 8.1. (see S.I.).
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2.5.2. Leaf dry matter content

On each sampling date, ten additional green leaves were also collected from each tree and weighed
in the laboratory in three stages: (1) fresh weight (FW, g) measured directly after sampling, (2) turgid
weight (TW, g) measured after being immersed in water for 12 hours, and (3) dry weight (DW, mg)
following 48h of drying in an oven at 80°C. Using the FW and DW, we calculated the leaf dry matter
content (LDMC), as follows (Pérez-Harguindeguy et al., 2016):

LoMc = 2 ()
Dw

2.5.3. Relative water content

Metrics measured as reported above also allowed the calculation of the relative water content

(RWC, %) according to the formula developed by Smart and Bingham (1974):

FW — DW
TW — DW

RWC =

3)

2.6. Phloem sampling and 6'°C measurements

Phloem of all trees was sampled on each plot and each of the three sites, concomitantly with
leaf sampling. Phloem discs were collected at breast height using a 9-mm diameter cork-borer. Such
sampling, even when repeated during the experiment, does not critically affect tree function (Portier
et al., 2023). Bark and wood were carefully removed to isolate the active phloem, which was then
immersed in a 2.5 mL vial containing 1.5 mL of exudation solution (15 mM polyphosphate buffer:
sodium hexametaphosphate, Sigma, Miinchen, Germany). Exudation lasted for five hours (Gessler et
al., 2004) before the phloem disc was removed. The exudate solution was then stored in a freezer
until all samples were ready for freeze-drying. The solutes were redissolved in 150 pL de-ionised
water and the resulting solution was pipetted into tin capsules and dried at 60°C for 12 hours. Samples
were then loaded into an elemental analyzer coupled to an isotope ratio mass spectrometer for §'3C
analysis performed at the LEHNA isotopic platform. Isotopic results were expressed in %o relative to

VPDB (Vienna Pee Dee Belemnite).
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To estimate the isotopic discrimination against 13C (A!3C, %o), we combined atmospheric and phloem
813C values. 8'3C, at middle latitudes can be considered constant at -8%o (Yakir & Sternberg, 2000).

A was then calculated as follows:

_ sPc,-stc,
4 = s13¢

p
1+(550)

4

There are ongoing debates among specialists as to whether 8'3C, correctly represents fresh
photosynthates (e.g., Offermann et al., 2011). We acknowledge that post-photosynthetic pathways
might alter the 8'3Cp, but our previous work suggests that these effects are negligible (Vernay et al.,

2020).

Intrinsic water use efficiency (WUE;, umol CO, mol H>O™!) was determined for each tree according

to Seibt et al. (2008) for each sampling date:

_c b-4—fx(z2)
WUE = —X[m )

-
Im

where C, is atmospheric CO; concentration (umol mol!), r the ratio of diffusivities of water vapor
relative to COz in the air (1.6), b the fractionation ratio during carboxylation (29%o), f the fractionation
ratio during photorespiration (16.2%o, Evans and Von Caemmerer 2013), a, and a; the fractionation
ratio of the diffusion through the air (4.4%o) and of diffusion and dissolution in water (1.8%o),
respectively, and gs/gm the ratio of stomatal to mesophyll conductance. The CO> compensation point

(I'*, umol mol ™), was calculated according to the following formula (Medlyn et al., 2002):

37830x (T g—298)

I'x=4275%xe TgxR  (6)

with Tk the ambient temperature (K) and R the universal gas constant (8.314 J mol! K!). g/gm was
considered constant, increasing the accuracy of WUE; estimates (Vernay et al., 2020). Although we
did not estimate this ratio in this experiment, we used a value of 0.51 determined on poplar species
(Théroux-Rancourt et al., 2014). Previous work showed that daytime respiration would have a

negligible effect on WUE;, so this parameter was neglected to avoid introducing additional

13



uncertainty (Vernay et al., 2020). A more detailed description has been published recently, describing
more accurately the different sampling steps in the field (Gerle et al., 2023).

2.7. Analysis of climate data and characterization of drought periods

To characterize meteorological conditions for 2023 at the three sites, we used the E-OBS

gridded dataset (https://www.ecad.eu/), which provides daily weather data with a spatial resolution

of 0.1 degrees (~11 km) (Cornes et al., 2018). Specifically, we extracted mean air temperature (TG),
minimum air temperature (TN), maximum air temperature (TX), precipitation sum (RR), mean sea
level pressure (PP), mean wind speed (FG), mean relative humidity (HU), and global radiation (QQ)
at a daily time step between 1995 and 2023.

From these data, we calculated the daily reference evapotranspiration (ETo) using the Penman-
Monteith approach (Allen et al., 1998; Pohl et al., 2023). We used daily ETo to calculate the
Standardized Precipitation Evapotranspiration Index (SPEI) (Begueria et al., 2010; Vicente-Serrano
et al., 2010). SPEI is one of the most popular and accurate indices for characterizing drought
conditions. It is derived from the original Standardized Precipitation Index (SPI), but differs in that it
includes evapotranspiration. A negative SPEI indicates a relatively dry climate, while a positive SPEI
indicates a relatively wet climate (Vicente-Serrano et al., 2010). To account for vegetative response
lags, we calculated daily SPEI instead of the commonly used monthly time step. Daily SPEI allows
us to overcome the temporal resolution of monthly SPEI and helps us to more accurately identify
drought onset (Jia et al., 2018; Wang et al., 2021). It has also been shown to be as accurate as the
monthly SPEI (Zhang et al., 2023), especially when estimated from the E-OBS dataset (Pohl et al.,
2023). We computed a 30-day rolling SPEI value because it is the most commonly used timescale for
identifying meteorological drought (Wang et al., 2014). The 30-day SPEI was used to estimate
drought conditions in 2023 at each site and identify different periods of drought within the growing
season (Fig. 5).
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Fig. 5 - Evolution of the 30-day SPEI from January 1 to October 31 at the three sites. The two black dotted lines
represent the start and end dates of the drought at each site, while the red dotted line represents the drought SPEI
threshold. Green leaves indicate the days on which samplings were conducted.

Threshold analysis was performed to identify the different periods of drought within the growing

season. We used a threshold of SPEI < -1 to define a state of drought, as it is commonly employed in
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several studies (B. Ma et al., 2020; Q. Ma et al., 2023; Wang et al., 2014). The growing season was
divided into three distinct phases: (1) the pre-drought phase (hereafter referred to as Pre- in figures),
which extended from the first sampling date to the point when the SPEI continuously below -1 for at
least 30 consecutive days; (2) the drought phase, characterized by SPEI values below -1; and (3) the
post-drought phase (hereafter referred to as Post- in figures), which began when the SPEI exceeded -
1 and continued until the last sampling date. At the three sites, the starting dates of drought differed
(see S.I. Fig. S2), indicating an earlier onset of drought in the upstream section (158 DOY, June 7)
than in the midstream (190 DOY, July 9) or downstream sections (190 DOY, July 9). The pre-drought
phase began with our first sampling date and the post-drought phase ended with our last sampling

date (see S.I. 8.1.).

2.8. Statistical analysis

In this study, three sites were sampled, each with 20 trees of different diameter. This variability
in tree diameter may affect the ecophysiological responses of the trees. To assess the variance of
WUE; and Wi and to determine whether there was a significant plot effect, multiway ANOVA was
performed for each variable as a function of tree diameter and analyzed whether the diameter effect
was significant. Wilcox test was used for pairwise comparison of the mean NDVI across drought
periods (pre-drought, drought, and post-drought) and water availability plots (LWAP and HWAP).
The same method was used to compare the means of each sampling date between each plot (LWAP
and HWAP) for WUE; and Wn.. Finally, the variances of WUE;, ¥, RWC, and LDMC was analyzed
at each site and for each drought period and performed post-hoc pairwise comparisons using Tukey’s
estimated marginal means with the ‘emmeans’ R package (Lenth, 2023). All data analyses and
statistical tests were performed using the R programming language (R Core Team, 2022, version

4.3.0).

3. Results

3.1. Multi-temporal NDVI analysis

NDVI analysis revealed distinct seasonal patterns at the three study sites along the
hydroclimatic gradient (Fig. 6). The downstream site showed a significant decrease (p = 0.01) in
NDVI values between pre-drought and drought, and then a slight but not significant increase until the

post-drought period (p = 0.59). The dynamics of the mean NDVI were significantly affected by the
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high variability between plots. Specifically, only the downstream site showed significant differences
between HWAP and LWAP for each drought period (p <0.01), with NDVI values significantly higher
when water was potentially available (HWAP > LWAP). Differences in water availability conditions

did not appear to affect NDVI at the up- and midstream sites, except during drought (p = 0.001) at

the upstream site and during pre-drought at the midstream site (p = 0.009).
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Fig. 6 - NDVI boxplots over the three drought phases (Pre-drought, Drought, Post-drought) between each plot (LWAP and HWAP) and each site
(upstream, midstream, downstream). Gray dots show the mean NDVI per site and drought phase. * indicates that the difference between means is
statistically significant according to the Wilcoxon test, where *** indicates p < 0.001, ** = p < 0.01, * = p <0.05, and ns = p > 0.05.

At midstream, mean NDVI showed the same pattern as downstream, with a significant decrease
between pre-drought and drought (p = 0.004), followed by relative stabilization after drought (p =
0.87). Upstream, the situation was reversed, with a relative stabilization between the first two phases
(p = 0.97), followed by a significant decrease after drought (p = 0.014). Overall, during the growing
season, NDVI decreased significantly between the pre-drought and post-drought periods at the
upstream and midstream sites (p = 0.009 and p < 0.001, respectively) but not at downstream (p =

0.074), mainly because of the high variability between plots.
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3.2. Multi-temporal ecophysiological analysis

To analyze the dynamics of WUE; and Wi and to help with their interpretation, we calculated
mean values per plot and per site. We first tested whether there was any variability introduced by
differences in diameters. The results showed two different responses: WUE; showed no relationship
with tree diameter (p = 0.739, F = 0.113), while it had a significant effect on ¥, (p = 0.001, F =
11.52). By including the interaction effect between tree diameter and site in the model, we observed
no significant effect of diameter at each site on Wm (p = 0.140, F = 2.04) and WUE; (p = 0.830, F =
4.39). This suggests that variability in tree diameter at the site level did not have a significant effect
on these two ecophysiological indicators, allowing us to average values by plot and site having to

remove a potential diameter effect.

Analysis of the dynamics of the minimum leaf water potential (W) during the growing season
showed a similar overall trend among sites (Fig. 7a). W decreased from the beginning of the growing
season and reached a minimum in late August and early September, before increasing at a different
pace depending on site and plot. This evolution of ¥, did not differ between plots with different water
availability conditions, except upstream, where a significant difference between HWAP and LWAP
was observed across four sampling dates (Fig. 7a). A similar seasonal pattern was observed for WUE;
at all three sites (Fig. 7b), with a slight increase at the beginning of the growing season until July,
followed by a decrease to a minimum in late August and early September. Finally, WUE; appeared
to increase again at the last sampling date. This seasonal pattern was consistent for each site and plot,
except downstream where the LWAP plot showed little variability during the growing season.
Overall, differences in water availability conditions at each sampling date did not significantly affect
the variability of Wm (p = 0.298, F = 1.085) and WUE; (p = 0.773, F = 0.084), so we further assessed

their seasonal dynamics without considering plots.

The seasonal evolution of W during the different phases of drought showed significant differences
between sites (Fig. 7¢). Pre-drought Wi values were significantly different between sites, with a
higher leaf water potential upstream than down- and midstream. After this initial phase, a significant
decrease in W occurred during the drought phase, but the magnitude of the change differed between
sites. A minimum value (-3.38 MPa) was found upstream, which was significantly different from the
other two sites. This inter-site difference was also observed in the post-drought phase, where
downstream Wn was significantly different from upstream and midstream, indicating that ¥m

recovered to levels similar to pre-drought.
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The seasonal pattern of WUE; (Fig. 7d) was similar at up- and downstream sites, with a gradual
decrease in WUE; throughout the growing season, but was highly contrasted at midstream. The initial
state (i.e., pre-drought) was similar at all three sites. Then, between pre-drought and post-drought, a
significant decrease was observed at all sites, but more pronounced at midstream. After the drought,
upstream and downstream WUE;remained low. In contrast, midstream WUE; returned to pre-drought
levels. Although patterns and means were not significantly different between up- and downstream,
variability was higher upstream than downstream, indicating that individual trees did not respond

uniformly throughout the growing season.
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Fig. 7 - Dynamics of (a) minimum leaf water potential (‘Fm) and (b) intrinsic water use efficiency (WUE)) on each plot (LWAP, HWAP)
and each sampling date. Mean values of (¢c) ¥ and (d) WUE, over each drought phase among the three sites. Colors are for site
identification only.* indicates that the difference between means was statistically significant according to the Wilcoxon test. Means
without common letters were significantly different at the 95% confidence level (p < 0.05) in Tukey's HSD post hoc tests.
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Figure 8 provided further evidence that white poplars did not behave similarly along the
hydroclimatic gradient throughout the season. Leaf dry matter content (LDMC) was higher upstream
(p <0.001) throughout the growing season (Fig. 8a), indicating a higher proportion of dry matter in
the leaves of trees upstream. Similarly, the seasonal pattern of LDMC showed significant differences
in mean values between upstream and downstream sites in each phase (except for pre-drought) (Fig.
8b). Between pre- and post-drought, LDMC increased by 52.5% upstream, compared to 42.11%
midstream and 35.14% downstream. The same observation holds for the relative water content
(RWC, Fig. 8c). Leaves at the upstream site contained less water than those at the midstream (p <
0.001) and downstream sites (p < 0.001), however, there was no significant difference between the
mid- and downstream sites (p = 0.089). The median RWC over the entire growing season was 70.9%
at the upstream site, compared with 82.4% and 83.2% at the mid- and downstream sites, respectively.
Seasonal trends in RWC (Fig. 8d) showed a decreasing trend throughout the growing season at the
upstream site, with a significant difference between pre-drought and drought, and relative
stabilization in the post-drought period. The pattern was similar at midstream, with a significant
decrease between pre-drought and drought, followed by a non-significant increase. At the
downstream site, no significant difference in RWC was observed between each drought phase.
Upstream, RWC decreased by approximately -28.3% between pre-drought and post-drought, whereas

it decreased by only -8.8% midstream and -6.6% downstream.
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Fig. 8 - Boxplots of (a) leaf dry matter content (LDMC) and (c) relative water content (RWC) by site (upstream, midstream,
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only. * indicates that the difference between means was statistically significant according to the Wilcoxon test. Means without
common letters were significantly different at the 95% confidence level (p < 0.05) in Tukey's HSD post hoc tests.

3.3. Thermal imagery and ecophysiology

Analysis of canopy temperatures at the three sites showed two distinct trends (Fig. 9). First,
canopy temperatures were higher than air temperatures only at midstream and downstream, while
they were lower upstream. Second, only downstream showed significant differences in canopy
temperatures between LWAP and HWAP plots (p = 0.002). In contrast, variability in water
availability did not seem to affect canopy temperatures, as there were no significant differences in
temperatures between HWAP and LWAP upstream (p = 0.63) and midstream (p = 0.48).
Downstream, canopy temperatures were higher in the LWAP plot with a median of 28.56°C
compared to 27.90°C in the HWAP plot. Upstream and midstream canopy temperatures in the LWAP
plots had higher variability (1.05°C and 0.70°C, respectively) than those in the HWAP plots (0.23°C
and 0.62°C).
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Fig. 9 - Box plots of canopy temperature for each site (upstream, midstream, downstream) and plot (HWAP and
LWAP). Black dashed lines represent the mean daily air temperature at the time of the survey.

The difference between canopy temperature and air temperature (ATc.) showed a significant
difference among the three sites (Fig. 10). Only the upstream site had a negative AT..,, indicating that
the canopy temperature was cooler than the air temperature. In contrast, the other two sites had a
positive ATc.., which was greater at the southernmost site. Compared to ecophysiological
observations, higher relative temperature is associated with higher Wn. In other words, trees with
lower evapotranspiration rates had higher leaf water potentials. An opposite pattern was found for

WUE;, with lower values for mid- and downstream than for upstream.
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3.4. Combining of airborne and satellite remote sensing approaches

Comparing remote sensing tools, a correlation can be observed between the high-resolution
thermal infrared images (Fig. 11a) and the NDVIpir index (Fig. 11b) hotspots at downstream. A
polynomial relationship between the both rasters at each site was applied and the correlation between
values was the highest at downstream (R? = 0.51). Midstream and downstream obtained a lower

coefficient (respectively R? = 0.18 and R? =0.04).
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4. Discussion

4.1. Contrasting tree responses to seasonal drought

The upstream and downstream sites show radically different riparian tree responses to
seasonal changes in drought along the hydroclimatic gradient, as shown in the conceptual model (Fig.
12). The midstream site appears to have an intermediate response, sometimes leaning more toward
upstream-like and sometimes more toward downstream-like responses. This inter-site difference is
also associated with intra-site variability, with contrasting responses between water stress metrics as

well as between plots.
The satellite remote sensing analysis of the global canopy responses shows two distinct trends,

indicating a pronounced response downstream with a decrease in NDVI during the drought, while it

remains stable upstream. These responses are consistent with our field observations during the
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measurements, where we observed a significant loss of leaves on trees at the downstream site during
the drought, especially on the LWAP (i.e., disconnected) plot. This reduction in canopy density may
partly explain the decrease in NDVI downstream. This trend in canopy density reduction was also
observed in some trees at the midstream site, but not at the upstream site. These observations on the
vegetative dynamics of riparian trees tend to indicate a pronounced response of tree canopy at the
downstream site to drought, while those at the upstream and, to a lesser extent, midstream sites show

weaker responses.

However, results obtained from the ecophysiological measurements contradict the observations made
previously with remote sensing tools. In fact, leaf water potential reaches lower values upstream than
at the other two sites. This observation is also valid for the relative water content, where very low
values are observed upstream and decrease sharply with the seasonal evolution of the drought. In
contrast, water contents are higher and more stable over the season at sites further south. The same
trends can be observed with other indicators, such as leaf dry matter content, where dry matter content
is higher upstream than midstream and downstream. Finally, water use efficiency also shows much
greater variability upstream than downstream, indicating significant differences between tree
responses. The use of thermal infrared remote sensing provides further evidence of the variability in
riparian tree responses along the hydroclimatic gradient. Our results show that canopy temperatures
are cooler than air temperature upstream, indicating high levels of evapotranspiration. At the same
time, upstream is also the site with the lowest leaf water potential and highest WUE;, indicating high
photosynthetic activity and thus significant transpiration. This trend is completely reversed in the
midstream and downstream, where canopy temperatures are warmer than air temperatures and eco-

physiological indicators indicate reduced photosynthetic activity and transpiration.
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Fig. 12 Conceptual model of white poplar responses to seasonal drought development at upstream and downstream sites. Upstream white poplars
adopt anisohydric behavior with high transpiration rates, resulting in low leaf water potential and water content but high NDVI. In contrast,
downstream trees adopt isohydric behavior with low transpiration rates, resulting in higher leaf water potential and water content, but lower NDVI.

4.2. Contrasting behaviors and adaptations to drought and water scarcity

The different responses observed between upstream and downstream trees, as determined by
both ecophysiological measurements and remote sensing, reveal nuanced adaptive behaviors within
the same species in the face of drought. Downstream white poplars exhibit isohydric behavior, which
allows them to rapidly limit water loss by reducing evapotranspiration through stomatal closure. With
this behavior, downstream trees maintain high water potential during prolonged drought, limiting the
risk of hydraulic failure. This ability highlights their better adaptation to water stress, with trees
responding quickly by closing their stomata and sacrificing part of the canopy to ensure better
resistance of the remaining leaves. This adaptation and resistance to water stress is probably due to
their familiarity with drought coming from their location in a Mediterranean climate zone
characterized by long periods of water scarcity. Upstream trees, located in a more temperate climate
with few long dry periods, do not seem to benefit from this adaptive capacity. Rather than resisting
stress, they try to avoid it, resulting in more diverse responses. Generally, they adopt an anisohydric

behavior without reducing their evapotranspiration or limiting their water use. Their predominantly
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anisohydric behavior may confer tolerance to intermittent water shortages but it also makes them

vulnerable to hydraulic failure in scenarios of more intense or prolonged drought.

Increasing drought intensity and duration may affect all white poplars across the hydroclimatic
gradient but at different temporal scales. Trees that are poorly adapted to drought and attempt to avoid
water stress through anisohydric behavior may be rapidly exposed to hydraulic failure. On the other
hand, downstream white poplars are more likely to be at risk in the long term. To identify the most
vulnerable areas and the differences in behavior, it is essential to be able to combine tools and scales

of measurement.

4.3. Benefits of the multi-tool approach

One of the key contribution of this work, highlighted by the contrasting responses between sites
and the differing information provided by each selected tool is the importance of adopting a holistic
perspective. While remote sensing provides a comprehensive view of canopy responses,
ecophysiological measurements offer specific insights into the physiological mechanisms of trees.
The advancement of remote sensing, whether satellite or airborne, enables the acquisition of
information on forest stands at a large scale. However, these measurements need cautious
interpretation, as an active vegetative state and abundant evapotranspiration do not necessarily
indicate drought resistance and can imply excessive water consumption, potentially leading to
irreversible turgor loss and desiccation. On the other hand, positive ecophysiological indicators, such
as high water content, may illustrate stomatal closure, i.e., a slowdown in vegetative activity that can
result in carbon starvation. Thus, a comprehensive understanding of forest responses to drought
necessitates the integration of both remote sensing and ecophysiological metrics, acknowledging the

nuances and potential trade-offs inherent in interpreting these complex ecological dynamics.

The correlation observed between our two drought indicators at downstream, despite significant
disparities in scale and temporal resolution, shed light on to the dynamics of water stress in forested
areas. When applied during a period of drought and over a suitable site, NDVIpifrindex and thermal
imagery can be complementing tools. TIR images having the advantage to be at higher resolution
allowing to locate individuals or species with different adaptation or reactions to drought (i.e.,

evapotranspiration reduction) which can be used in forest management.
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4.4. Limits of the method

The limited number of samples and replicates affects the robustness of the results. Moreover,
the white poplar does not represent the most characteristic species of alluvial forests and has an
important propensity to hybridize leading to a high genetic variability. Black poplar might have been
a better candidate if it had been found at each of our study sites. Additionally, water deficit is not the
sole abiotic stress affecting forest stands. A more in-depth examination of the substrate and
atmospheric conditions could complement this study, providing a more holistic understanding of the

multifaceted challenges faced by these forest populations.

Differences in spatial resolution and spatial extent of the remote sensing methods compared
represents another limit of the method. Satellites offer high spatial coverage and temporal resolution
but coarse spatial resolution. Airborne methods, while providing high spatial resolution (less than 50
cm-pixels™), are constrained by limited spatial extent although ultralight trikes or helicopters can

already cover large regions compared to drones.

The methods require specific and diverse knowledge and skills which can be a limit but which, when

conducted as part of an interdisciplinary project with good coordination, turns out to be very positive.

4.5. Perspectives

With global changes leading to more intense and frequent droughts, forest managers are called
upon to enhance the resilience of ecosystems. Recognizing that a given species exhibits varied
responses to water stress based on its original climate, it becomes conceivable to stimulate the
adaptation of a forest ecosystem to climate change by introducing young plants of species similar to
the historical composition but originating from climates anticipated under future conditions. The
contribution of this project points out that forest managers should not only consider the use of adapted
species but also adapted traits. Individual of the same species but coming from different environment
(i.e., having grown under different environmental and climatic conditions) show different behaviors
in response to abiotic constraints such as water deficit. More research is needed to understand how
such adaptation is passed-on to seedlings from one generation to another, which could prove
significant in helping species to survive and adapt to climate change. This approach emphasizes a
proactive strategy to foster ecosystem resilience, acknowledging the dynamic interplay between tree

species, climate, and the evolving environmental context.
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5. Conclusion

The examination of tree responses along the hydroclimatic gradient underscores the intricate
interplay between environmental factors and species-specific behaviors in the face of increasing
drought events. The contrasting reactions observed, particularly between upstream and downstream
trees, emphasize the need for a nuanced and comprehensive approach to understand forest dynamics.
The integration of remote sensing and ecophysiological measurements provides a more holistic
perspective, revealing the importance of combining global insights with detailed physiological
mechanisms. Furthermore, as global change intensifies drought patterns, forest managers are
challenged to bolster ecosystem resilience. This approach offers a pathway to navigate the challenges
posed by climate change and underscores the importance of thoughtful, anticipatory forest

management practices for a sustainable and resilient future.

6. Personal contribution of the student

The student actively engaged in a collaborative research program with a team of scientists. Her
involvement began with conducting a comprehensive literature review, culminating in the completion
of this master's thesis. Utilizing online data such as satellite data and geomorphological data, the
student identified study sites within three Nature Reserves. She took part in the selection of trees for
monitoring, considering multiple constraints (see the site selection criteria detailed in the Material &
Methods). She took part in sampling campaigns spanning from March to October and was
subsequently involved in laboratory sample processing. She processed visible and thermal airborne
images using Agisoft Metashape. The delineation of tree crowns was achieved through the analysis
of processed maps and IGN high-resolution LiDAR data, enabling the extraction of the thermal
signatures of individual trees. Furthermore, the student performed statistical analyses of the gathered
data using R, collaborating with other scientists. Finally, beyond the redaction of this master thesis,
the student contributed to the writing of a scientific paper which is about to be submitted to the
international journal Global Change Biology. This collaborative effort underscored the student's
comprehensive involvement in the research process and the valuable contributions she made to the

project.
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8. Supplementary information

8.1. Data summary

Sampling date Measure Number of samplings mean sd

Upstream 2023-04-20 WUE 19 47188 8.872
2023-05-15 WUE 20 47.797 9.030
2023-05-15 WYm 40 -1.624 0.319
2023-06-05 WUE 19 50.822 8.162
2023-06-05 WYm 38 -1.936 0.828
2023-06-26 WUE 19 45508 9.746
2023-06-26 WYm 40 -3.246 0.732
2023-07-17 WUE 19 54.459 7.094
2023-07-17 Wm 40 -3.499 0.705
2023-07-17  Thermal 18 23611 0.688
2023-08-21 WYm 40 -3.394 1.229
2023-09-06 WUE 19 38.093 8.596
2023-09-06 WYm 38 -3.403 0.831
2023-10-04 WYm 36 -2.919 0.571

Midstream 2023-04-27 WUE 19 46.501 6.847
2023-04-27 WYm 39 -1.803 0.327
2023-05-16 WUE 20 49.464 6.908
2023-05-16 Wm 40 -1.473 0.373
2023-06-06 WUE 20 50.010 7.212
2023-06-06 WYm 40 -2.048 0.263
2023-06-29 WUE 20 49.910 8.398
2023-06-29 WYm 40 -3.570 0.984
2023-07-18 WUE 20 42,480 7124
2023-07-18 WYm 40 -3.116 0.739
2023-07-18  Thermal 20 28.099 0.644
2023-08-18 WYm 40 -2.795 0.629
2023-09-07 WUE 18 39.329 7629
2023-09-07 Wm 34 -3.422 0.402
2023-10-04 WYm 36 -3.090 0.762

Downstream | 2023-04-24 WUE 19 44.826 8.452
2023-04-24 WYm 40 -1.497 0.374
2023-05-15 WUE 20 49.868 7.446
2023-05-15 WYm 40 -1.953 0.354
2023-06-05 WUE 19 51.067 8.296
2023-06-05 Wm 38 -2.160 0.600
2023-06-27 Wm 38 -2.652 0.548
2023-07-12 WUE 19 47.070 6.887
2023-07-12 WYm 38 -2.893 0.884
2023-07-12  Thermal 20 28.305 0.630
2023-07-12 ndvi 20 0.588 0.038
2023-08-17 WYm 38 -2.847 0.664
2023-09-07 WUE 16 44571 8.330
2023-09-07 WYm 34 -3.197 0771

2023-10-03 Wm 34 -2.030 0.767



8.2. Table of used packages in RStudio

Package Version | Description

Data Manipulation

dplyr 1.0.10 Data manipulation and transformation.

lidR 4.0.3 Airborne LiDAR interface for data maipulation and visualisation

lubridate 1.9.2 Provides tools that make it easier to parse and manipulate dates.

purrr 1.0.2 Simplifies working with functions and vectors.

raster 3.6-26 Geographic data analysis and modeling. Reads and writes 'tif' file formats

reshape2 1.4.4 Reshapes and transforms data.

rgl 1.2.1 Provides functions for 3D interactive graphics

rlas 1.6.3 Reads and writes 'las' and 'laz' binary file formats

sf 1.0-14 Handles spatial data using simple features.

sjmisc 2.8.9 Contains functions for data cleaning and transformation.

tidyr 1.3.0 Reshapes and tidies data.

Statistical Analysis

broom 1.0.5 Converts statistical analysis objects into tidy data frames.

emmeans 1.9.0 Estimates marginal means and contrasts.

itools 922 Enhances the output of statistical models, providing tools for summarizing, plotting, and
interpreting model results.

Ime4 1.1-34 Used for fitting linear mixed-effects models.

moments 0.14.1 Computes statistical moments, such as mean, variance, skewness, and kurtosis.

multcomp 1.4-25 Performs multiple comparisons after a significant ANOVA result.

multcompView 0.1-9 Provides tools for visualizing and interpreting multiple comparisons.

MuMIn 1.47.5 Supports model selection and model averaging.

rstatix 0.7.2 Provides a set of functions for easy statistical analysis and visualization.

SiPlot 5814 Creates tables and plots for statistical models fitted with various packages, including
Ime4.

Visualization

cowplot 1.1.1 Enhances ggplot2 with functions for combining multiple plots.

ggplot2 344 Creates static, animated, and interactive plots using a grammar of graphics.
Extends ggplot2 with functions for combining and annotating plots. Simplifies the

ggpubr 0.6.0
creation of complex plots.

ggsignif 0.6.4 Adds easy-to-read significance markers to ggplot2 plots.

gt 0.9.0 Creates tables with a modern look.

patchwork 1.1.3 Allows for the composition of multiple ggplot2 plots into a single plot.

viridis 0.6.4 A color palette for data visualizations designed to be perceptually uniform and readable

by those with color vision deficiencies.
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