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ABSTRACT

In the context of rising global temperatures and their impact on weather patterns and water cycles, understanding the relation-
ship between vegetation and hydroclimatic forcing is critical. Riparian forests are highly vulnerable to hydroclimatic variability,
which can significantly affect water availability in the soil on which they primarily depend. Along large rivers, hydroclimatic
forcings can vary, resulting in different vegetative responses depending on the local climatic context and site conditions. To ex-
plore this, we studied riparian forest greenness along a 512-km river corridor with a 3° latitudinal gradient, analysing the relative
contributions of climate (latitude, season, temperature, precipitation) and local hydrological conditions (groundwater). Here, we
show that riparian forests along a latitudinal gradient respond differently to hydroclimatic controls, with vegetative dynamics
that can be attenuated or accentuated by local site conditions. We combined Sentinel-2 satellite Normalised Difference Vegetation
Index (NDVI) data over seven years (2016-2022) with hydroclimatic data to examine riparian forest greenness responses to
latitudinal, seasonal and interannual hydroclimatic variability. We found contrasting hydroclimatic controls across the latitu-
dinal gradient, with the northernmost sites predominantly controlled by temperature, while those further south are limited by
water availability. In addition, we identified temperature as the primary driver of NDVI throughout the growing season, either
positively or negatively. Late season precipitation and high phreatic water availability positively influenced NDVI, emphasising
the role of local conditions in governing riparian forest resilience. This study enhances understanding of climate controls on
riparian tree greenness, which is critical for designing effective landscape-scale riparian ecosystem management and restoration
strategies.

1 | Introduction et al. 2021). Despite their location in riverine corridors, ripar-

ian forests are not exempt from water stress constraints; on the
Forests worldwide are becoming increasingly vulnerable to contrary, they are highly sensitive to both local and regional
climate forcing, particularly because of increasing water stress climate controls on water availability (Kibler et al. 2021; Pettit
(Allen, Breshears, and McDowell 2015; Choat et al. 2012; Peters and Froend 2018; Rohde et al. 2021; Williams et al. 2022). Local
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climate variability plays a crucial role in controlling water
availability in the root zone, by regulating soil-atmosphere
exchange (Berg and Sheffield 2018; Seneviratne et al. 2010).
During the growing season, an increase in temperature and
a decrease in precipitation lead to elevated atmospheric water
demand and higher rates of evapotranspiration, depleting
soil moisture. Reduced water availability can be further ex-
acerbated by decreased phreatic zone water availability due
to declining streamflow (Evans, Dritschel, and Singer 2018;
Rivaes et al. 2013). Riparian tree species are vulnerable to de-
clines in water availability because they often rely on access
to vadose (unsaturated) or phreatic (saturated) zone water re-
sources for survival (Singer et al. 2013; Stella and Battles 2010).
Consequently, during dry periods, most riparian trees close
their stomata to cope with water stress (Hultine et al. 2020;
McDowell et al. 2008). While this behaviour aids in short-term
water stress management, it can have long-term consequences,
such as leaf abscission or branch dieback, which affect the over-
all growth, health and productivity of riparian trees (Kibler
et al. 2021; Scott, Shafroth, and Auble 1999; Stella et al. 2013).

However, reductions in water availability and increased atmo-
spheric water demand do not affect all riparian forests uni-
formly. Different riparian species use varying water sources
due to their rooting systems (Rood, Bigelow, and Hall 2011),
resulting in unequal susceptibility to water stress (Sargeant
and Singer 2016; 2021; Singer et al. 2014). Likewise, the mag-
nitude of climate controls on water availability varies de-
pending on the local climatic context (Palmer et al. 2008),
especially along large rivers within basins characterised by
significant hydroclimatic variability (Puckridge et al. 1998),
resulting in different responses of riparian forests to climate
forcing (Mayes et al. 2020; Sargeant and Singer 2021). In tem-
perate climates with wet summers, the risk of vadose zone
drying is limited, as evapotranspiration rarely exceeds precip-
itation. Conversely, in arid or semi-arid climates, the balance
between evapotranspiration and precipitation can shift rap-
idly. In Mediterranean-climate regions, riparian ecosystems
are considered resource-rich “islands” due to their ecological
importance relative to the proportion of land area they occupy
(Stella et al. 2013). At the same time, Mediterranean riparian
ecosystems are highly vulnerable to anthropogenic pressures,
particularly on water resources (Merritt et al. 2010; Tonkin
et al. 2018). The impact of climate change on precipitation and
streamflow patterns intensifies these pressures, disrupting
the balance between evapotranspiration and precipitation and
ultimately leading to a reduction in water availability (Giorgi
and Lionello 2008; Lionello et al. 2006). In this context, the
conservation and restoration of riparian forests will become
more challenging in the coming decades.

There is a growing consensus that riparian ecosystems are
likely to play a significant role in enabling natural and human
systems to adapt to climate change (Capon et al. 2013; Palmer
etal.2008; Seavy et al. 2009). Indeed, riparian forests act as bio-
diversity hot spots and provide a variety of ecosystem services
ranging from ecological conservation and biodiversity to cul-
tural values and recreation (Matzek, Stella, and Ropion 2018;
Riis et al. 2020). Characterising the climate factors that control
water availability in riparian forests at different temporal and
spatial scales is essential to anticipate the responses of these

ecosystems to future climate change (Capon et al. 2013; Seavy
et al. 2009). To achieve this, it is necessary to gain a compre-
hensive understanding of the influence of climate control on
riparian greenness at spatial and temporal scales that incor-
porate climatic variability, as well as seasonal and interannual
variability. Several studies have emphasised the importance of
expanding study scales to incorporate climate variability that
can affect riparian zones within the same watershed (Capon
et al. 2013; Gonzalez et al. 2017; Seavy et al. 2009). However,
few studies have focused on the effects of a hydroclimatic gra-
dient on climate controls on water availability in riparian for-
ests. Some recent studies, however, have shown that riparian
greenness responses can fluctuate on broader spatial scales
(Pace et al. 2021; Rohde et al. 2021). Improving our under-
standing of hydroclimatic controls on riparian tree greenness
in the recent past will help us better predict how riparian trees
will respond to climate change in the coming years. A better
understanding of climate controls in the warmest and driest
areas along large rivers may provide clues to what we can ex-
pect to see as more widespread responses as climate change
unfolds in colder and wetter areas.

Until recently, studying riparian vegetation at large scales has
been challenging due to the fragmentation of riparian forests
and the need for significant human and financial resources to
monitor them along long corridors with significant changes in
hydroclimatic forcing. Remote sensing tools have facilitated
the study of riparian ecosystems by providing continuous data
at various spatial scales (Carbonneau and Piégay 2012; Piégay
et al. 2020). High-resolution imagery from airborne sensors
has allowed for the study of riparian dynamics at finer scales
locally (Huylenbroeck et al. 2020), whereas satellite imagery
provides data at larger scales but with limited spatial resolu-
tion (Henshaw et al. 2013). The launch of the Sentinel satel-
lites in 2016 has provided a good compromise between spatial
resolution and large-scale coverage, providing relatively high
temporal resolution to explore intra-annual/seasonal patterns.
Already widely used for assessing riparian vegetation, Sentinel
data have proven valuable for characterising vegetation vari-
ation and change at finer scales (Rohde et al. 2021; Romano,
Ricci, and Gentile 2020). Furthermore, remote sensing pro-
vides an avenue for evaluating greenness through metrics such
as the normalised difference vegetation index (NDVI). Higher
NDVI values correspond to increased photosynthetic activity
and canopy density (Bannari et al. 1995; Huang et al. 2021).
This index is frequently employed as an indicator of vegetation
health and is commonly used to analyse riparian vegetation
variation and change at the landscape scale (Daryaei et al.
2020; Sabathier et al. 2021). NDVI has been widely used to
study the relationships with hydroclimatic variables (Fu and
Burgher 2015; Wang, Rich, and Price 2003). Finally, remote
sensing can be used to retrospectively analyse the responses
of riparian forests to climate controls at large spatial scales,
allowing for consideration of the entire river corridor.

In this study, we analyse the spatiotemporal variability of
riparian tree greenness (NDVI) using high temporal reso-
lution Sentinel-2 data to better characterise riparian forest
responses to hydroclimatic drivers along a 3° latitudinal gra-
dient spanning 500 km and temperate to semi-arid climates.
We hypothesise that riparian forest greenness is influenced
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by climate-related factors (temperature and precipitation)
that vary over time (seasons and years) and space (latitude)
and that the negative impacts of drought can be mitigated if
groundwater is accessible. We design a specific framework to
test our hypothesis by (1) exploring the seasonal and interan-
nual variability of NDVT along the latitudinal gradient and its
relationship with hydroclimatic variables, (2) assessing the
contribution and influence of climate variables on NDVTI at
different periods of the growing season through model com-
parison and (3) analysing the influence of groundwater on
NDVI at different temporal scales.

2 | Methods
2.1 | Study Area

Our study examines the riparian forest corridor along the
French portion of the Rhone River, which spans 512 km be-
tween Geneva and the Mediterranean Sea (Olivier et al. 2022).
The Rhone is a major European river with a catchment area
of 90,500 km2 and a mean annual discharge of 1700 m3 s-1,
primarily driven by snowmelt from alpine branches and also
by precipitation, which can generate winter, spring or autum-
nal floods on its northern and alpine tributaries (Petts 1989;
Vivian 1989). The Rhone River is mainly oriented north-south
(Figure 1a) and follows a latitudinal gradient (3° between 46°
and 43° north) that controls temperature and precipitation.
This specific configuration makes it particularly suitable for
investigating the response of riparian forests to changes in hy-
droclimatic conditions. Indeed, the southern sections of the
Rhone are influenced by a Mediterranean climate. Summers
are dry and hot, with precipitation occurring in spring and
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fall. The upper part of the Rhone typically experiences cooler
and wetter summers (Olivier et al. 2022; Sauquet et al. 2019).
Over the growing season, a pronounced linear climate gra-
dient was observed from Geneva to Avignon, with tempera-
tures increasing by approximately 1.4°C per degree of latitude
(Figure 1b) and precipitation decreasing by 103 mm per degree
of latitude (Figure 1c). In the early 20 century, declines in
grazing and agriculture facilitated the expansion of Rhone ri-
parian forests into the fine-grained soils of the floodplain. In
the last century, channel training to promote navigation and
the development of hydroelectric dams and canals resulted in
significant changes in hydrological connectivity due to chan-
nel incision and bypass channels (Seignemartin et al. 2023),
which significantly reduced overbank flooding, water table
levels and channel mobility. Consequently, vegetation dy-
namic processes, such as disturbance, succession and recruit-
ment, were severely curtailed, leading to less age variation
and greater age of extant forest stands, as well as composi-
tion shifts (Pautou, Girel, and Borel 1992). As a result, pioneer
species, such as Populus nigra and Salix alba, have declined
significantly and have been replaced by postpioneer and
shade-tolerant species such as Fraxinus excelsior and the non-
native and invasive Acer negundo and Robinia pseudoacacia
(Janssen et al. 2020; Rédpple 2018). Today, the dominant ripar-
ian tree species include Populus nigra, Populus alba, Fraxinus
excelsior, Fraxinus angustifolia, Salix alba, Alnus glutinosa,
Acer negundo and Robinia pseudoacacia (Olivier et al. 2022).

2.2 | Study Sites

We identified potential riparian forest sites using remote sensing
data from aerial photographs provided by the French National
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FIGURE1 | (a) Location of sampling sites along the Rhone River corridor with major tributaries (SE France), (b) mean daily temperature and

(c) mean cumulative precipitation during the growing season (April to September) from 1995 to 2022 for all sites as a function of their latitude.
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Geographic Institute (IGN). We selected 17 forested sites along
the Rhone River (France), which had been established for at least
30 years and had not undergone major cutting (Figure 1a). The
forest at all sites was dense, with a closed-canopy, and the dom-
inant trees were mainly Fraxinus, Populus and Salix species.
Within each of these sites, we selected a square plot of at least
1 ha, specifically areas with dense, closed-canopy vegetation.
These plots had similar species, maturity and stand density char-
acteristics to maximise NDVI feedback on chlorophyll activity
and their drivers. To ensure that these key criteria were met, we
conducted a comprehensive visual analysis of all available ortho-
photographs (https://www.geoportail.gouv.fr) for each potential
site between 1980 and 2022. This careful examination allowed
us to verify the age of the stands, assess their density, identify
the primary tree species present and determine if any cuttings
had occurred within the specified time frame. We divided these
17 sites into three groups of river section: upstream (Sites 1-6),
midstream (Sites 7-12) and downstream (Sites 13-17).

2.3 | Data
2.3.1 | Remote Sensing

To measure NDVI over our sites, we used data from the
Sentinel-2 (S2) satellite. S2 data provide multispectral informa-
tion with a spatial resolution of 10-30 m and a temporal revisit
of approximately four days (Li and Roy 2017). We acquired and
preprocessed images using the Google Earth Engine (GEE) plat-
form (https://earthengine.google.com). We selected Level 1C im-
ages (L1C, without atmospheric correction) from the S2 satellite
instead of Level 2A (with atmospheric correction) because of the
larger number of L1C images available on GEE between January
2016 and December 2022. Our focus was on the growing season,
which we consider to be from April to September (Chmielewski
and Rotzer 2001; Lobo-do Vale et al. 2019).

2.3.2 | Climate

We used gridded climate data derived from the E-OBS (https://
www.ecad.eu/) gridded dataset based on satellite observations
(Cornes et al. 2018). The E-OBS dataset provides a reasonable
balance between spatial resolution (0.1°) and data accuracy
(Bandhauer et al. 2022; Mavromatis and Voulanas 2021). We
extracted the mean, maximum and minimum temperature
and total precipitation data on a daily basis between 1995
and 2022.

2.3.3 | Groundwater Depth

Groundwater depth data play an important role in understand-
ing water availability in riparian areas. To address this, we se-
lected eight wells along the Rhone corridor near our study sites
(Figure 1a) to estimate water availability in the phreatic zone that
could benefit riparian phreatophyte tree species. The eight wells
were located in the Rhone floodplain, within 1 km of the forest
plots, to ensure an accurate representation of aquifer dynamics
at our riparian sites. We retrieved the daily depth to groundwater
(DTG) of these wells from the national database EauFrance via

HydroPortail from 2005 to 2022 (https://www.hydro.eaufrance.
fr/). Although using only eight wells may not capture the full
complexity of groundwater dynamics in the study area, particu-
larly in regions with high human impact on groundwater levels,
our choice of these wells provides a representative sample of the
groundwater dynamics in the Rhone floodplain. These data were
used to analyse how water availability in the phreatic zone af-
fects NDVI and attenuates or accentuates climatic effects.

2.4 | Remote Sensing Data Processing

We performed several preprocessing steps on preselected L1C
Sentinel images before calculating NDVTI values. First, we fil-
tered out all images with more than 20% cloud cover to limit
the risk of bias, resulting in 2910 images for analysis, unevenly
distributed over the study period (see Figure S1). We then ap-
plied an atmospheric correction using the Sensor Invariant
Atmospheric Correction (SIAC) algorithm developed by Yin
et al. (2019), which can correct for atmospheric effects on multi-
ple sensors. This step provides a complete time series of bottom-
of-atmosphere (BOA) images. In addition, we applied a cloud
mask to exclude pixels covered by shadows or clouds, which
could have affected the accuracy of our results. From this time
series of preprocessed and corrected images, we derived NDVI
using the near-infrared (NIR) and red (R) spectral bands using
the following formula:

NDVI = NIR - R
NIR +R

The NDVI ranges from —1 to 1, with negative values repre-
senting nonvegetated surfaces, such as water, snow or bare
soil, and positive values representing vegetated surfaces.
NDVI values increase with chlorophyll activity (high chloro-
phyll content leads to increased absorption of red light and
decreased reflectance, resulting in high NDVIvalues) and can-
opy density (Bannari et al. 1995; Huang et al. 2021). NDVI is
also influenced by Leaf Area Index (the total area of leaves per
unit of ground area) and soil background (Wang et al. 2005).
From our sampling design, we expected NDVI to be mainly
affected by differences in chlorophyll activity and plant stress
to drought by selecting plots with continuous and dense can-
opies without any evidence of dieback due to disease or pest
infestation. We further filtered the data by implementing a
moving median filter (Cai et al. 2017) and a threshold of 0.2 to
exclude any values not indicative of vegetation (Hashim, Abd
Latif, and Adnan 2019; Taufik, Syed Ahmad, and Azmi 2019).
Finally, we extracted monthly median NDVI values for each
site (2016-2022) to analyse seasonal and interannual dynam-
ics at the scale of the Rhone corridor.

Using these monthly NDVI time series, we calculated several
phenological indices (Table S1) to analyse the intersite dynam-
ics of the phenological cycle and to precisely define the different
periods of the growing season. To extract phenological metrics
from the NDVI time series, we used the phenofit package (Kong
et al. 2022) in R, which defines phenological metrics from veg-
etation index time series extracted from Sentinel-2 satellites.
The phenofit package allowed us to divide the growing season
into several periods based on our monthly NDVTI time series for
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each site and year. To reconstruct a complete daily time series
over the entire growing season, the phenofit package applies a
weighted regression to create continuous time series by adjust-
ing the weight of extreme values (see Figure S2). For our NDVI
time series, we applied a weighted HANTs fitted regression,
which performs best for vegetation with a clear and stable grow-
ing season (Bush et al. 2017; Yang et al. 2015). Based on this re-
constructed NDVI time series, phenofit can be used to divide the
growing season into different periods and to extract associated
phenological metrics. To achieve this, the phenofit package de-
termines the vegetative peak and two low periods. From this di-
vision, we extracted phenological metrics corresponding to the
dates of the three main periods (see Figure S2). For this, we used
the derivative method, which, according to Kong et al. (2022), is
the most appropriate for our study because it provides three key
phenological dates. Specifically, we extracted indices describing
the onset, peak and end of the growing season, such as the start
of the season (SOS), peak of the season (POS) and end of the
season (EOS) (see Table S1).

To provide a clearer picture of the growing season, we divided
it into three seasons based on the analysis of phenological vari-
ables extracted from the NDVI time series. On average, the
early season started in late March, with a mean SOS at all sites
on the 80 day of the year (DOY) (21 March). The NDVI then
increased until it peaked in early June (mean POS = 152 DOY,
around 1 June) (see Table S1). Since we mainly used monthly
median NDVI, we rounded these dates to the nearest month.
Thus, we considered the early season to begin in April and
continue through May. For the midseason, we considered this
season to begin in June. Because we have no metrics for the du-
ration of the vegetative peak, we considered the entire month
of June to be the midseason. Finally, the end of the growing
season was defined by the EOS, which, on average, occurred
in early October (mean EOS = 282 DOY, around October ).
Therefore, we rounded the late season to the nearest month to
avoid including values that were too low by the end of October.
We defined the three seasons as April/May (early season), June
(midseason) and July, August and September (late season)
(de Jong et al. 2011).

2.5 | Hydrological and Climate Data Processing

To account for the lagged response of vegetation to climate vari-
ation, we calculated monthly mean temperature for each site
from 2016 to 2022. To account for the effects of precipitation
recharge before the months of the growing season, we incorpo-
rated a longer time lag by using 3-month cumulative precipita-
tion. We evaluated different levels of precipitation accumulation
and their correlations with NDVI through sensitivity analysis.
Based on our results (see Table S2), we selected the total precip-
itation over the past 3 months.

To facilitate the comparison of groundwater data across sites,
we calculated DTG anomalies by subtracting the average DTG
value between 2005 and 2015 from each monthly value between
2016 and 2022. We used the average values between 2005 and
2015 at each site to establish a reference value over ten years,
allowing us to compare DTG trends over the 2016-2022 period.
We used these 10 years because we were unable to obtain older

data for all wells. Nevertheless, we consider these 10 years to
be fairly representative of the hydrological situation, given the
relative hydrological stability of the Rhone as a result of the nu-
merous hydraulic schemes that regulate its flow (Bravard and
Gaydou 2015). Finally, to consider the lagged response of vegeta-
tion to variations in groundwater depth, we calculated the mean
DTG anomalies over the previous 2 months.

2.6 | Analysis of NDVI Variability
and Relationships With Hydroclimatic Variables

The main objectives of this first part of the analysis were (1) to
analyse temporal variations in NDVI, whether inter- or intra-
annual, in relation to the latitudinal gradient and (2) to quantify
the role of hydroclimatic variables on NDVT at different tempo-
ral and spatial scales. All data analyses and statistical tests were
performed using the R programming language, version 4.3.0
(Team 2022).

First, we quantified and compared the linear relationships be-
tween monthly median NDVTI and latitude to investigate the
effect of latitude on NDVT during the growing season. We then
analysed the interannual variability of NDVI and tested the dif-
ference in means between years using one-way ANOVAs for each
river section (upstream, midstream and downstream). Finally,
posthoc pairwise comparisons were computed using Tukey's
Honest Significant Difference at the 95% confidence level.

Second, to visualise the spatiotemporal variability of the effects
of hydroclimatic variables on monthly NDVI, we computed
Pearson correlation coefficients between the monthly median
NDVI values obtained at each site between April and September
and two climate variables. We used total precipitation accumu-
lated over the last 3 months and daily mean temperature aver-
aged by river section (upstream, midstream and downstream
sites) and season (early, mid and late). For the groundwater depth
data, we analysed available data from the eight sites (Figure 1a).
Similar to the analysis of climate variables, we calculated the
Pearson correlation coefficient between NDVI and groundwater
depth data for each of the eight sites.

Finally, to examine the relationship between climate variables
and NDVI by season and river section, we used monthly median
NDVI values at each site for each year from 2016 to 2022. The
monthly NDVI medians were compared to the average accumu-
lated precipitation over the last 3 months. We followed the same
methodology for temperature, but did not account for a 3-month
lag and used monthly mean temperature. We conducted linear
regressions and evaluated the significance of each regression to
examine the correlations between climate variables and NDVT.

2.7 | Climate Mixed-Effects Model for NDVI
Prediction

To determine the influence of climate variables on NDVI varia-
tion and the role of latitude, we compared different linear mixed-
effects models (using the Ime4 package), including both the site
effect and year as random variables to account for influences on
greenness unattributable to climate factors alone. We first built
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two reference models: a null model with no fixed effect (NDVI ~
1+ (1| Year) + (1] Site)) and a latitude-only model with latitude
as the only fixed effect (NDVI ~ Latitude + (1| Year) + (1] Site)).
The latitude-only model was included as a reference as an alter-
native to models that included temperature and/or precipitation
as explanatory variables. We ran these two reference models for
each of the three seasons (early, mid and late), resulting in six
models. These reference models served as a basis for assessing
the role of climate variables on NDVT relative to latitude as a
simple geographic proxy variable. We then developed several cli-
mate models for each season. In these climate models, we used
the two main climate variables: mean monthly temperature and
total precipitation over the last 3 months. Four separate models
were created: temperature only, precipitation only, temperature
and precipitation without interaction and temperature and pre-
cipitation with interaction. Together with the reference models,
we evaluated 18 models (six types of models for each of the three
seasons).

Akaike's Information Criteria (AIC) was used to evaluate
and compare the performance of each model (Burnham and
Anderson 2004; Mazerolle 2020). In all cases, model residu-
als were visually assessed to verify linear model assumptions
(Osborne and Waters 2019). To compare the influence of vari-
ables in predicting NDVT, we evaluated the sign and significance
of each coefficient estimate of the best model for each season. To
allow comparisons between different climate variables, we stan-
dardised and centred the data.

Finally, we wanted to see if DTG anomalies had a significant
influence on NDVI. For this, we developed three additional
mixed-effects models with the same random factors (site and
year) but with only the 2-month DTG anomalies as a fixed fac-
tor and only at the eight sites with DTG data. We evaluated the
sign and significance of the coefficient estimates of each model
to assess the effect of groundwater level variations on NDVI
at the eight sites in the three different periods of the growing
season.

L[] [}
0.8 @
(] [ ]
] [ (]
[
0.7
>
[a}
Z 06
0.5
0.4
46 45 44

Latitude (°)

3 | Results

3.1 | Spatio-Temporal Variability of NDVI
and Phenology

Analysis of the annual median NDVI data over the study area
(Figure 2a) showed a significant positive trend in NDVI with
latitude (R? = 0.75; p < 0.001). Monthly trends in NDVI during
the growing season showed an inversion of the north-south
gradient as the seasonal phenology progressed from March to
September (Figure 2b). The linear relationship between NDVI
and latitude is significant for every month (p < 0.05), with
March being nearly significant (p = 0.056) (see Table S3). In
June and July, NDVI was most closely related to latitude (R?
= 0.85), but this relationship was weaker in the early and late
season months. In March (before the onset of the growing sea-
son), NDVI increased at lower latitudes, which is consistent
with the trend observed in April, suggesting an earlier onset of
green-up in the southern region, with a relatively high NDVI
in April. Vegetative greenness peaked in May at higher lati-
tudes and in June at lower latitudes. The trend then reversed,
with vegetative greenness decreasing at lower latitudes and
reaching a minimum in September. Finally, there was a gen-
eralised drop in greenness from June onwards, with an overall
decrease in NDVT at all sites. To facilitate the interpretation
of monthly NDVI trends (Figure 2b), we provide an anima-
tion of the monthly evolution of the NDVI gradient in the S.I.
(Fig. S3).

Phenology analysis revealed differences in the timing of the
growing season along the Rhone River, especially at the onset of
the growing season. These differences were expressed at differ-
ent temporal and spatial scales. Indeed, an interannual variation
of the SOS was observed, with a time lag of up to 15 days between
two different years (Figure 3a). Spatial variability along the hy-
droclimatic gradient also revealed intersite temporal variability
(Figure 3b). On average, downstream riparian sites had a mean
onset on the 69 day of the year (March 10), while upstream sites
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FIGURE 2 | (a) Annual median NDVI over the growing season (April-September) and (b) seasonal variability of the monthly median NDVI

between March and September (2016-2022) across all 17 sites, ranked by latitude. Latitude on the x-axis is inverted to match the hydroclimatic

gradient from north to south. The colour gradient is used for readability only.
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had a mean onset on the 91s day (April 1), a lag of 22 days. The
linear relationship between median SOS and latitude was sig-
nificant (R? = 0.80; p < 0.001), indicating that there is a lag of
9.77 days for one degree of latitude (see Figure S4). The other
two phenological metrics showed different responses than SOS.
In fact, POS (Figure 3c) was not reached earlier in the south,
despite what the earlier onset of SOS would suggest. There was
considerable intersite and intrasite variability and no significant
relationship between POS and latitude (p= 0.53; see Figure S4).
In contrast, EOS showed an inverse pattern to the SOS in its re-
sponse to the latitudinal gradient, with EOS occurring earlier in
the north than in the south (Figure 3d). This is true up to site 15,
which has the latest EOS date of all sites. However, this date de-
creased at the two southernmost sites (S16 and S17). Despite this
decreasing trend at the southernmost sites, there was a strong
and significant correlation between EOS and latitude (R? = 0.66;
p < 0.001; see Figure S4).

Interannual analysis of the NDVI between 2016 and 2022 in
each river section showed significant differences (Figure 4).
For example, at the upstream sites, according to the post-hoc
test, 2021 stood out significantly from the other years, with a
much lower NDVI. This difference for 2021 was also found in
the midstream group, but the post-hoc test indicated that the
average NDVI in 2021 remained similar to that of 2018, 2019,
2020 and 2022. For downstream, the average NDVIin 2021 was
not significantly different from the other years. On the contrary,
the average NDVI for 2022 was similar to the other years for up-
stream and midstream, whereas it was different from the other
years for downstream, indicating a lower average NDVI than
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for the rest of the period. This observation can also be made for
2016, where NDVI was significantly different from other years
on midstream and to a lesser extent on downstream, but not on
upstream.

3.2 | Hydroclimatic Controls on Spatiotemporal
Variability of NDVI

Pearson's correlation analysis (Table 1) showed that monthly
median NDVTI was significantly correlated with monthly mean
temperature across all groups of sites and seasons. However,
the correlation trends differed between groups and seasons.
Specifically, we found a positive correlation between NDVI
and temperature during the early and late seasons, with stron-
ger correlations observed in the upstream group (r=0.578
and r = 0.518) than in the midstream (r = 0.414 and r = 0.327)
and downstream (r = 0.316 and r = 0.279) groups. In contrast,
a negative correlation was observed between NDVI and tem-
perature during the midseason, with stronger correlations and
lower p-values observed in the downstream group (r = — 0.616;
p < 0.001) compared to the upstream group (r = —0.451; p =
0.003). With precipitation, we observed a positive correlation be-
tween NDVTI and 3-month precipitation during the mid and late
seasons in the downstream group. A positive correlation was
also observed during the early and late seasons in the midstream
group. In contrast, no significant correlation was found in the
upstream group. Finally, we found no significant correlation
between NDVI and groundwater anomalies, except for a posi-
tive correlation during the late season in the downstream group
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FIGURE3 | (a) Annual box plots showing the start of the season (SOS) for each year between 2016 and2022; colours refer to years only. Box plots

by site over each year showing: (b) the start of the season, (c) the peak of the season and (d) the end of the season. Sites are numbered from upstream

to downstream.
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FIGURE 4 | Interannual variation of NDVI between 2016 and 2022 on growing season months divided by groups of sites. Boxplot not sharing
letters differed significantly within a site group at the 95% confidence level (p < 0.05) in Tukey's honest significant difference post hoc tests.

TABLE 1 | Pearson correlations between monthly NDVI and hydroclimate variables divided by spatio-temporal attributes (season and latitude)
on growing season months from 2016 to 2022.

NDVI Pearson correlation

Upstream Midstream Downstream
Hydroclimate variable r P r P r P

Early Mean temperature 0.578 <0.001 0.414 <0.001 0.316 0.010

3-month precipitation 0.183 0.114 0.390 <0.001 0.048 0.706

Groundwater® —0.032 0.853 0.148 0.470 0.264 0.104
Mid Mean temperature - 0.003 - <0.001 - <0.001

3-month precipitation 0.193 0.222 0.129 0.417 0.445 0.007

Groundwater? —0.291 0.214 0.526 0.053 0.068 0.770

Late Mean temperature 0.518 <0.001 0.327 <0.001 0.279 0.004
3-month precipitation 0.046 0.616 0.300 <0.001 0.380 <0.001

Groundwater? —-0.077 0.559 0.185 0.253 0.321 0.011

Note: Bold text indicates significant correlations at p < 0.05, coloured cells indicate where the R is significant; they are green for positive correlation and red for
negative correlation. The early season consists of April and May, the midseason of June and the late season of July, August and September. The upstream group is
composed of sites 1 to 6, midstream of sites 7 to 12 and downstream of sites 13 to 17.

20nly eight sites.

(r =0.321; p =0.011) and a nearly significant positive correlation
during the midseason in the midstream group (r = 0.526; p =
0.053).

Analysis of the relationship between monthly NDVIand monthly
mean temperature revealed two distinct trends (Figure 5a).
First, in the early season, NDVI was significantly influenced
by temperature, with higher NDVI as temperature increased.
Temperature was a good predictor of NDVI, especially at up-
stream sites where the linear relationship had a higher R? (R? =
0.33, p < 0.001) than at midstream and downstream sites (R> =
0.17 and p < 0.001, R? = 0.10 and p = 0.01, respectively). The sit-
uation is similar for the late season, where R? values are higher
at upstream sites (R? = 0.27, p < 0.001) than at midstream and
downstream sites (R?> = 0.11 and p < 0.001, R> = 0.08 and p =
0.003, respectively), indicating a greater positive effect of tem-
perature on NDVTI at higher latitudes. In contrast, temperature

had a negative effect on NDVI in the midseason. This time, the
effect of temperature on NDVI was more pronounced at mid-
stream and downstream sites (R? = 0.42 and p < 0.001, R> = 0.38
and p < 0.001, respectively) than at upstream sites (R? = 0.20,
p = 0.003). Linear regressions between precipitation and NDVI
showed more spatial heterogeneity compared to temperature
(Figure 5b). In fact, there were no significant linear regressions
at any growing season period at upstream sites (p > 0.05). At
midstream and downstream sites, we observed a positive and
significant relationship between precipitation and NDVT in the
late season (R? = 0.10 and p < 0.001, R> = 0.14 and p < 0.001,
respectively). In the early sason and midseason, there were con-
trasting relationships between precipitation and NDVT at both
groups of sites. In the early season, the relationship was posi-
tively significant in midstream sites but not at downstream sites,
while the opposite was true for the midseason. These relation-
ships, even when significant, had low R%
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FIGURE 5 | Monthly median NDVI values for each growing season period and river section with (a) mean temperature and (b) 3-month

accumulated precipitation over the same period. Each dot represents a monthly value per site. Solid lines indicate a significant relationship (p < 0.05).

3.3 | NDVI Prediction From Climate Model

Model ranking (Table 2) showed that the model with both
climate variables considering their interaction (NDVI ~
Temperature + 3-months precipitation + Temperature *
3-months precipitation + (1| Year) + (1| Site)) was the best
fitting model for each season. However, this observation was
particularly true for the early season, where the climate model
with interaction (Temp_Precip_interaction_early) carried
99.8% of the AIC weight. The second model (Temperature_
early) carried only 0.1% of the AIC weight (A AIC = 13.58), in-
dicating the strength of the full interaction model in predicting
NDVI compared to all other models. The two reference models
(Latitude_early and Null_early) had among the highest A AIC
(A AIC = 99.05 and A AIC = 103.25, respectively), indicating
that they poorly explained NDVT in the early season.

For predicting midseason NDVI, the temperature/precipita-
tion-interaction model was also the best model but less dom-
inant than for the early season model, carrying only 62% of
the AIC weight, while the second best model, with Latitude as
the single fixed factor, had A AIC of 1.11 and an AIC weight of
35.6%. The climate model without interaction (Temp_Precip_
mid) and the temperature-only model (Temperature_mid) had
substantially higher A AIC (7.72 and 8.23, respectively) and

comprised only about 1% of the AIC weight for each. The pat-
tern was similar for the late season, with two models sharing
64.5% and 35.5% of the AIC weight. However, this time, the
second model was the temperature/precipitation model with-
out interaction (Temp_Precip_late), with a A AIC of less than
2 (A AIC = 1.19). No other models had any appreciable ex-
planatory power, and the two reference models had the high-
est A AIC across the candidate model set (A AIC = 71.79 for
the Latitude_late model and A AIC = 90.71 for the Null_late
model).

The analysis of the effect of the climate variables of the best-
fitting models for each growing season period, i.e., the climate
model with interaction (Temp_Precip_interaction) in each case,
showed different trends depending on the season (Figure 6). A
positive coefficient estimate indicates that an increase in a vari-
able leads to an increase in NDVI. In the early season, an in-
crease in temperature led to an increase in NDVI, independently
of other climate variables, year and latitude. The same trend was
observed in the late season but was reversed in the midseason,
with NDVI decreasing as temperature increased. In each sea-
son, the effect of temperature on NDVI was highly significant
(p < 0.001). Total precipitation over the last 3 months had an
overall positive effect on NDVI but was relatively insignificant,
except in the late season. In contrast, the interaction between
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TABLE 2 | Model rankings by season (early, mid and late) for the linear mixed-effects regression models with NDVT as the dependent variable

and site and year as random effects.

AIC comparison

Model K AIC Delta AIC AIC weight Cum weight
Early

Temp_Precip_interaction_early 7.000 —613.930 0.000 0.998 0.998
Temperature_early 5.000 —600.350 13.581 0.001 0.999
Temp_Precip_early 6.000 —-600.016 13.915 0.001 1.000
Latitude_early 5.000 —514.883 99.047 0.000 1.000
Null_early 4.000 —510.685 103.246 0.000 1.000
Precipitation_early 5.000 —510.336 103.595 0.000 1.000
Mid

Temp_Precip_interaction_mid 7.000 —584.754 0.000 0.620 0.620
Latitude_mid 5.000 —583.646 1.108 0.356 0.977
Temp_Precip_mid 6.000 —577.030 7.724 0.013 0.990
Temperature_mid 5.000 —576.528 8.227 0.010 1.000
Null_mid 4.000 —547.858 36.896 0.000 1.000
Precipitation_mid 5.000 —545.842 38.912 0.000 1.000
Late

Temp_Precip_interaction_late 7.000 —1311.169 0.000 0.645 0.645
Temp_Precip_late 6.000 —-1309.979 1.190 0.355 1.000
Temperature_late 5.000 —1290.718 20.451 0.000 1.000
Precipitation_late 5.000 —1253.781 57.388 0.000 1.000
Latitude_late 5.000 —1239.378 71.790 0.000 1.000
Null_late 4.000 —1220.455 90.714 0.000 1.000

temperature and precipitation had a significant effect on NDVI
in the early season and midseason but not in the late season.
This means that the two main effects, temperature and precip-
itation, were stronger predictors than including the interaction
term, indicating that temperature/precipitation were not depen-
dent on the values of precipitation/temperature.

Estimates of the mixed-effect models with 2-month DTG anom-
alies showed that overall DTG positively influenced NDVI
throughout the growing season (Figure 7). Positive DTG anom-
alies resulted in higher NDVI values independent of year and
latitude. Results from seasonal models showed that DTG anom-
alies had no significant effect on NDVTI in the early season and
midseason. However, a positive and significant effect of DTG
anomalies on NDVI was observed in the late season.

4 | Discussion

Our study investigates riparian tree greenness as determined by
NDVI and provides insights into the intricate relationship be-
tween hydroclimatic factors and riparian tree health. Focusing on
a 500-km-long north-south river corridor, our research sheds light

on the variability of riparian greenness and the various climate
controls that influence it, facilitating the design of landscape-scale
riparian ecosystem restoration strategies tailored to the specific
local climatic context. Our results showed that riparian greenness
within a large river corridor is mainly regulated by climate con-
trol, which exhibits spatial and temporal variability throughout
the growing season. Notably, there was an overall transition in
climate control, with temperature initially controlling greenness
and precipitation increasingly factoring into the equation during
the summer (Tables 1 and 2). These climate controls regulate the
balance between evapotranspiration and precipitation, thus deter-
mining evaporative water demand and soil moisture at varying
timescales along the latitudinal gradient. During drought periods,
sites with high groundwater availability showed greater resilience
to climate controls by using different water sources, allowing them
to maintain high levels of greenness (Figure 7).

4.1 | Riparian Tree Greenness: From
Temperature-Limited to Water-Limited

The effect of the hydroclimatic gradient on riparian green-
ness leads to high variability in NDVI. This variability occurs
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FIGURE 6 | Estimates of the two climate variables and their interaction from climate-interaction models for each season. A filled dot indicates

that the effect of the variable on NDVI is statistically significant (p < 0.05).

seasonally, with an earlier onset of the growing season at down-
stream sites (Figure 3b) or interannually with high variability
between years and river sections (Figure 4). This high vari-
ability of NDVT can be attributed to the latitudinal gradient of
the Rhone River corridor, which is expressed through climate
variability, such as temperature and precipitation, which are
functions of latitude (Figure 1b,c). As latitude decreases, tem-
perature increases and precipitation decreases in a near-linear
manner. Our findings suggest that the greenness of riparian
trees during the growing season is closely tied to latitude, with
lower NDVI values as the latitude decreases (see Figure 2a).
This correlation aligns with previous research demonstrating
the significance of temperature and precipitation in regulating
the greenness of riparian trees (Fu and Burgher 2015; Pace et al.
2021). However, our findings demonstrate that NDVI or pheno-
logical metrics reveal nonlinear responses to latitude/climate
fluctuations (Figures 3 and 4). These nonlinear responses con-
vey significant spatial and temporal disparities in climate con-
trols on greenness, suggesting that the latitude/climate gradient
is not the only factor influencing NDVI. The analysis of the re-
lationships between NDVT and hydroclimate variables (Table 1)
demonstrates that climate controls are spatially and temporally
heterogeneous, depending on the river section and growing sea-
son periods. This variability of climate controls on greenness
has also been shown along an altitudinal gradient in different
vegetation types (Piedallu et al. 2019).

Temperature plays a critical role in determining the greenness
of riparian trees. According to mixed-effects models, tempera-
ture is a strong predictor of NDVI (Table 2), with varying ef-
fects during the growing season (Figure 6). Phenological onset

is primarily controlled by temperature (Chen et al. 2019; Fu
et al. 2014; Menzel et al. 2006). Our findings confirm this
trend, with downstream sites (Figure 3b) having an earlier
start of the growing season due to warmer conditions earlier
in the season. However, at the vegetative peak (midseason),
temperature has a negative influence on greenness. This lim-
iting aspect of temperature is found under several conditions
(Liu et al. 2015; Piedallu et al. 2019; Warter et al. 2023) but
appears to be more prevalent in semi-arid environments (Fu
and Burgher 2015; Yao et al. 2018). Our findings are consistent
with these observations, as we found a more pronounced ef-
fect of temperature in downstream and midstream sites than
in upstream sites (Table 1). Finally, the role of temperature is
even more heterogeneous in the late season. During this pe-
riod, NDVI is positively influenced by temperature (Figure 6).
However, Figure 5 and Table 1 show that the effect of tem-
perature is highly variable along the hydroclimatic gradient.
Upstream, temperature has a significant positive effect on
NDVI, while downstream this effect decreases and becomes
less significant (Table 1). High temperatures in semi-arid en-
vironments, such as downstream, can negatively affect pho-
tosynthetic activity and accelerate senescence (Adams et al.
2015; Hew, Krotkov, and Canvin 1969), whereas in temperate
climates they tend to extend the growing season and delay se-
nescence (Chen et al. 2019; Fu et al. 2018; Vitasse et al. 2009).

Precipitation tends to have a more limited temporal and spatial
effect on NDVI variability (Table 2). At the onset and peak of the
growing season, greenness does not appear to be directly influ-
enced by precipitation (Figure 6). This observation that greenness s
not limited by the lack of early season and midseason precipitation
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makes sense, given that riparian trees along the Rhone benefit
from good vadose zone recharge from winter precipitation and
high streamflow from snowmelt runoff, which maintains rela-
tively high groundwater levels (Sargeant and Singer 2021). This
limited effect of precipitation on greenness has been highlighted
in several environments (Piedallu et al. 2019); however other stud-
ies have shown the opposite effect, especially in semi-arid climates
(Chen et al. 2014; Grossiord et al. 2017; Vicente-Serrano et al.
2013), more similar to that observed for the late season. Indeed,
the situation is different for the late season, with the precipitation
model being more highly ranked (Table 2) and having a notably
positive effect on the level of greenness (Figure 6). This suggests
that recharge by precipitation over the last 3 months plays a major
role in maintaining greenness during the driest periods and at lo-
cations where the evapotranspiration/precipitation balance is sig-
nificantly affected by rising temperatures. In temperate climates,
other studies indicate that cumulative precipitation over longer
periods can also have a significant impact on the greenness of ri-
parian trees (Pace et al. 2021).

Our results also highlight the importance of considering the in-
teractions between precipitation and temperature. Indeed, these
two climate factors are the two most important contributors to
the water balance, which is itself strongly linked to tree growth
(Bréda et al. 2006). However, our results show that, in every
season, the model that considers the interaction between these
two climate variables ranks higher than that without interaction
(Table 2). These results confirm the importance of considering
this interaction in NDVI prediction models, as the combined ef-
fect of these two climatic controls will strongly affect the water
balance and thus the growth of riparian trees.

DTG

However, explaining NDVI variations by precipitation and
temperature alone does not explain all the variance in NDVI
(Piedallu et al. 2019). This is particularly true in semi-arid en-
vironments subject to high water stress, where the role of local
water availability seems to have a predominant impact on ripar-
ian tree growth (Sabathier et al. 2021; Schook et al. 2020; Singer
et al. 2013).

4.2 | Local Water Availability: A Key to Improve
Riparian Forest Resilience?

Although climate variations seem to explain an important part of
the variability in NDVI, local water availability conditions can at-
tenuate or accentuate climate effects. Our results for the eight study
sites with groundwater depth data show that when groundwater
anomalies are positive, NDVI benefits (Figure 7). This observation
is significant for the growing season as a whole, but when broken
down into three periods, we observe a real and significant positive
impact of the DTG anomalies on the late season only. This result
is in line with our observations on climate variables at all sites,
where we note that the late season is the most dependent period on
water recharge by precipitation. During this period, which is the
hottest and driest of the growing season, the evapotranspiration/
precipitation balance is often impacted by the lack of precipitation,
especially in downstream sites. Increased evaporative demand
puts further pressure on soil moisture, reducing water availability
in the vadose zone. To withstand drought, riparian trees, most of
which are phreatophytes, depend on access to water in the phre-
atic zone (Dufour and Piégay 2008; Singer et al. 2013). When cli-
mate controls strongly affect the evapotranspiration/precipitation

p-value

O ns.
@® <0.05

@ All seasons

Season

—— Early

-1 -0.5 0

Estimates

Mid
© Late
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FIGURE 7 | Estimates of depth to groundwater variable from linear mixed-effect models of each season with DTG as a fixed factor and latitude

and year as random factor. A filled dot indicates that the effect of the variable on NDVT is statistically significant (p < 0.05).
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balance, sites with good water availability in the phreatic zone will
be more resistant.

In our study, we were unable to obtain groundwater data for all
sites, just as we were unable to characterise other geomorpho-
logical parameters that could influence water availability, such
as the thickness of fine sediment. However, geomorphological
parameters can strongly influence water availability condi-
tions and therefore influence the resilience of riparian trees to
drought episodes. A site benefiting from geomorphological con-
ditions favouring good water availability, such as a thick layer
of fine sediment allowing significant storage in the vadose zone
that is valuable for hardwood species such as Fraxinus (Singer
et al. 2014) or the presence of a shallow water table that is valu-
able for phreatophytes, results in higher greenness (Figure 7).
In addition to geomorphological conditions, other factors can
positively or negatively influence NDVI, such as species rich-
ness (Wang et al. 2016), genetic diversity (Evans et al. 2016) and
species distribution (Lloret et al. 2007). Some studies have also
shown the importance of soil-related effects on NDVI (Berges
and Balandier 2010; Walker et al. 2003). NDVI can also be in-
fluenced by reach-specific conditions. For example, along the
Rhone, water levels in diverted channels are frequently very
low, drastically reducing water availability for riparian stands
(Fruget and Dessaix 2003). Similarly, high levels of groundwa-
ter extraction can drastically reduce water availability in the
phreatic zone and therefore have a significant impact on NDVI
(Rohde et al. 2021). As with other geomorphological factors,
accounting for these factors is difficult, as it requires accurate
and homogeneous data at the fluvial corridor scale. These fac-
tors may improve the prediction of our model, but our results
are consistent with other studies that have attempted to explain
the spatiotemporal variability of NDVI using climatic variables
(Pace et al. 2021).

4.3 | Insight Into Future Trends and Management
Solutions

Our retrospective analysis of the impact of climate controls on
greenness revealed a high degree of variability depending on
the year, season and local climatic context. As a result, it seems
difficult to predict exactly where and to what extent climate con-
trols will affect greenness along a river corridor characterised by
a hydroclimatic gradient. However, our study provides a better
characterisation of the relationships between climate controls and
greenness along a large river. Indeed, of all the climate controls
evaluated in our study, temperature is the one with the largest ef-
fect. However, rising temperatures related to climate change will
accentuate the effect of temperature on greenness. This increase
in temperature along the hydroclimatic gradient will affect all ri-
parian stands in the river corridor through both local and nonlocal
climate controls. During the warmest period of the growing sea-
son, water availability in the root zone can decline rapidly due to
indirect temperature-related controls on water availability, such as
increased evapotranspiration (Serrat-Capdevila et al. 2011; Zhang
et al. 2015). Increased atmospheric demand can rapidly shift the
balance between evapotranspiration and precipitation that reg-
ulates soil moisture. These shifts occur more rapidly at sites fur-
ther south along the hydroclimatic gradient, where precipitation
is lower and evapotranspiration is higher. These new forcings can

shift the evapotranspiration/precipitation balance and signifi-
cantly increase water stress in riparian stands that were previously
unaffected by water stress. Situations of greenness limitation ob-
served in downstream sites will more regularly affect midstream
and even upstream sites. These changes could lead to an increase
in the physiological and morphological responses of trees. As these
responses become more pronounced, they could lead to canopy
dieback and tree mortality, as shown in highly disconnected con-
ditions following channel incision (Stella et al. 2013) and then to
profound changes in forest composition, ecosystem services and
carbon sequestration (Bréda et al. 2006; Sarris, Christodoulakis,
and Korner 2011; Tai et al. 2018). These pressures on riparian eco-
systems highlight the importance of identifying not only the cli-
mate controls on vegetative greenness but also the local controls
that can significantly influence the resilience of riparian stands.

In the face of these global climate changes, our NDVI climate
model is proving to be an interesting tool for assessing the sen-
sitivity of forest patches to climate change and their potential
resilience according to their degree of dependence on climatic
conditions. We could continue this work by using projected cli-
mate change scenarios to visualise the effects of rising tempera-
tures on the climatic control of water availability and, therefore,
on the greenness of riparian trees. This work provides a better
understanding of the spatial variation in climate controls on
greenness, allowing better adaptation of management measures
to promote greater resilience of riparian forests, such as increas-
ing minimum flows in bypassed reaches or reducing groundwa-
ter pumping.

5 | Conclusion

In this study, we analysed the relationships between hydroclimatic
variables and riparian greenness along the hydroclimatic gradient
of the Rhone River. We found that the impact of climatic variables
on greenness varied according to spatial and temporal variations.
Temperature was the primary limiting factor in northern areas,
while water availability was the main limitation in southern areas.
These hydroclimatic variations have different effects on green-
ness. We show that areas affected by reduced water availability
have lower greenness as trees develop mechanisms to mitigate
water stress. A better understanding of these climatic controls on
the vegetative dynamics of riparian forests is a major challenge
in the face of rising temperatures and decreasing water availabil-
ity. Areas facing little or no constraint will experience new water
availability issues, while areas already constrained by water avail-
ability will experience species survival issues. In general, the vul-
nerability of riparian forests is increasing; therefore, it is necessary
to implement measures to restore or protect riparian forests in ac-
cordance with the local context, taking into account spatiotempo-
ral hydroclimatic variations.
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