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Abstract

Multidecadal time series of satellite observations, such as those from Landsat,

offer the possibility to study trends in vegetation greenness at unprecedented

spatial and temporal scales. Alpine ecosystems have exhibited large increases in

vegetation greenness as seen from space; nevertheless, the ecological processes

underlying alpine greening have rarely been investigated. Here, we used a

unique dataset of forest stand and structure characteristics derived from manu-

ally orthorectified high-resolution diachronic images (1983 and 2018), dendro-

chronology and LiDAR analysis to decipher the ecological processes underlying

alpine greening in the southwestern French Alps, formerly identified as a hot-

spot of greening at the scale of the European Alps by previous studies. We

found that most of the alpine greening in this area can be attributed to forest

dynamics, including forest ingrowth and treeline upward shift. Furthermore, we

showed that the magnitude of the greening was highest in pixels/areas where

trees were first established at the beginning of the Landsat time series in the

mid-80s corresponding to a specific forest successional stage. In these pixels, we

observe that trees from the first wave of establishment have grown between

1984 and 2023, while over the same period, younger trees established in forest

gaps, leading to increases in both vertical and horizontal vegetation cover. This

study provides an in-depth description of the causal relationship between forest

dynamics and greening, providing a unique example of how ecological pro-

cesses translate into radiometric signals, while also paving the way for the study

of large-scale treeline dynamics using satellite remote sensing.

Introduction

Alpine ecosystems, here defined as high-elevation habitats

within and above treeline, have undergone particularly

fast warming in recent decades (Pepin et al., 2015, 2022),

triggering diverse and extensive vegetation responses, with

already tangible consequences on biodiversity and ecosys-

tem services. This includes an increased cover of grami-

noids (Rogora et al., 2018) and species richness in high

summits (Dentant et al., 2023; Gottfried et al., 2012;

Hamid et al., 2020; Lamprecht et al., 2018; Pauli

et al., 2012), shifts in phenological phases (Vitasse

et al., 2021), colonization of recently deglaciated areas

(Cannone et al., 2008; Garbarino et al., 2010; Schumann

et al., 2016), screes and grasslands by shrubs and trees

(Cannone et al., 2007; Dullinger et al., 2004; Formica

et al., 2018; Vittoz, Bodin, et al., 2008), increased shrub

growth (Francon et al., 2021, 2023) and treeline upward

shifts (Améztegui et al., 2010; Carlson et al., 2014;

Gehrig-Fasel et al., 2007). Most studies on the dynamics

of alpine plants relied on resurvey methods in real-time

(Pauli et al., 2012; Rogora et al., 2018) or a space-for-

time approach (Zimmer et al., 2018). For woody vegeta-

tion, dynamics are generally assessed by diachronic aerial

photography comparison (Améztegui et al., 2010; Carlson

et al., 2014; Gehrig-Fasel et al., 2007), dendrometry
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(Dullinger et al., 2003) or dendrochronology (Cannone

et al., 2022). Alpine vegetation dynamics have only more

recently been studied using remote sensing techniques

(Carlson et al., 2017; Choler et al., 2021, 2024; Dentant

et al., 2023; Rumpf et al., 2022).

In the vast toolkit of plant ecology research, satellite

remote sensing stands out due to its temporal resolution

(up to daily), historical depth (spanning up to 40 years)

and comprehensive spatial coverage (up to global). For

decades, trends in spectral proxies of vegetation cover—
most of the time referred to as ‘greening’ (positive) or

‘browning’ (negative trends)—have been used to document

biotic response to environmental changes across multiple

scales and have facilitated a holistic understanding of eco-

systems when combined with other classical methods

(Chave, 2013; Estes et al., 2018; Pettorelli et al., 2014).

However, measured reflectances and derived indices and

trends are subject to biases (Bayle et al., 2024; Morton

et al., 2014; Roy et al., 2016). Inconsistencies arise from

various sources (such as radiometric or geometric irregular-

ities over time) that must be accounted for to isolate the

vegetation signal. In addition, translating radiometric signals

into ecological information remains a complex task

(Myers-Smith et al., 2020). Although vegetation indices

simplify the complexity of plant life into a single dimen-

sion, and while recently developed vegetation indices (such

as NIRv or kernel Normalised Difference Vegetation Index,

kNDVI) offer closer ties to biophysical parameters

(Camps-Valls et al., 2021), they still lack in explaining eco-

logical processes. Attributing greening to ecological pro-

cesses therefore remains a major challenge as it opens

avenues to decipher the drivers and subsequent conse-

quences of greening on other ecosystem components. This

path, from the correction of the measurement and resulting

metrics to the ecological interpretation, requires careful

application of corrective methods to build confidence in

greening estimates and the use of additional high-resolution

datasets to compare the distribution of greening with

underlying ecological processes.

In the French Alps, the pioneering study from Carlson

et al. (2017) used long-term changes in annual maximum

NDVI derived from Landsat and MODIS imagery to iden-

tify the most significant increases in annual maximum

NDVI in mountains. In this lineage, Choler et al. (2021)

demonstrated that north-exposed vegetation was more

prone to greening compared to south-exposed slopes in

the European Alps, a finding later confirmed by Rumpf

et al. (2022). Yin et al. (2023) confirm these results on a

global scale, showing that colder and wetter polar-facing

slopes responded more positively to warming than

equatorial-facing slopes. While the above-mentioned stud-

ies progressively refine our understanding of the greening

of alpine ecosystems, none of them addressed the

underlying ecological process. To bridge this knowledge

gap, this paper aims to decipher the spatial distribution of

greening trends and underlying ecological processes in a

large watershed of the Southwestern European Alps previ-

ously identified as a greening hotspot (Choler et al., 2021).

For that purpose, we (1) produced a robust estimate of

Landsat-based greening from 1984 to 2023 based on the

state-of-the-art corrective and statistical methods, from

which we (2) analysed the spatial variability of greening

along gradients of elevation and slope (mesotopographic

gradients). Then, by compiling a unique dataset of forest

stands (tree count changes and age estimates) and structure

(tree maximum height and forest vertical complexity) char-

acteristics obtained from combined diachronic

high-resolution (20 cm) aerial images, high-definition

LiDAR point cloud and tree-ring analysis, we (3) investi-

gate forest dynamics, that is forest ingrowth and treeline

upward shift, and its spatial relation with greening.

Data and Methods

Study area and methods

The study area encompasses the watershed of the Col de

la Cayolle (Mercantour National Park, southern French

Alps, Fig. 1). According to the Strahler classification, this

watershed includes five first-order catchment areas, with a

total geodetic area of 64 km2. Elevation ranges from

1720 m up to 3051 m a.s.l. at the Mont Pelat. However,

we limited our analyses to surfaces above 2000 m to focus

on vegetation within and above the treeline. Above this

elevation, forest stands are dominated by Larix decidua.

Within this study area, we gathered four independent

datasets from which we derive five metrics including: the

(i) Landsat time series of annual maximum kNDVI from

1984 to 2023 (greening), (ii) the spatial distribution of

tree individuals in 1983 and 2018 (with the absolute dif-

ference referred to as tree count changes) obtained the

photo-interpretation of a high-resolution image, (iii) tree

age estimates derived from dendrochronological analyses

from trees sampled across three of the five watersheds

along an elevational gradient and (iv) forest structure

metrics (local maximum height and local tree height vari-

ability) obtained using high-definition LiDAR point

cloud. The procedure developed to produce these metrics

of interest is schematized in Figure 2 and described in

detail in the next sections.

Landsat-based greening and significance
estimates

We utilized all Tier 1 data available from our study site

from 1984 to 2023 in Landsat Collection 2 provided by

2 ª 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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Figure 1. Very high-resolution (20 cm) infra-red coloured image of the study site, Col de la Cayolle, located in the southwestern part of the

European Alps (Parc National du Mercantour). Blue lines depict main rivers originating from the 6 first-order watersheds, with the two main

remarkable summits of the zone highlighted in grey triangles. The lower right inset map depicts the ESA Land cover classification for forest,

grassland and bare rock. Green points on the main map show the location of the dendrochronological samples (n= 532).
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the U.S. Geological Survey (USGS) and hosted on Google

Earth Engine (GEE). The Tier 1 data products analysed

include surface reflectance from Landsat 5 Thematic

Mapper (TM), Landsat 7 Enhanced Thematic Mapper +
(ETM+) and Landsat 8 Operational Land Imager (OLI).

We exclusively chose images with an average cloud cover

of less than 80%, as scenes with high cloud cover can

compromise the accuracy of geometric calibration, partic-

ularly for the months of June, July and August. The C

Version of Function of Mask (CFmask) was applied to

categorize each pixel as clear (land/water), snow, cloud,

adjacent to cloud or cloud shadow (Zhu et al., 2015; Zhu

& Woodcock, 2012). Pixels affected by snow, cloud, adja-

cent to cloud or cloud shadow were excluded from the

analysis. Angular effects arising from variation in viewing

and solar geometry throughout the Landsat time series

have been identified as a significant source of variation in

retrieved directional reflectance, independent from

ground-related changes (Nagol et al., 2015). Correcting

for these effects is crucial due to the variability in the

sun-surface sensor geometry, described as the Bidirec-

tional Reflectance Distribution Function (BRDF), at the

time of acquisition, which varies both spatially and tem-

porally. Roy et al. (2016) introduced a comprehensive

method using a fixed set of parameters based on the

RossThick-LiSparse BRDF model (Schaaf et al., 2002).

This method enables the normalization of the entire LTS

to nadir (0° viewing zenith angle) and a constant solar

zenith angle, reducing BRDF-related variations in reflec-

tance. Our correction implementation involved the use of

global coefficients and an optimal, normalized solar

zenith angle set constant per location (Zhang

et al., 2016). We performed cross-sensor calibration to

correct for systematic radiometric discrepancies in red

and near-infrared bands among Landsat 5 TM, 7 ETM+
and 8 OLI satellites using Berner et al. (2023) methods

and coefficients from Choler et al. (2024) that were

obtained for European temperate mountains. We com-

puted the kNDVI for every cloud and snow free images

available (Camps-Valls et al., 2021) using the formula:

Figure 2. Schematic description of material and methods employed in this analysis following the four sections used in the text. Red text

represents the five main variables extracted from our study site using different methods.

4 ª 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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kNDVI= tan h
NIR�Red

2σ

� �
2

� �

where σ represents the pixel-wise sensitivity of the index

to sparsely/densely vegetated regions computed as

σ= 0.5 × (NIR+ Red) and tanh the hyperbolic tangent

function. We tracked kNDVI trajectories between 1984 and

2023 by computing the annual maximum during the grow-

ing season. Berner et al. (2020) demonstrated that NDVI-

max estimates are dependent on the number of

observations during the growing season. Bayle et al. (2024)

showed that, because Landsat observations increase over

the time series, the dependence of NDVImax on sampling

frequency can lead to an overestimation of greening. Ber-

ner et al. (2020) showed that this sampling bias can be

partially corrected by modelling phenology on a pixel-by-

pixel basis and adjusting the estimates of NDVImax based

on mean phenology. Hence, we applied phenological

modelling to adjust kNDVI values before computing

kNDVImax. We relied on the Harmonic Analysis of Time

Series (HANTS) reconstruction method as used by Choler

et al. (2024). This procedure was only applied on kNDVI

observations with values higher than 0.15 to eliminate

unvegetated pixels as the correction relies on phenological

modelling. This processing allowed us to derive a robust

annual kNDVImax series for our study site. To obtain

slope and P-value estimates pixel-wise, we used an autore-

gressive model to derive temporally uncorrelated trends

from 1984 to 2023 (Ives et al., 2021). The autoregressive

model available in the ‘remotePARTS’ R package (Ives

et al., 2021) is preferred over the commonly used

Theil-Sen estimator because it considers temporal autocor-

relation in time series.

Forest stands characteristics from photo
interpretation and dendrochronology

Data on forest stands were obtained from two sources, (i)

photointerpretation of tree individuals at the beginning

and end of the Landsat time series (40 years apart) and

(ii) extensive sampling and age estimation based on

tree-ring counting (Fig. 2).

To pinpoint the precise locations of tree individuals in

the recent period, we utilized the orthorectified version of

the © BD ORTHO Coloured Infra-red image from 2018,

available in Lambert-93 (EPSG:2154) projection, which

was already orthorectified and georeferenced. For the ear-

lier period (i.e. 1983), we mosaicked infra-red coloured

aerial images downloaded at remonterletemps.fr. These

images correspond to a unique acquisition campaign in

June 1983. We manually geo-referenced and oriented nine

historical aerial images. Following Bayle (2020), we

orthorectified and georeferenced each image using ArcGIS

Pro software (Esri, 3.2.0), specifically employing the spline

transformation method with the 2018 image as a refer-

ence. The spline method is a true rubber-sheeting method

that ensures that all control points in the reference map

are geo-referenced to the exact coordinates provided for

these locations. This method was preferred over paramet-

ric approaches, which require the interior and exterior

parameters, as the nine images were distorted in various

ways due to inconsistent view angles and high variations

in elevation. Additionally, it gains substantial advantages

from the abundance of available control points. For each

of the nine images, we followed the same three-step pro-

cedure: (1) 10–50 features providing stable and easily

identifiable reference points in 1983 and 2018, such as

roads, topographic features or houses were used as a ref-

erence to align the orthorectified imagery accurately; (2)

up to 150 control points per image were added, starting

at the edges and moving progressively toward the centre

of the image. This method ensures excellent accuracy and

the most consistent possible error across the entire image

but requires a large amount of operator time; (3) overlap-

ping areas between adjacent images were finally used to

adjust the georeferencing, in accordance with the refer-

ence image. Since Root Mean Square Errors are not com-

putable with the spline transformation method due to the

exact placement of control points, we visually validated

the orthorectification and georeferencing steps by super-

imposing processed images. Once geo-referenced, the

average spatial resolution of 1983 images was 40 cm.

Tree individuals were manually photo-interpreted from

processed images on ArcGIS Pro software (Esri, 3.2.0) for the

two dates. The study area was divided into 1× 1 km squares

with each square photo-interpreted one at a time. Points that

have already been photo-interpreted were systematically dis-

played on the screen during photo-interpretation so that

double counting was hardly possible. To minimize operator

biases, photo-interpretation was primarily conducted by a

single observer (A.B.), with contributions from B.N. Manual

photo interpretation is a time-consuming process and can

lead to variations due to training biases. To ensure consistent

photo interpretation quality across our study area, the areas

that were photo-interpreted initially were reviewed a second

time by the primary interpreter only (A.B.). Errors related to

double mouse clicking were identified during the photo-

interpretation process and corrected. In addition, we calcu-

lated the exact coordinates of each point and removed dupli-

cated values. This diachronic analysis of high-resolution

aerial images allowed us to obtain a precise and exhaustive

trajectory of tree individuals in our study area over the Land-

sat acquisition period. We summarized the distribution of

tree individuals by counting the number of trees per Landsat

pixel (30× 30m), which we refer to as ‘tree count’.

ª 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 5
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To enhance the temporal resolution of the tree

dynamic, we complemented the diachronic analysis with

dendrochronological analysis. Sampling campaigns were

conducted over 3 years (2021, 2022 and 2023), targeting

larch trees across five elevational transects. The transects

extend from the dense forest stand located � 2000 m a.s.l.

to the highest tree individuals (� 2700 m). They were

positioned to cross patches with intense greening, to

account for varying exposure, slope and grazing influ-

ences, in the different watersheds of our study site. We

systematically sampled the dominant trees at regular

intervals along the elevation gradient. Increment cores

were extracted from 532 trees using a Pressler increment

borer. To precisely estimate tree age, cores were taken as

close as possible to the soil surface. All collected samples

were air-dried, mounted and prepared following standard

dendrochronological procedures described by

Bräker (2002). They were subsequently scanned at 2400

DPI using an Epson 10000 XL Scanner. Tree-ring width

series were produced measuring the rings on the

high-resolution images using the program CooRecorder,

and visual cross-dating was undertaken on CDendro 7.6

software (Larsson, 2013). The pith offset, that is, the

number of rings from the pith to the last cross-dated

ring, was estimated using the “DistanceToPith” tool in

CooRecorder, based on the concentric circles method.

While a significant pith offset may lead to an underesti-

mation of ages in older individuals, we anticipate mini-

mal bias given the predominantly young age and limited

diameter of the majority of sampled trees.

Forest structure from dense LIDAR

Data on forest structure were obtained for the end of the

Landsat time series from the high-density point clouds

IGN LiDAR HD from the French lidar High-Density

(LiDAR HD) campaign (https://geoservices.ign.fr/lidarhd)

collected in summer 2021 over our study site. Across our

study site, the average point density is 26.4 points/m2,

with 24 pulses/m2 and a total of 5.55 billion points cover-

ing the entire watershed. The point cloud was processed

using the ‘lidR’ R package (Roussel et al., 2020). As a first

step, we normalized point height using Delaunay triangu-

lation for spatial interpolation with default parameters.

Next, we constructed a canopy height model (CHM)

using a normalized point cloud through the points-to-

raster method with default parameters. Finally, we

extracted the apex tree height for each of the individuals

identified through photointerpretation on the 2018 aerial

image (Forest stands characteristics from photo interpre-

tation and dendrochronology Section).

For each Landsat pixel (30 × 30 m), we extracted two

metrics representing the forest structure in recent years:

(1) the local maximum height and (2) the local tree

height variability. The latter is calculated as the normal-

ized difference between the ninth and the first quantile of

the tree height distribution within each Landsat pixel

(Fig. 2). This index tends to be closer to one when there

is a greater difference between the smallest and tallest tree

heights within a pixel, and closer to zero when this differ-

ence is lower. It represents the homogeneity of forest

structure within each pixel. We preferred using a quantile

instead of a simple standard deviation as it is less sensi-

tive to extreme values. As the data is only available for

the year 2021, it is interpreted as an indicator of the for-

est structure at the end of the Landsat time series.

Statistical analysis

We performed three distinct analyses corresponding to

(1) detection, (2) attribution and (3) ecological interpre-

tation of the greening signal.

1. We explored the distribution of Landsat greening

direction and magnitude across mesotopographic gra-

dients defined by elevation data obtained from the

25 m EU-DEM (https://land.copernicus.eu/imagery-in-

situ/eu-dem/) and Diurnal Anisotropic Heat Index

(DAH) resampled on Landsat grid using bilinear inter-

polation. The DAH index approximates the anisotropic

heating of the land surface due to radiation (Böhner &

Antonić, 2009). We computed DAH as cos(amax–
a) × arctan(b), where a is the aspect, b is the slope and

the parameter amax corresponds to the aspect with the

maximum total heat surplus. We used the default

amax value of 202.5° in SAGA 7.8.2. Values closer to

�1 have low radiation energy (steep north-exposed

slopes) while values closer to +1 have high radiation

energy throughout the day (steep south-exposed

slopes). Values around 0 represent flat surfaces.

2. We explored the attribution of greening to ecological

processes by comparing greening to changes in tree

count within similar mesotopographic gradients. For

this purpose, we split Landsat pixels showing signifi-

cant greening (P\ 0.05) into those attributed (with

changes in tree count) and those not attributed (with-

out tree count changes, including the absence of tree

in both periods) to forest dynamics.

3. We deciphered patterns of greening attributed to forest

dynamics using tree count changes, tree age estimates

and forest structure metrics (local maximum height

and normalized variability). To achieve this goal, we

(Spatial distribution and attribution of greening Sec-

tion) examined the distribution of each variable along

elevation. Next, we (Causal relationships between

greening, forest stands and structure dynamics Section)

6 ª 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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implemented two random forest analyses and partial

dependence plots to identify the best predictors of

greening. For the first analysis, we built a pixel-based

random forest using only tree count changes, local

maximum height and local maximum normalized vari-

ability as predictors of greening to maximize the num-

ber of samples used. The second analysis involved

building a sample-based random forest where we

extracted greening, tree count changes, local maximum

height and local maximum normalized variability at

the location of dendrochronological samples. This

allowed us to include tree age estimates in our analysis.

Variance explained and variables importance presented

in the results section are derived from this second

model. We computed each random forest 100 times by

randomly selecting two-thirds of the dataset to obtain

uncertainty estimates. Partial dependence plots were

generated to assess how greening trends varied across

the range of the predictor while holding all other pre-

dictors at their average value. We computed the quan-

tiles of greening values, elevation and proportion for

each category of pixel including non-significant pixels,

significant greening, significant greening attributed to

forest expansion and significant greening not attributed

to forest expansion. All the analyses were performed

using the randomForest, caret and pdp R packages

(Greenwell, 2017; Kuhn et al., 2023; Liaw & Wie-

ner, 2002). Finally, we present a synthetic view of the

relationships between greening and advancing treelines.

Results

Spatial distribution and attribution of
greening

We observed high variability in the spatial distribution of

greening magnitude (Fig. 3A) with the highest magni-

tudes observed on north-exposed slopes between 2100

and 2300 m (0.005 kNDVImax/year, Fig. 3B). In total,

61.5% of the watershed area above 2000 m. shows signifi-

cant greening (P\ 0.05), although with pronounced spa-

tial disparities (Fig. 3C and D). On north-exposed slopes

between 2100 and 2300 m, nearly 100% of the pixels

exhibited significant positive greening (Fig. 3D), whereas

this percentage decreases to 60% between 2300 and

2700 m. By contrast, on south-exposed slopes, the pro-

portion of pixels showing significant greening is higher

above (60%) than below (45%) 2400 m (Fig. 3D). The

number of tree individuals more than doubled over the

Landsat acquisition period with 140 210 trees identified in

1983 compared to 355 011 in 2018 (Fig. 4A). Increases in

tree individual count were observed for all elevation and

exposition in the watershed, but with a maximum

between 2100 and 2300 m, mainly on north-exposed

slopes (Fig. 4B). Based on the presence/absence of tree

count changes, we attributed significant greening to either

‘forest dynamics’ or ‘other ecological processes’. Across

the entire watershed, we found that 56% of significant

greening coincided with an increasing number of identi-

fied trees, while greening was attributed to other ecologi-

cal processes for 44% of the pixels. (Fig. 5A). Along

mesotopographic gradients, the proportion of greening

attributed to forest dynamics reaches 90% in

north-exposed slopes of the subalpine belt (between 2000

and 2300 m above sea level) compared to 70% in

south-exposed slopes at similar elevations (Fig. 5B).

Between 2400 and 2500 m, this proportion decreases to

30%, and it is nearly absent above 2500 m (Fig. 5B).

Causal relationships between greening,
forest stands and structure dynamics

The distribution of tree count changes shows a maximum

between 2150 and 2250 m coinciding with local maximum

tree recruitment mostly occurring between 1980 and 1990

(Fig. 6A). The oldest tree individuals measured were

established around the year 1985 at an elevation of

2150 m. Progressively between 2150 and 2300 m, the

establishment year changes from 1985 to 2000. Above

2300 m, all trees sampled were found to have been estab-

lished around the year 2005 (Fig. 6A). The local maxi-

mum tree height progressively decreases from 16m at

2000 m to 2 m at 2600 m. At around 2200 m, the highest

tree height is approximately 10 m (Fig. 6B). The local tree

height normalized variability slightly peaks around

2000 m with the lowest variability observed above 2350 m

and moderate variability under 2100 m (Fig. 6B). As pre-

viously shown in Figure 3, greening is peaking around

2200 m (Fig. 6C).

The random forest model including the four predictor

variables explains 74.30% of the variance in greening.

Tree count changes were the most important variable in

explaining these trends, followed by local tree maximum

height, local tree height variability and establishment year,

in decreasing order of importance. We used partial

dependence plots to explore the relationship between each

variable and greening while removing the effect of other

predictors. Greening shows progressive increase, ranging

from 0.0031 NDVI/year when there are no changes in tree

count to 0.0045 NDVI/year in areas with the highest tree

count change between 1983 and 2018 (Fig. 7A). Trees

recruited between 1980 and 1990 exhibit consistently high

greening at 0.00425 NDVI/year, whereas younger trees

recruited after 2005 show lower trends at 0.00375 NDVI/

ª 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 7
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year but with greater variability (Fig. 7B). Greening is

highest for stands dominated by tree of moderate height

around 15 m (0.0045 NDVI/year), moderate for taller

trees around 30 m (0.0037 NDVI/year) and lower for

smaller trees around 5m (0.003 NDVI/year) (Fig. 7C).

Greening peaks when local tree height variability is high-

est, 0.00385 NDVI/year compared to 0.00325 NDVI/year

for low local tree height variability (Fig. 7D). To summa-

rize, our findings indicate that greening is tightly associ-

ated with forest stands dominated by 30–40 years-old
trees, exhibiting high variability in tree height (around a

median of 15 m) and having undergone a strong increase

of the number of trees in the last four decades (Fig. 8).

We found that pixels exhibiting significant greening not

attributed to forest expansion had greening values of

0.0017 NDVI/year [0.0011/0.0025] compared to 0.0031

NDVI/year [0.0021/0.0045] for those attributed to forest

expansion. Within greening pixels attributed to forest

expansion, we found high variability among pixels with

the highest values reaching 0.0056 NDVI/year [0.0038/

0.0076] for pixels corresponding to forest stands domi-

nated by 30–40 years-old trees, high variability in tree

Figure 3. (A) Distribution of Landsat-based greening trends over our study site. (B) Distribution of average greening trends along gradients of

elevation and aspect for all pixels in the study site. Cells in white have less than 10 pixels and are not shown. (C) Percentage of significant

positive trends over the whole area. (D) Distribution of the percentage of significant positive trends along elevation and aspect gradients for all

pixels in the study site.
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height and high increase in tree count number (Table 1).

In older and younger stands, greening values were around

0.003 NDVI/year [0.0025/0.0046].

Discussion

Studies on plant dynamics using satellite imagery often

face challenges in interpreting results ecologically. This

paper addresses these challenges by developing a statisti-

cally robust method to estimate greening (Fig. 3) and

comparing it with datasets describing trajectories of forest

stands and structure (Fig. 2). Previous studies have iden-

tified the south-western European Alps, especially the

sparsely vegetated north-facing subalpine areas around

2200 m, as greening hotspots (Choler et al., 2021; Rumpf

et al., 2022). We found similar patterns over the Cayolle

watershed (Fig. 3), indicating that our study site is repre-

sentative of this hotspot. We found that the spatial vari-

ability of greening is mostly driven by forest dynamics

(Fig. 4), with more than half of the greening attributed to

changes in tree count over the watershed, and almost all

of it for subalpine north-exposed (Fig. 5). This indicates

that the dynamics of the advancing treeline are the pri-

mary cause of the observed intensified greening in this

area. By mobilizing a unique assemblage of datasets on

tree count changes, age and forest structure (Figs. 2 and

6), we identified the specific moment, within the forest

successional stage, that coincides with the highest green-

ing magnitudes (Fig. 7). This corresponds to an interme-

diate stage of advancing treelines, with stands composed

of 40 years old, tall trees and ongoing closure of clearings

by younger individuals (Fig. 8). The contributions of this

paper are threefold: (1) forest dynamics are the predomi-

nant factor contributing to greening in the south-western

Alps; (2) for a given stage of forest succession, the green-

ing peaks occurs when the vertical growth of the early

established trees coincides with the closure of clearings by

younger individuals leading to a notable expansion of

both vertical and horizontal vegetation cover; (3) greening

is a reliable indicator for monitoring forest dynamics

across extensive geographical scales and over prolonged

periods, potentially spanning decades.

Attributing alpine greening to ecological
processes

This detailed analysis of how satellites capture ecological

processes is conceptually part of the approach to move

beyond the diagnostic of change (production of greening

maps and identification of hotspots and spatial patterns)

toward the attribution to underlying ecological processes.

In a given area, several ecological processes can take place

simultaneously, all potentially resulting in an increase in

NDVI of comparable magnitude. However, the drivers of

these processes and the consequences can vary greatly.

We demonstrate that within the study area, forest dynam-

ics account for the majority of the greening, although in

certain locations, particularly at higher elevations, more

than half, or even all, of the greening is attributed to

other ecological processes (Fig. 5B).

Figure 4. (A) Number of photo-interpreted trees along elevation for 1983 and 2018. (B) Distribution of absolute tree count changes between

1983 and 2018 along gradients of elevation and DAH.
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For example, we have identified a summit grassland

around 2600m which was degraded in 1983 but has since

recovered by 2018 (Fig. 5C). This grassland, historically used

as a sheep resting place before the return of wolves in the late

1990s, shows high greening rates, reaching up to 0.008

NDVI/year, surpassing the average greening observed in

Figure 5. (A) Distribution and proportion of pixels with significant greening trends (P< 0.1) associated with tree count change with inset map for (C). (B)

Proportion of greening trends attributed to tree count changes along mesotopographic gradients. (C) Examples of very high-resolution infra-red colours

images from 1983 (40 cm) and 2018 (20 cm) and greening trends over two sites highlight the overlapping trajectories of treeline and greening trends.
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advancing treelines at lower elevations. Similarly, in a wider

alpine context, several studies confirm that distinct ecologi-

cal processes could be reflected in a closely related radiomet-

ric signal. Dentant et al. (2023) thus linked intense greening

(up to 0.004 NDVI/year) to increases in plant species rich-

ness attributed to the upward migration of competitive spe-

cies on high-elevation nunataks of Mont-Blanc. In proglacial

margins, Bayle et al. (2023) attributed the high magnitude of

greening (up to a maximum of 0.01 NDVI/year) to the

opening of new surfaces for colonization and slope stabiliza-

tion following deglaciation (Eichel et al., 2023). Large-scale

studies such as those of Choler et al. (2021) or Rumpf

et al. (2022) in the European Alps encompass numerous eco-

logical processes. However, there is no doubt that the vari-

ables driving these ecological processes differ from one

another. Failure to consider these processes independently

Figure 6. Distribution of (A) forest stands (tree count changes and tree recruitment year), (B) forest structure (local tree height variability and

maximum) variables and (C) greening variable along elevation gradients for pixels exhibiting significant greening attributed to tree trajectories.

Solid and dashed lines represent the median, and quantile 25 and 75 values respectively obtained from quantile Generalized Additive Models

(qGAM).
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necessarily results in oversimplification and may lead to mis-

interpretation of both causes and consequences of the green-

ing complexity (Myers-Smith et al., 2020).

Temporality of satellite observations in
advancing treelines

Forest development typically follows successional stages that

have been widely discussed and theorized (Oliver &

Larson, 1996), leading to variations in tree count, age,

height or structure complexity over space and time (van

Ewijk et al., 2011). Along the elevational gradient, we iden-

tified several stages including mature stands comprising

multi(centennial)-old tall trees with moderate structural

complexity and limited changes in tree count at lower ele-

vations (Fig. 6). On the other hand, high elevations stands

are in a pioneering stage, characterized by young and small

trees, sparsely distributed and with limited height variations.

Figure 7. Partial dependence plots of predictor variables in a Random Forest regression model. Solid and dashed lines represent the median, and

quantile 25 and 75 values respectively obtained by recomputing the analysis using randomly 66% of the dataset each time.
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In the central portion of the gradient, larch forest typically

represents an intermediate stage with 40-year-old tall trees

and the ongoing closure of clearings by younger individ-

uals, resulting in high complexity in forest structures

(Fig. 6). Among those stages, greening is found to be the

highest in areas currently exhibiting the intermediate stage

(Fig. 7). This suggests that Landsat-based accounts of

greening peaked when the initial establishment occurred

� 40 years ago, at the beginning of the Landsat time series.

Consequently, other greening estimates based on sensors

such as MODIS would fail to capture this peak. During this

period, trees from the initial wave of establishment have

increased in height and the density of the understory strata

has risen (Fig. 8), corresponding to both increased horizon-

tal and vertical vegetation cover (Myers-Smith et al., 2011).

In this context, we can reasonably hypothesize that older

stands below 2100m a.s.l. represent a post-greening stage,

which would have been identified as a greening hotspot in

an earlier time window. Conversely, we expect higher-

elevation grasslands undergoing initial establishment to

show increased greening magnitude in the coming decades,

assuming favourable environmental conditions persist

(Fig. 8). Landsat-based greening is measured between 1984

and 2023, representing a snapshot within the true but

unknown temporal scale at which ecological processes

unfold. Consequently, the sensitivity of remote sensing

measurements significantly relies on the kinetics of the

underlying processes, and whether they generate a suffi-

ciently significant signal during this limited 40-year obser-

vation period. In the European Alps, landscapes have been

shaped by human activity for thousands of years

(Giguet-Covex et al., 2014; Pini et al., 2017). In the south-

ern French Alps, the earliest stone structures associated with

pastoralism, dating to ca. 2500 BC, are found at elevations

between 2100 and 2400m (Walsh, 2015) presupposing for-

est clearance designed to create more suitable pasture.

These practices have continued throughout the Holocene

with varying intensity (Giguet-Covex et al., 2014). After a

period of expansion following the Black Death, the French

forest contracted almost continuously, reaching a minimum

in the early 19th century, followed by an increase in forest

cover up to the present (Mather et al., 1999; Meyfroidt

Figure 8. Link between forest successional stage and forest stands and structure characteristics and its translation into greening. Four forest

successional stages are distinguished with the main processes of forest in growth and expansion underlined. Greening magnitude is interpreted in

light of the transition between forest successional stages (and corresponding changes in vegetation cover), suggesting the existence of pre-

greening, greening and post-greening stages in the context of advancing treelines.
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et al., 2010; Meyfroidt & Lambin, 2011). Landsat-based

greening and associated forest expansion over the last four

decades hence only capture the most recent moment of this

multi-centennial trajectory.

Greening as a proxy for shifting treelines

One of the most striking ongoing ecological trajectories

in alpine ecosystems worldwide is the upward shift of

treelines (Devi et al., 2008; Harsch et al., 2009; Liang

et al., 2011). This phenomenon is an extensively observed

ecological trend in the European Alps (Anselmetto

et al., 2024), with well-documented case studies in the

central Austrian and Italian Alps (Malfasi & Can-

none, 2020; Tasser et al., 2007), Switzerland (Gehrig-Fasel

et al., 2007; Vittoz, Rulence, et al., 2008) and France

(Didier, 2001). Similar trends are reported in neighbour-

ing mountain ranges including the Pyrenees (Camarero

et al., 2018; Camarero & Gutiérrez, 2004), the Apennines

(Garbarino et al., 2023; Vitali et al., 2018) and the Car-

pathians (Kucsicsa & Bălteanu, 2020). Despite extensive

studies, the spatial variability in the magnitude of treeline

changes remains puzzling with contrasting kinetics of

treeline trajectories observed in the European Alps (Dinca

et al., 2017). In particular, the interactions between the

factors driving treeline shifts, such as climate, topography,

species distribution and geomorphological activity, remain

unclear. Most studies exploring treeline shift have relied

on repeated field surveys, diachronic series of maps or

photographs or dendrochronology, thus limiting the sur-

face area from which conclusions can be drawn. Using

greening as a proxy for advancing treelines offers a sim-

plified and scalable approach (Garbarino et al., 2023; Wei

et al., 2020). This perspective partly aligns with the results

of Bolton et al. (2018) who explored the distribution of

Landsat-based greening along forest structure gradients

and observed faster changes at the ecotone compared to

closed forest and open lands. Similarly, Berner and

Goetz (2022) tracked greening along gradients of tree

cover density at the Boreal biome scale and found a signal

consistent with a poleward biome shift. Yet, both studies

relied on spatial co-occurrence rather than causal evi-

dence, leading to results that have sparked controversy

due to discrepancies with field studies (Timoney, 2022).

This calls for an improved understanding of how advanc-

ing treelines translate into greening signals.

Here, we address this knowledge gap by providing a

better understanding of how the population and struc-

tural trajectory of an advancing treeline influence the

magnitude of greening. Our results not only confirm the

validity of greening as a proxy for advancing treelines but

also enable exploration of their large-scale drivers. Addi-

tionally, while we are considering greening as a single

monotonic trend over the last four decades, tracking

interannual variability of maximum NDVI might high-

light non-linear trajectories of forest expansion (Bayle

et al., 2022). This is significant as forest expansion might

have occurred at an irregular rate during this period con-

sidering that warming mostly occurred in the 1990s. Fur-

thermore, the reappearance of wolves in the 1990s

(Campion-Vincent, 2005) led to changes in sheep prac-

tices, which potentially influenced the treeline movement

(Espuno et al., 2004). Beyond greening, studying the tem-

poral variability of NDVImax trends could improve our

understanding of the intertwined effects of climate and

land-use change over the last four decades.

Limits of datasets and analysis

In this study, we mobilized four independent datasets to

characterize stand and forest structure, each with its limi-

tations and inaccuracies. Diachronic analysis of aerial

Table 1. Summary of greening values and proportion of greening

pixels. Non-significant and significant pixels correspond to pixels with

a P> 0.01 and P< 0.01, respectively, with the proportion being rela-

tive to the entire study area. Significant greening attributed, or not,

to forest, expansion corresponds to pixels exhibiting significant green-

ing (P< 0.01) and with changes, or no changes, in tree count

between the two periods. Within greening pixels attributed to forest

expansion, we distinguished the three stages (pre-greening, greening

and post-greening) described in Figure 8. Values correspond to the

median and first and third quantiles.

Pixel categories

Greening

values (NDVI/

year)

Proportion

(%)

Elevation

(m)

Non-significant (P> 0.01) 0.0005

[0.0001/

0.0012]

51 2499

[2376/

2621]

Significant greening

(P< 0.01)

0.0024

[0.0015/

0.0036]

49 2364

[2224/

2517]

Significant greening

attributed to forest

expansion

0.0031

[0.0021/

0.0045]

56 2268

[2152/

2369]

Pre-greening stage 0.0035

[0.0025/

0.0047]

37 2306

[2239/

2360]

Greening stage 0.0056

[0.0038/

0.0076]

37 2193

[2133/

2257]

Post-greening stage 0.0032

[0.0024/

0.0044]

26 2085

[2044/

2134]

Significant greening not

attributed to forest

expansion

0.0017

[0.0011/

0.0025]

44 2525

[2395/

2613]
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photographs has been used to study treeline movement

by either image classification approach (Carlson

et al., 2014; Vitali et al., 2018) or manual and

machine-based photo interpretation of tree individuals

(Treml et al., 2016). Our photointerpretation was con-

ducted manually on two sets of images with differing spa-

tial resolution, radiometric quality and taken, at different

times of day. We found that our ability to identify smaller

trees and differentiate them from larger bushes depended

significantly on the shade cast by the tree. During field

sampling, we realized that trees smaller than 1 m 50 were

not identifiable on the 2018 images, with this threshold

likely being slightly higher on older images, leading to

overestimation of tree count changes between both

periods. This bias could limit our interpretation of the

association between greening and forest succession

(Fig. 8), as we cannot confirm that trees newly present in

2018 were not simply small and undetectable in 1983.

Nevertheless, our analysis also relied on tree dating by

coring at the base to determine the date of recruitment

(Fig. 2). This approach allows us to quantify the age gra-

dient along greening and altitude with confidence

(Fig. 6), although the absolute age of the trees is probably

slightly underestimated due to pith missing during the

coring process (Wong & Lertzman, 2001) and our sam-

pling only covers a limited part of our study site (Fig. 1).

Similarly, the forest structure metrics we relied on are

simplified proxies. Based on our LiDAR dataset, with an

average point of 26.4 points/m2, we could not compute

more accurate metrics such as the Vertical Complexity

Index (van Ewijk et al., 2011) as in Gril et al. (2023).

Additionally, forest structure metrics were computed at

the Landsat-pixel scale (30 m) to match other data, but

this scale might not be ideal for capturing forest struc-

tural diversity (Atkins et al., 2023).

Despite these limitations, we are confident that our

study provides a detailed interpretation of greening in

ecological terms. However, transposing these findings to

other mountain regions remains challenging. The

advancement of the treeline at our study site is particu-

larly rapid and consists entirely of Larch trees, known for

their pioneering capacity due to rapid growth, short time

between germination and sexual maturity and anemo-

chorous seeds (Fourchy, 1953). The sensitivity of the

remote sensing measurements significantly relies on the

kinetics of the underlying process, and whether it gener-

ates a sufficiently significant signal during the 40-year

observation period. For example, we cannot assert that

the widely studied Pinus uncinata advancing treeline will

produce a similar signal, given its much longer reproduc-

tion times and spread by zoochory. Additionally, consid-

ering the current elevation of the P. uncinata treeline at

around 2000 m, climatic control on forest expansion is

expected to be limited (Gehrig-Fasel et al., 2007). Further

studies in different contexts, including other treeline-

forming tree species, varying rates of expansion and at

different elevations or latitudes, particularly closer to the

climatic treeline, are needed to better understand the

complex link between the radiometric signal and advanc-

ing treelines.

Conclusion

In this study, we quantified Landsat-based greening over

the last four decades in a large watershed of the South-

western Alps, an area identified as a hotspot of greening

at the scale of the European Alps. Using a heterogeneous

and multidisciplinary dataset compiled for a single area,

we demonstrated that more than half of significant green-

ing in the watershed is attributed to forest dynamics,

though there is considerable variation in greening magni-

tude within advancing treelines. Greening is found to be

particularly high when the initial establishment occurred

at the beginning of the Landsat time series; During the

observation period, this first wave of recruitment has

grown while the understory strata have been re-colonized

by other trees, leading to increased horizontal and vertical

vegetation cover. These new findings provide valuable

insights into the ecological processes underlying alpine

greening and offer an opportunity to study treeline

dynamics at a large scale using greening as a proxy.
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