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ABSTRACT

The exposure of insular species to local disturbances can influence their evolutionary trajectory resulting in
specific adaptations. On the island La Palma, Canary Islands, the archipelago-endemic tree species Pinus can-
ariensis forms forest ecosystems and has been described to be adapted to wildfires. The frequency of these in the
recent past, however, is higher due to anthropogenic activities. Recent studies suggest that the species traits
might also be an evolutionary response to volcanic outbreaks, consisting of massive sulfur dioxide (SOz) emis-
sions and ash fall. Several stands of P. canariensis have been exposed to both disturbances, wildfires and volcanic
outbreaks, in the recent past. We assess the recovery of P. canariensis after double exposure to these disturbances.
P. canariensis recovery was assessed based on Sentintel-2 NDVI images within a 7 km radius of the craters of the
Tajogaite volcano that erupted in 2021. Within the same area, wildfires occurred in 2009, 2012 and 2016. We
used a Generalized Additive Model (GAM) to assess the recovery of P. canariensis after volcanic and wildfire
disturbances. The model shows the P. canariensis forest recovers after the volcanic outbreak with a peak at a
distance of 1000-1200 m to the eruption crater, which is in line with our first hypothesis. Our second hypothesis
was met with unexpected results, forests exposed to the recent wildfire in 2016 showed an increased recovery,
which underlines that P. canariensis exhibits traits related to fire adaptation or might also be the result of stand-
specific characteristics such as forest height or local topography. The double pressure of volcanic and forest fire
disturbances did not lead to suppressed recovery of the Canary-endemic tree species and highlights the resilience
of P. canariensis.

1. Introduction

environmental gradients conducive to adaptation and speciation
(Doebeli and Dieckmann, 2003; Lopez de Heredia et al., 2014). Volca-

Volcanic eruptions are primordial drivers of evolution, particularly nism impacts vegetation structures via burial by lava flows and tephra

on oceanic islands (Nogales et al., 2022). During the volcanically active
phase of oceanic islands, eruption events form a pulsed disturbance
regime. Eruption occurrence and subsequent impacts vary in magnitude,
duration, and intensity, ranging from resetting local assembly processes
to widespread destruction of ecosystems (Del Moral & Grishin, 1999;
Turner et al., 2020). The physical and geochemical processes of volca-
nism shape ecosystems, generating heterogeneous landscapes and steep
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fallout (Mack, 1981; Zobel and Antos, 1997; Kent et al., 2001; Rodriguez
Martin et al., 2013), exposure to extreme temperatures, and chemical
toxicity from volcanic gases (Clarkson and Clarkson, 1994; Weiser et al.,
2022; 2023). Beginning with the eruptions of Krakayau (Ernst & Seward,
1908) and Katmai (Griggs, 1915), research on ecological responses to
volcanism has until now focused primarily on tephra burial (Zobel and
Antos, 1997; 2022), community succession (Tsuyuzaki, (1991); del
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Moral, (2000); Chang et al., (2019); Ishaq et al., (2020); Saenz-Ceja
etal., (2022); Wilkens et al., (in review), biodiversity loss (Nogales et al.,
2022), and overall damage to vegetation (Veblen et al., 1977; Tortini
et al., 2017; Weiser et al., 2022). While studies have been done on
vegetation recovery following volcanic eruptions at Mt. St, Helens in
Washington, USA and Mt. Takumbe in Japan (del Moral & Grishin,
1999; del Moral 2000; del Moral & Wood, 2012; Cook & Halpern 2018),
until now, research on vegetation recovery following overlapping,
interacting volcanic and fire disturbances is still missing.

Island endemics of otherwise commonly herbaceous taxa have been
theorized to develop insular woodiness to re-emerge from ash and
tephra deposits (Beierkuhnlein et al., 2023). However, surrounding tree
species have long been exposed to extreme temperatures and volcanic
gases like sulfur dioxide (SO-) during eruptions as they are only partially
buried by pyroclastic flows. This has given rise to the highly resilient
tree species Pinus canariensis C. Sm which has formed near mono-
dominant stands across the western Canary Islands (Lopez de Heredia
etal., 2010; Nogales et al., 2022), thus the terms P. canariensis forest and
Canary Pine forest are used here interchangeably. P. canariensis is
well-known as a highly fire-adapted species due to its thick bark, its
prowess as a colonizer of bare soils, serotinous cones forming the canopy
seed bank, and near immediate resprouting following severe burning
(Climent et al., 2004; Pausas & Keeley, 2017). However, these adapta-
tions to fire could just be a side-effect of species adaptations to volca-
nism (Nogales et al., 2022). That is, historically, forest fires have rarely
occurred more than once every 20 years on the islands (Arévalo et al.,
2001). Before the appearance of humans, microcharcoal as an indicator
of wildfires was very rare, hinting at even fewer fire events (De Nasci-
mento et al., 2009; Nogué et al., 2013). Since the 1960s, La Palma has
seen a shift in fire frequency as land use changes have led to the pro-
liferation of large-scale, nonfrequent burns opposed to small-scale,
frequent ones (Molina-Terrén et al., 2016). Nonetheless, the resilient
traits of P. canariensis have mainly been researched following fire (Page,
1974; Arévalo et al., 2001; Climent et al., 2002; 2004,; Fernandes et al.,
2008; Keeley, 2012; Méndez et al., 2015; Molina-Terrén et al., 2016;
Chano et al.,, 2023). In this study, we monitor the recovery of
P. canariensis for the first time after a volcanic eruption and recent
wildfires.

In 2021, the Tajogaite volcano erupted on the island of La Palma,
Canary Islands, Spain, serving as the island’s largest and longest (19
September — 13 December 2021) volcanic eruption within the historical
record (Longpré and Felpeto, 2021). The lava stream flowed down the
western slope of the Cumbre Vieja ridge, covering nearly 1241 ha
(CEMS, n.d.). The lava engulfed immense swaths of land, destroying
urban areas, roads, as well as cultural landscapes and natural vegetation.
Ash blanketed the island, depositing over 23 million m® of material over
65 km? (Bonadonna et al., 2022; Shatto et al., 2024), releasing even
more into the atmosphere. Despite the pine forest around the new crater
being partially buried in ash up to nearly 7 m deep (Shatto et al., 2024),
unburied pine stands experienced intense SOz exposure at over 1 Tg SO2
emitted during the eruption (IGME, 2022), leading to widespread
chlorosis and defoliation of needles within a 7 km radius of the volcano
(Fig. 1; Weiser et al., 2022).

The Tajogaite eruption provides an opportunity to examine pine
forest resilience to the various impacts related to volcanism besides lava
flows. Additionally, effects of interactions between different types of
disturbances become apparent. Previous impacts such as wildfires can
modify stand dynamics after volcanic eruptions (Burton et al., 2020).
The temporal dimensions of disturbance effects extend beyond that of
just their initial abruptness (e.g., magnitude, severity) and the related
loss of biomass (Pickett and White, 1985). The pulsed nature of distur-
bances reflects physical impacts combined with modulations of resource
flows (Yang and Naeem, 2008). However, linkages between abiotic
impacts and biotic responses are often difficult to identify a posteriori.
This results from non-synchronized time scales such as lagged responses,
and complex interactions between biotic and abiotic compartments
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Fig. 1. P. canariensis forest near the Tajogaite volcano showing damage
gradient of complete defoliation of needles in the foreground and severe
chlorotic damage in the distance. Photo taken by Anna Walentowitz.

(Ogle et al., 2015; Buma 2015). For example, forest fires impact eco-
systems by altering nutrient cycles, with immediate increases in soil
nitrogen that diminish over two decades and initial decreases in phos-
phorus that eventually stabilize (Duran et al., 2008; 2009,). Addition-
ally, highly frequent fires may reduce the intensity of future fires but can
increase soil erosion on steep slopes (Harvey et al., 2016; Mora et al.,
2016), eradicating many benefits of fire to the ecosystem. Investigating
how ecological patterns and processes respond to perturbations at
various time scales is crucial for understanding ecosystem dynamics and
predicting ecosystem response to future environmental changes
(Johnstone et al., 2016; Burton et al., 2020). Research on disturbance
interactions is imperative, as compound disturbances can cause rapid
and significant alterations to ecosystems (Turner et al., 2020).

We aim to assess the recovery of P. canariensis stands on La Palma
after double exposure to disturbances, namely wildfires and volcanic
eruption (i.e., exposure to SO2). Weiser et al. (2022) found distance to be
the strongest driver of vegetation damage related to SOz emissions by
the Tajogaite volcano. Therefore, we first hypothesize that recovery rate
will follow hump-shaped curved with distance. Pine stands close to the
crater will show little to no recovery due to the intense SO> damage and
subsequent mortality. Pine stands at intermediate distances will exhibit
the highest recovery rates due to their exceptional resilience and the
severity of damage causing a high difference in greenness compared to
healthy conditions. Pine stands located far away from the crater will not
show a high recovery rate due to the comparatively mild damage and the
resulting small difference in greenness.

As multiple fires have impacted La Palma in recent years, we also
assess the recovery rate of pine stands burned at different times to see if
recent fire history affects pine stand response to SO exposure. Canary
Pine forests recover quickly from fire but may still take several years to a
decade to fully recover (Climent et al., 2004; Méndez et al., 2015). In
this case, the lingering effects of the 2016 fire overlap with the eruption
and subsequent SO: emissions, forming a compound disturbance (Paine
et al., 1998; Buma and Wessman, 2011). We secondly hypothesize that
stands burned by the most recent fire in 2016 will be slower to recover
than stands that had burned earlier or not at all as there was too little
time between disturbances for pine stands to recover fully.

2. Materials and methods
2.1. Study area
This study focuses on the island of La Palma, Canary Islands, Spain

(28°26" to 28°51'N and 18°00' to 17°43'W). La Palma is the most
northwestern island of the Canary archipelago and is located ca. 420 km
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off the west coast of North Africa. The complex topography of the island,
which reaches an altitude of 2426 m a.s.l. as well as its positioning along
trade wind corridors results in variable temperature and precipitation
regimes across the island (Garzon-Marchado et al., 2012).

Pine forests represent the most extensive ecosystem, covering
approximately 248 km? of the island (approximately 35 % of the surface
area) and ranging from 300 — 400 m to roughly 2200 m a.s.1. In contrast
to other islands of the archipelago, they exhibit natural dynamics.

Study Area La Palma

[ 7-km Sulfur Impact Radius
------ Transects
A Eruption Crater
B Lava Flow
I Pine Forest
[]1 2009 Fire
2012 Fire
(12016 Fire
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Plantations are rare.

2.2. Remote sensing and data retrieval

Sentinel-2 imagery was selected to investigate pine forest change due
to SOz exposure. The Sentinel-2 constellation is particularly well suited
for time series analysis given the spatial resolution (10 m) and high
revisit rate of 5 days. Sentinel-2 Level-1C images were downloaded and

Fig. 2. Map of the study region of La Palma, Canary Islands, Spain. On the left, the inset maps illustrate the study location in relation to Europe (top box) and North
Africa (bottom box). On the right, a 2 m spatial resolution DEM hillshade is presented (CNIG, 2022). The sampling design is delineated within a solid black line
representing the 7 km impact radius denoted in Weiser et al. (2022) and black dashed lines represent transects in each cardinal direction. The pine forest is shown in
green, and the past fires are indicated as follows: light blue = 2009 fire, yellow = 2012 fire, purple = 2016 fire. Map was created using QGIS 3.22.7-Bialowieza

(QGIS, 2024).
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preprocessed using FORCE (Framework for Operational Radiometric
Correction for Environmental Monitoring) version 3.7.10 (Frantz,
2019). FORCE is a comprehensive open-source processing engine that
generates Analysis Ready Data (ARD). FORCE deploys the datacube
concept, which segments images into a grid where each tile is
harmonised, standardised, and radiometrically consistent while still
retaining all per-pixel quality information and spectral values. FORCE
ImproPhe (Improving the spatial resolution of land surface Phenology)
was used to enhance the spatial resolution of Sentinel-2 20 m spectral
bands to 10 m resolution. A 30 m Digital Elevation Model (DEM) from
the Shuttle Rader Topography Mission (SRTM) (USGS, 2000) is used for
topographic correction, enhanced shadow detection, and scaling optical
depths with elevation. Only images with less than 75 % cloud cover
were used.

P. canariensis forest ecosystems harbour few species in the under-
story. For this reason, we use the Normalised Difference Vegetation
Index (NDVI) as a proxy for forest health since we can attribute most
greenness to pine trees. Dense patches of understory vegetation can
sometimes be encountered, e.g. shrubs such as Cytisus proliferus L. F. or
Lotus campylocladus ssp. hillebrandii (Christ) Sandral & D.D.Sokoloff,
which can cover vast patches of forest floor after wildfires, given enough
precipitation (Weiser et al., 2021). However, these patches are in our
experience limited to Canary Pine forest with dense canopy cover due to
their need for moisture from fog precipitation, which should therefore
not affect the NDVI in satellite imagery. In addition, several dry years
during our study period further reduces the effect of the understory
vegetation on NDVI. NDVI was generated within FORCE using the Time
Series Analysis submodule (TSA). All pixel values across the study area
were then interpolated at 5-day intervals across the full Sentinel-2
mission duration (Sep 2015 - March 2023). FORCE utilizes an
ensemble of Radial Basis Function (RBF) convolution filters. With this
method, the time series is not fitted as is commonly done with other
interpolation techniques such as splines. Instead, the method deploys a
moving average filter that weighs observations according to a Gaussian
distribution. Since our time series has inconsistent data gaps, we used
multiple kernels of different widths and aggregated their estimates using
a weighted average. This allows us to make better interpolation pre-
dictions by giving preference to kernels with better data availability
(Frantz, 2019). We created such a long time series to ensure that the
seasonal and trend components are well established before analyzing the
time series from the end of the eruption period (December 2021- March
2023).

We established transects in each cardinal direction through the
remaining pine forests within a 7 km radius of the crater. Since no forest
exists to the west of the crater, we only sampled pixels ranging from due
north to due south in 22.5° steps for a total of nine transects (Fig. 2). We
extracted time series along transects at 10 m intervals starting from the
crater, this was later aggregated to the median of each 100 m interval to
increase the overall robustness of the dataset by ensuring that every
selected pixel is representative of the pine forest. Since several craters
are close to the eruption area, we excluded all data points within 200 m
from the craters from the analysis. To ensure all sampled pixels are
forested, we excluded any pixels with less than 30 % tree cover density
according to the Copernicus Tree Cover Product (CLMS, 2022). This
yielded a dataset consisting of 476 data points, each comprising an NDVI
time series.

We calculate the Theil-Sen median slope for each of the 476
extracted NDVI time series. Using the trend R package (Pohlert, 2023),
the Theil-Sen slope (sometimes referred to the Theil-Sen estimator or
Sen’s slope estimator) calculates the median slope between all pairs of
observations across each NDVI time series, effectively estimating a sin-
gle recovery rate for each time series at each data point (Sen, 1968;
Vanderhoof and Hawbaker, 2018). Using the median slope determines a
reasonable estimation for the slope, or rate of recovery, in a population
and is robust to outliers (Wilcox, 2001). In addition, the Theil-Sen
estimator often achieves a smaller standard error than the least
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squares estimator and has, on average, proven to be a more accurate
estimate of the true slope (Wilcox, 2001).

Forest height measurements are derived from the Global Ecosystem
Dynamics Investigation (GEDI) mission which employs high-resolution
lidar technology to capture detailed vertical structure data of forests,
providing approximate measurements of canopy height. Canopy height
may reflect local growth conditions influencing stand health such as soil
moisture and fertility. Topographical variables elevation and slope are
included as landscape features at pixel locations. An elevational gradient
is found between the crater and the Cumbre Vieja ridgeline wherein
forest density is much lower toward the ridgeline and is more affected by
the local wind and precipitation regime along with greater solar radia-
tion exposure Table 1.

Recent fire data was retrieved from the European Forest Fire Infor-
mation System (EFFIS; JRC, 2018) and calculated as the number of years
since the last fire. EFFIS is part of the Copernicus Emergency Manage-
ment Service that provides real-time and historical fire data for Euro-
pean, Middle East, and North African regions. Fire metrics for the 2009,

Table 1

List of variables used in the generalized additive model (GAM). A brief
description of the data is provided along with the source.

Variable Data Description Data Source

Recovery Theil Sen Median Slope (Sen, Sentinel—2 imagery from

Rate 1968) of each NDVI time series Copernicus. Imagery and NDVI
along each transect. Only the time series were preprocessed
median of each 100 m segment and generated with FORCE (
along each transect was used for Frantz, 2019).
analysis. Calculated using the
sens_slope() function from the
trend package v1.1.6 (Pohlert,
2023).

Distance Distance from the eruption crater ~ and Fertility of Soils 45, 781-
calculated in meters. The median  788. http://doi.org/10.100
Recovery Rate is extracted from 7/500374-009-0389-4Points
each 100 m segment along each created manually using points
transect. along geometry function in QGIS

(2024).
Direction The direction of each sampled Created manually in QGIS

Years Since
Fire

7 km transect ranging from
North to East to South at 22.5°
intervals (e.g., 0 (North, N), 22.5
(North-Northeast, NNE), 45
(Northeast, NE), etc.).

Number of years since the
occurrence of a fire (numeric).
The last fires occurred in 2016,
2012 and 20009, respectively.
However, we assumed the 2009
stands were fully recovered
before the eruption and therefore
we grouped these stands together
with unburned stands.

(2024).

European Forest Fire
Information System (EFFIS; JRC,
2018).

Slope The inclination of the terrestrial Centro Nacional de Informacion
surface measured in degrees Geografica (2022)
resampled at 10 m spatial
resolution. Calculated based on a
2 m DEM of La Palma using the
terrain() function in the terra
package v1.7-71 (Hijmans,
2024).
Elevation The elevation of the sampled Centro Nacional de Informacion
location in meters, resampled to Geografica (2022)
10 m spatial resolution.
Forest A spaceborne-based Lidar Forest Global Land Analysis and
Height height measurement from GEDI Discover team at the University
at 25 m spatial resolution of Maryland (Potapov et al.,
resampled to 10 m to match 2021)
Sentinel—2 imagery.
Forest Forest density at 10 m spatial Copernicus Land Monitoring
Density resolution using to filter dataset Service (CLMS, 2018)

to include only pine stands with
at least 30 % canopy coverage.
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2012 and 2016 fires are reported in Table 2.

A correlation analysis was performed to test for highly correlated
variables within the dataset. This prevents further analysis from being
subject to autocorrelation while simplifying the overall variation in the
dataset. The correlation analysis was done using the corrplot R package
(Wei and Simko, 2021), and a high correlation was found between forest
density and forest height (Fig. 3). Forest density also has a small cor-
relation with distance and was already used to filter our data to forested
areas, so we removed it from the analysis. Collinearity was then checked
via the variation inflation function vif() in the usdm package (Naimi
et al., 2014) and none was found between the remaining predictors.

The final dataset was aggregated to the median value of each 100 m
transect interval and is comprised of Theil-Sen median slope (hitherto
referred to as recovery rate), transect direction, distance from the crater
(m), elevation (m), slope (°), forest height (m) and years since last fire.
Fire severity was not assessed since the level of fire intensity is confined
to the amount of available fuel. Since Canary Island pine forests rely
mainly on needle litter for igniting and spreading fire (Hollermann,
2000). We do not assess fire frequency or the overlap between fire events
since the overlap between the 2012 and 2016 fires in minimal and
P. canariensis canopies show little evidence of fire after 2-3 years
(Molina-Terrén et al., 2016).

2.3. Statistical analyses

The recovery rate was fitted to a Generalized Additive Model (GAM)
using the R package mgcv (Wood and Wood, 2015). GAMs are a type of
regression model that allows for modelling nonlinear relationships be-
tween response and predictor variables (Wood 2017). While GAMs build
on the additive structure of Generalized Linear Models (GLM), they are
more suitable for multifactor analysis as linear terms of GLMs are
replaced with non-parametric functions in GAMs (Hastie & Tibshirani,
2014). GAMs allow for curves when fitting the regression line to account
for the complexity within the data. The amount of flexibility in the
smoothing term is measured using effective degrees of freedom (EDF).
EDF is constrained to the number of smoothing functions (k) for the
predictor variables, with a low EDF indicating less flexibility. In com-
parison, a higher EDF suggests a more complex term with greater flex-
ibility (Hastie, & Tibshirani, 1986). The model was fitted using the
following formula:

Recovery Rate ~ s(Distance, by = Direction) + s(Distance, Years Since
Fire) + s(Slope) + s(Elevation) + s(Forest Height), correlation = corAR1
(form= ~ Distance)

where s() terms refer to smoothing parameters. Here, distance from the
crater (Distance) was fit a smoothing parameter in each transect direc-
tion (Direction) to assess whether certain areas may be recovering faster
than others while accounting for the broad differences between distinct
transect characteristics. Regarding the potential effect of fire history on
recovery rate following the eruption, we fit an interaction term that
includes Distance and years since the last fire (Years Since Fire). Since
Distance is not modelled as a single predictor, estimating the total effect

Table 2

List of recent fires on La Palma according to the European Forest Fire Informa-
tion System (EFFIS) product. Metrics include total area burned (ha.) and
coniferous forest area burned within that total area (%). Pine forest area burned
(%) reflects the proportion of coniferous forests burned within the total area
burned per fire. This metric does not reflect the proportion of burned coniferous
forest in relation to the entire island.

Fire Total area burned Forest area burned within each burned
Year (ha) area (%)

2009 6073 55.3

2012 1128 54.3

2016 4629 68.7
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of Distance on the model is difficult. Topographic variables (Slope,
Elevation) and forest height were fit using smoothing parameters.
Finally, to account for spatial autocorrelation between predictors, we
included an auto-regressive correlation structure in the model using the
function corARI() from the mgcv package. This was done for Distance
since this is the main spatial term and Weiser et al. (2022) found forest
damage to be strongly striven by stand distance to the eruption crater.

We use explained deviance to measure the goodness of model fit and
use the F value, to compare the amount of explanatory power added by
the smooth term of each variable. F value is commonly used as a mea-
sure of effect and a higher the F value indicates improved model fit
(Wood 2017). We use the terms F value and effect size interchangeably
throughout the remainder of the text. In addition, we used the MakiCV.
nlme() function (Kiene, 2024) to perform a k-fold cross-validation (CV)
to ensure model stability for making predictions. After including five
folds with 100 repetitions, the CV yielded an RMSE of 1.0431 and a
standard deviation of RMSE of 0.1629, indicating an adequately accu-
rate and stable model.

3. Results

The GAM demonstrates high explanatory power, accounting for
88.3 % of the explained deviance across the dataset (Table 3). All the
predictors were significant except for the E and ESE transects. These
variables also had little impact on the recovery rate when compared to
the other variables across the model, given that ESE had the lowest F
value (effect size) and E had an EDF of less than one, indicating no or just
a neglectable explanatory power.

The mean distance of all transects from the crater demonstrates a
strong pattern with recovery rate. While pine stands within roughly
200 m of the crater still do not appear to be recovering, recovery rate
then peaks around 1000 m away from the crater before gradually
declining with distance (Fig. 4A, B). Distance was not modelled as a
single predictor, but as an interaction term with either transect direction
or years since fire. Therefore, no effect size can solely or directly
represent the total effect size of distance on the model. Variables
modelled with distance have F values ranging from 1.465 (Direction
ESE) to 11.605 (years since fire).

The interaction between distance and years since fire was highly
significant and had the greatest effect on the model with an effect size of
11.605. The stands burned by the 2016 fire had the highest median
recovery rate with a Theil-Sen median slope of 4.50. This is followed by
pine stands burned in 2012 (4.43), 2009 (4.14) and unburned stands
(3.86) (Fig. 5A). The model reported a standard error between 0.31 and
0.33 for each fire (Fig. 5B).

Of the two topographic variables, only elevation had a significant
effect on the model. Elevation had a low effect on recovery rate with an
effect size of 2.736. The recovery rate appears to be highest at an
elevation of about 1200 m when considering the locally estimated
scatterplot smoothing (loess). However, recovery rate seems to hit its
maximum anywhere from 900 — 1300 m (Fig. 6A). Slope has the second
lowest effect on the model with an effect size of 1.844 and recovery rate
appears highest around a slope of 27° while the maximum seems to be
reached at a slope ranging from 8 to 32° (Fig. 6B).

The final predictor, forest height, had a significant effect on the
model with an effect size of 8.721, the highest among predictors not
modelled with distance. Recovery rate has a positive overall correlation
with forest height as recovery rate increases with forest height (Fig. 7).
Maximum recovery rate is reached in pine stands with a height between
12 - 18 m but appears to increase in stands 30 m tall.

4. Discussion
4.1. Distance and direction

In this study, we investigated the environmental parameters driving
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Fig. 3. Correlation analysis of predictor variables for input in the generalized additive model (GAM). Blue hues correspond to a strong positive correlation between
predictors on the two axes and red hues correspond to a strong negative correlation between predictors.

Table 3

Summary of parameters used in the generalized additive model (GAM)
explaining recovery rate. The recovery rate is estimated using the Theil-Sen
median slope. Basis functions (k) were adjusted according to the smoothing
parameters (s) of individual variables, and no additional scale parameters were
used. Transect directions are denoted as follows: N = North, NNE = North-
Northeast, NE = Northeast, ENE = East-Northeast, E = East, ESE = East-
Southeast, SE = Southeast, SSE = South-Southeast, S = South. Effective de-
grees of freedom (EDF) were measured for the smoothing terms and represent
the overall complexity and fit of the curve to the model. EDF values of nearly one
represent a near-linear correlation while less than one show little to no effect on
the response variable. The F value is a measure of the effect size the predictor has
on the response variable. Deviance explained is the goodness of fit measure for
the GAM.

GAM Parametric coefficients:

Estimate  Std. Error  t- Pr(>|t])
value
(intercept) 3.93089 0.05991 65.61 <2e—16 ***
GAM Approximate significance of smooth terms:

EDF Ref.df F p-value
s(Distance):DirectionN 5.476 6.213 4.872 6.77e—05
s(Distance):DirectionNNE 8.455 8.775 3.772 0.000156
s(Distance):DirectionNE 3.840 4.700 5.222 0.000159 ***
s(Distance):DirectionENE 8.407 8.769 4.719 8.70e—06 ***
s(Distance):DirectionE 0.900 0.900 2.730 0.117798
s(Distance):DirectionESE 3.518 4.321 1.465 0.210743
s(Distance):DirectionSE 6.647 7.679 2.123 0.032644 *
s(Distance):DirectionSSE 8.345 8.761 5.493 1.04e—06 ***
s(Distance):DirectionS 7.845 8.505 2.614 0.008831 **
s(Distance, Years Since Fire) 22.022 25.896 11.605 < 2e—16 ***
s(Slope) 2.240 2.856 1.844 0.107824
s(Elevation) 5.062 6.125 2.736 0.011708 *
s(Forest Height) 7.995 8.721 8.721 3.81e—05 ***
n=476 Deviance Explained = 88.3 %

the recovery rate of P. canariensis stands following the 2021 Tajogaite
eruption using only Earth Observation technology, demonstrating its
growing utility in the field of ecology. The eruption allows for an
assessment of how the Canary Island pine forest ecosystem responds to
multiple, overlapping disturbances. In doing so, we contribute to the
extensive body of research on the resilience of P. canariensis by assessing
its response to a disturbance other than fire.

Distance was an impactful variable in determining the recovery rate
of pine stands in our model, given the effect size of each of the transects
and the interaction with recent fire history. This agrees with the results
of Weiser et al. (2022), which concluded that the browning effects
caused by SOz exposure can be observed in satellite imagery, and the
magnitude of change can be estimated using NDVI. The eruption deci-
mated pine stands in the immediate surroundings of the crater as the
eruption generated massive shifts in the earth, including volcanic bombs
and pressure waves that led to unstable ground and mechanical failure
of trees. Thus, the trees in the close vicinity of the crater did not recover
to any state of greenness, which is also supported by the data of Guer-
rero-Campos et al. (2024). This is in line with our first hypothesis, where
the first few points within 200 m of the crater have a recovery rate of less
than or nearly zero. The recovery rate peaks around 1000-1200 m away
from the crater where surviving pine stands were more severely
impacted by SOz emissions. SOz emissions have declined since the end of
the eruption but are ongoing, with recent measurements showing an
emission of 2-3 Mg per day in April 2023 (Weiser et al., 2023). Given
that emissions are lower now than during the eruption, pine stands may
persist through the disturbance as the intensity has decreased.

Farther away from the crater, stands have a lower recovery rate. We
find that there may be a few reasons why this is. The low recovery rate of
distant stands could be due to less exposure to SOz emissions compared
to stands close to the crater. This results in a smaller difference between
minimum and maximum NDVI and, subsequently, a lower Theil-Sen
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Fig. 4. The generalized additive model (GAM) shows the relationship between distance to the crater (m) and median recovery rate (A) and recovery rate for every
transect (B). The recovery rate is calculated using the Theil-Sen median slope. A presents the model prediction median recovery rate of all combined transects in blue
with the grey ribbon representing the 95 % confidence intervals and the residuals shown as black points. In B, the line of each transect is colored ranging from red to
blue and labeled the following order: N = North, NNE = North-Northeast, NE = Northeast, ENE = East-Northeast, E = East, ESE = East-Southeast, SE = Southeast,
SSE = South-Southeast, S = South. The solid lines represent the model prediction fitted to each transect.
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Fig. 5. The generalized additive model (GAM) shows the relationship between years since fire and recovery rate (calculated using the Theil-Sen median slope) for all
points. The colored boxplots (A) and points (B) indicate the year of the last known fire in years 2016 (purple), 2012, (yellow), 2009 (light blue), or earlier than what
is presented in the EFFIS dataset dating back to the year 2000 (white/black). The hinges of the boxplots represent the first and third quantiles, the whiskers present
the range of values (outliers displayed as individual points), and the center line is the median (A). In plot B, the model prediction is presented as a solid black line and
the 95 % confidence interval is shown as a grey ribbon.
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Fig. 6. The generalized additive model (GAM) shows the relationship between (A) elevation (m) and (B) slope (°) with recovery rate (calculated using the Theil-Sen
median slope) for all points. The solid blue line represents the model prediction fitted using smoothing parameters. The blue line is plotted using a locally estimated
scatterplot smoothing (LOESS) to display the general trend of the data. The residuals are shown as black points and 95 % confidence intervals as grey ribbons.

median slope estimate (Appendix A). Palma receives trade winds from the Northeast. Although winds were
Understanding the pattern observed in the different transects is not very strong during the eruption (Milford et al., 2023), normal wind
difficult without local temperature, precipitation, soil, and wind data. La patterns may have resumed in the two years since. Wind data from the
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Fig. 7. The generalized additive model (GAM) shows the relationship between
forest height (m) and recovery rate (calculated using the Theil-Sen median
slope) for all points. The solid blue line represents the model prediction fitted
using smoothing parameters. The blue line is plotted using a locally estimated
scatterplot smoothing (LOESS) to display the general trend of the data. The
residuals are shown as black points and 95 % confidence intervals a
grey ribbon.

La Palma weather station (located 5.5 km from the crater) show that
winds mostly came from the east and northeast during the eruption
(Nogales et al., 2022). Weiser et al. (2022) found that forest patches
south of the crater were more affected than those to the north or east,
while Bonadonna et al. (2022) linked tephra distribution to wind di-
rection since most ash and tephra deposits were found southwest and
northeast of the crater. Thus, it is likely that southern transects were
exposed to more SOz emissions, but this cannot be confirmed without
data from transects west or southwest of the crater.

Incorporating local wind dynamics on the western slope of the
Cumbre Vieja ridge would prove challenging as eddy covariance towers
or micro weather stations would need to be situated across the entire
hillside for sufficient coverage. When wind blows over a ridge, it is
diverted and forms a complex lee side recirculation (Bonadonna et al.,
2022). This redirects SO that would otherwise disperse in the dominant
wind direction, into other directions. Leeward eddies may therefore
alter the deposition and distribution of airborne nutrients that influence
physiological processes of plants, such as SOz uptake. This could explain
the varying recovery rate and effect size of each transect in the model. In
particular, the significance and effect size of transects in line with the
dominant wind regime (NE, ENE and S) warrant consideration regarding
the role of wind in redistributing SO2 and how this may influence re-
covery rate. This may contradict the findings of Weiser et al. (2022) and
Bonadonna et al. (2022) that highlight the role of wind in its ability to
explain the distribution of needle chlorosis and tephra deposition to the
south. However, we find it an essential variable to include in subsequent
analyses since the recovery rate of some pine stands cannot be fully
explained by the variables tested here.

4.2. Fire and disturbance interactions

Compounding disturbances of unnatural intensity or shortened re-
turn interval can lead to novel outcomes that negatively impact the
resilience of an ecosystem (Turner et al., 2020). We hypothesized that
stands burned by the 2016 fire would be slowest to recover from SO:
exposure, as they were likely still in the process of recovering from the
first disturbance when the eruption occurred. Here, we observe that
despite facing a second disturbance in quick succession, stands affected
by the 2016 wildfire are recovering faster than unburned stands (Fig. 5).
The recent fires observed in this study had an uneven distribution within
the dataset which limits our ability to confirm whether the recovery rate
is strongly tied to recent fire history of pine stands. The standard error
generated by the model, ranging from 0.31 to 0.33 for each fire, is highly
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variable, possibly due to insufficient temporal coverage of fire. While the
effect size of the interaction between distance and years since fire is the
highest in our model, we suspect that the effect of distance from the
crater, which indicates exposure to volcanism, is driving this effect. This
is supported by the interaction between distance and transects.
Furthermore, despite having employed a correlation structure to ac-
count for the potential autocorrelation of distance, distance nonetheless
displays an overwhelming effect in the model across variables.

In fire-adapted species, resilience is often supported by one of two
main strategies: 1) vegetative resprouting of mature individuals or 2)
massive establishment and recruitment of seedlings following a fire
(Keeley & Zedler, 1998; Pausas & Keeley, 2014). Although we focus on
how compounding disturbances impact resprouting, the resilience of the
Canary Pine forest is also strengthened by its serotinous traits, which are
known to promote the establishment of high numbers of seedlings
following a wildfire (Hollermann, 2000; Otto et al., 2010; Méndez,
2010; Méndez et al., 2015). While individual mature trees may easily
survive a fire due to thick bark and epicormic resprouting, the long-term
perspective of the ecosystem is ultimately maintained by seedling
establishment and juvenile recruitment. There is evidence that serotiny
in P. canariensis is stimulated by the volcanic eruption, as Wilkens et al.
(in review) observed massive first-year seedling establishment near the
crater in early 2023. However, stands that had been affected by the 2016
wildfire showed relatively diminished establishment of one-year-old
seedlings, highlighting the role of compounding disturbances in
creating unpredictable effects.

4.3. Topographic factors & forest height

We included local stand characteristics of pine stands to explore the
effects of other environmental variables that may influence the recovery
rate of pine stands following the volcanic eruption. An optimum re-
covery rate is found in both elevation and slope. Recovery rates increase
with elevation before declining from roughly 1200 m and higher. This
decline toward the ridgeline could be due to increasing solar radiation
and decreasing forest density, which combine to create a dry understory
in the rain shadow of the Cumbre Vieja ridge. The ecosystem transitions
into Fayal-brezal on the windward side of the ridge, indicating a pre-
cipitation regime shift from dry to moist (Irl et al., 2014). On this
eastern, windward side of the Cumbre Vieja, vegetation is lush and more
diverse due to the moisture brought by trade winds from the Mediter-
ranean. Whereas on the western side of the ridge, where the new volcano
has emerged, the Canary Pine dominates the dry, species-poor
ecosystem. This precipitation phenomenon similarly occurs on other
oceanic islands, such as the Hawaiian Islands, where the windward side
of ridges are moister than their leeward counterparts (Giambelluca
et al., 2011; Zhang et al., 2016).

The pattern that slope follows in the multivariate GAM is in line with
the expectations set by Mora et al. (2016), as we find the recovery rate to
be slightly slower on very steep slopes. On steeper slopes, fewer nutri-
ents are available due to increased erosion and runoff (Mora et al.,
2016). Most stands are located on slopes between 4° and 40° and were
faster to recover than those above 40°. In addition to SOz emissions, ash
and tephra blanketed the island with roughly 23 million m® of tephra
deposited across the island (Bonadonna et al., 2022; Shatto et al., 2024).
Though ecosystems are adapted to new tephra deposits, fresh tephra
layers may divert water and nutrients in the short term, impacting the
recovery of particular stands.

4.4. Forest height

To our surprise, forest height had a significant effect on our model
and displayed a higher recovery rate in taller stands than in shorter
stands. The height of pine stands in our model is based on lidar mea-
surements from GEDI, which is aggregated to a spatial resolution of
25 m (Potapov et al., 2021). While the patterns observed in tall stands
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could simply be attributed to local environmental parameters influ-
encing growth conditions, tall trees are generally less susceptible to
crown fire because their branches are elevated high above the forest
floor (Climent et al., 2006), and thus may have been less impacted by
recent fires. However, these characteristics of P. canariensis have yet to
be understood fully in the context of volcanism, particularly intense SO2
exposure. Trees are highly vulnerable to SO2 damage, but their sensi-
tivity varies significantly among species, individual trees, and different
ages (Knabe 1976; Keller et al., 1997; Biatobok et al., 1980; Manninen &
Huttunen, 2000). This variability makes it challenging to apply findings
from one species to another, or even assess the response of a single
species to disturbance, without established height growth curves. Spe-
cifically, there are no existing studies on how P. canariensis recovers
from SO: exposure, making it difficult to infer its sensitivity based on
research on other species.

5. Conclusion

The 2021 Tajogaite eruption on La Palma provided a valuable op-
portunity to assess the resilience of P. canariensis stands to overlapping
volcanic and fire disturbances. In our study, we found that the distance
pine stands were from the eruption was the most critical factor influ-
encing their recovery rate, with stands at intermediate distances from
the eruption crater showing a higher recovery rate than stands farther
away. In addition, recovery rate was enhanced when stands experienced
arecent forest fire in 2012 or 2016, hinting at the importance of the local
fire regime. While local environmental factors such as topography and
stand height come into play, they are overshadowed by the impact of
recent disturbances. Despite the unique ability of P. canariensis to
resprout rapidly following disturbances, including fire and SO: expo-
sure, our study underscores the need for continued monitoring of natural
disturbance regimes. Our study contributes to a deeper understanding of
the dynamics of Canary Pine forests and their responses to overlapping
disturbances. By recognizing the role of both fire and volcanic distur-
bances, we can better adhere to the complex characteristics of these

Appendix
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ecosystems and develop informed strategies for their conservation and
management in the future.
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Appendix A. Map of the study region of La Palma, Canary Islands, Spain. In the left column, the inset maps illustrate the study location in relation to Europe (top),
North Africa (middle), and La Palma presented with a DEM hillshade from CNIG (2022) (bottom). In the right column, 10 m maps based on cloud-free Sentinel-2
imagery display the Normalised Difference Vegetation Index (NDVI) pre-eruption on 30 Nov 2019 (top), post-eruption 14 Dec 2021 (center), and difference (bottom)
within the 7-km impact radius. The pre-eruption image from 2019 is used since no cloud-free images during the same, comparable time of year were available before
the eruption. The same image dates are used for NDVI change in Weiser et al. (2022). The sampling design is delineated within a solid black line representing the
7 km impact radius denoted in Weiser et al. (2022) and black dashed lines represent transects in each cardinal direction. Figure was created using QGIS
3.22.7-Biatowieza (QGIS, 2024).
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