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ARTICLE INFO ABSTRACT
Keywords: Pinus halepensis Mill. is a conifer typical of Mediterranean pinewoods adapted to drought and fire. Although the
Aleppo pine timing of seasonal events in P. halepensis is strongly associated with these stressors and other environmental

Vegetation indexes
Intraspecific variability
Litter flammability
Needle phenology
Remote sensing

factors, needle phenology and litter flammability are insufficiently characterized at the intraspecific level. These
traits can be informative of the existence of locally adapted populations across the species’ distribution range,
and remote sensing approaches are promising tools to infer phenological changes in forest trees. In this study, we
investigated intraspecific differentiation of P. halepensis related to needle phenology at the onset of the fire season

(May-June) through vegetation indexes (VIs) obtained from unmanned aerial vehicles. We collected drone im-
ages using multispectral and RGB sensors for 56 adult populations of P. halepensis categorized into five ecotypes
growing in two common gardens located in Spain under contrasting conditions (dry-continental versus wet-
coastal). In the dry trial, we additionally monitored the temporal variation of RGB-derived indexes using two
flights spaced over a one-month period. We also performed four consecutive ground measurements of needle
pigments and fuel moisture content and obtained litter flammability traits for a subset of populations. Most in situ
measurements and flammability traits did not show population differentiation. Regarding RGB-derived VIs, we
did not detect obvious temporal patterns which differed among populations. However, we observed greener
canopies in June than in May, which are indicative of the pace of current-year needle development. We also
deduced an earlier phenology (i.e., earlier current-year needle unfolding) in the dry-continental trial. Ecotypic
differentiation was found for some vegetation indexes related to needle unfolding (i.e., TCARI/OSAVI) and old
needle senescence (i.e., PRSI). These differences were generally consistent across trials and time, and funda-
mentally indicated that sub-humid ecotypes typical of the eastern Mediterranean showed earlier needle
unfolding and old needle senescence than semiarid ecotypes thriving in western continental Mediterranean
areas. The intraspecific divergence observed in early season phenology is potentially related to the existence of
contrasting life-history strategies present at the intraspecific level for the species. In particular, some semi-arid
ecotypes, which are known to optimize the trade-off between carbon gain and water loss, exhibited an early old
needle senescence (high likelihood of crown fire development) coupled with a late needle unfolding (conser-
vative water use). These results indicate a possible trade-off between drought and fire resistance for the species,
which suggest the importance of considering the intraspecific characteristics of Aleppo pine in forest manage-

ment actions.
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1. Introduction

Pinus halepensis Mill. (Aleppo pine) is one of the most widespread
conifers in the Mediterranean basin (Picornell-Gelabert et al., 2021;
Mauri et al.,, 2016). It presents high economic and ecological value
(Chambel et al., 2013) and, as such, it is widely used in reforestation
programs of Mediterranean ecosystems (Taibi et al., 2014). The species
is resistant to drought and prevails in fire-prone habitats due to its
adaptive strategies to cope with fire, including serotiny, poor apical
dominance and profuse branching (Pausas, 2015). Owing to its high
intraspecific variability and plasticity (Voltas et al., 2018), P. halepensis
inhabits very contrasting ecological niches. The species thrives in very
different soil types and can be found in most bioclimates of the Medi-
terranean region, with mean monthly minimum temperatures ranging
from —2°C to 10 °C and mean annual precipitation varying between 350
and 1500 mm (Fady et al., 2003). Population differentiation has been
widely studied for functional traits related to roots (Lombardi et al.,
2021), crown structure (Lombardi et al., 2022), water use patterns
(Voltas et al., 2015) and phenology (Klein et al., 2013), and also for
remotely sensed vegetation indexes related to photosynthetic pigments,
leaf area and water content (Santini et al., 2019b). On the contrary,
knowledge on genetic variation in needle phenology is scarce (Santini
et al., 2019b), and also on differentiation in flammability-related traits,
which are widely studied at the interspecific level (Varner et al., 2022)
but poorly investigated at the intraspecific level (Bastien & Ganteaume,
2020).

Understanding variation in the response of trees to disturbances has
been a long-term goal of plant ecology (Grime, 1977). Some studies
postulate that there is a fundamental trade-off between adaptations to
drought and fire in pines (Karavani et al., 2018). It has been hypothe-
sized that intraspecific variation in traits enhancing survival under
drought occurs at the expense of increasing fire danger and, vice versa,
that traits enhancing survival under fire may decrease performance
under drought. For example, P. pinaster individuals with thick barks,
which may better survive surface fires, tend to show reduced tolerance
to embolism (Resco de Dios et al., 2018). A typical response in
P. halepensis is to induce senescence in old needles at the beginning of
the fire season (late spring), which diminishes transpiration area and,
consequently, water demand, but at the potential expense of increasing
flammability by decreasing fuel moisture content in the crown. How-
ever, most evidence for a trade-off between drought tolerance and fire
resistance is anecdotal and lacking rigorous testing.

Phenology is a key driver of plant carbon and water cycles, and it can
be defined as the timing of reproduction and of other events related to e.
g., growth or senescence (Ye et al., 2023; Berra et al., 2019). The
phenology of conifers comprises three main phases (bud dormancy, bud
flush and needle senescence). Needle phenology in particular can be
divided into unfolding, maturation, and senescence and fall (Kumar
et al.,, 2019), and it involves changes in photosynthetic pigments and
nutrient pools dynamics (Fréchette et al., 2020; Springer et al., 2017).
Needle phenology is strongly correlated with environmental conditions,
especially temperature and water availability (Peaucelle et al., 2019). It
can influence fire behaviour by affecting live vegetation moisture, fuel
vegetation structure or litter composition (Loudermilk et al., 2022;
Silvério et al., 2015), and vice versa, fire can shape the composition and
dynamics of forest ecosystems and thus affect tree phenology (e.g.,
timing of dormancy, growth and reproduction) (Miller et al., 2019;
Risberg & Granstrom, 2009). Although field observations provide pre-
cise and important information on phenology, they are time-consuming
and labour-intensive (Ciocirlan et al., 2022). Lately, remote sensing is
being used to effectively monitor tree phenology (Motohka et al., 2010),
since images derived from satellites and, especially, from unmanned
aerial vehicles (UAVs) can provide information at different spatiotem-
poral scales with high spatial resolution (Wong et al., 2020; Berra et al.,
2019). In particular, multispectral and RGB (Red, Green and Blue)
sensors mounted on UAVs detect light reflectance variation, potentially
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providing reliable phenological data at the individual level (Kleinsmann
et al., 2023; Santini et al., 2019b).

A vegetation index (VI) is a simple mathematical calculation that
integrates two or more wavelengths of spectral reflectance image data
(spectral bands or images) for the assessment (estimation or enhanced
visualization) of surface biophysical properties (Huete, 2012). To date,
hundreds of vegetation indexes have been evaluated from both visible
and non-visible (including near infrared, short-wave infrared and even
thermal infrared) wavelengths. VIs can provide information about
chemical and pigment leaf composition, water content, leaf area, canopy
cover and canopy health, for instance (Ciocirlan et al., 2022; Santini
et al., 2019b; Xue & Su 2017; Stimson et al., 2005). VIs have been used
widely in field crops research (Stary et al., 2020; Gracia-Romero et al.,
2018), and also in forestry to estimate canopy properties at the stand or
landscape levels (Wong et al., 2019; Klosterman et al., 2018). Currently,
many VIs are used to infer plant phenology, both multispectral-derived
(especially those using the reflectance in the near-infrared region) and
RGB-derived indexes. Tree level, RGB-derived indexes can be considered
an affordable alternative to multispectral records if acquired through
UAVs (Stary et al., 2020; Gracia-Romero et al., 2018; Kefauver et al.,
2015). However, applications of VIs to assess crown properties and tree
phenology at the intraspecific level are still scarce, especially for ever-
green conifers (Ciocirlan et al., 2022; Wong et al., 2022; Santini et al.,
2019b).

In this study, we used VIs obtained from UAVs along with field
samples collected in situ to identify intraspecific differences in needle
phenology of P. halepensis. We were particularly interested in charac-
terizing needle unfolding and old needle senescence at the onset of the
wildfire season in the western Mediterranean (end of spring). Needle
lifespan in P. halepensis is approximately-three years, and three-years-
old needles usually become dry and senesce towards the second half
of June. Moreover, we evaluated intraspecific variation of litter flam-
mability and other flammability traits such as live fuel moisture content
(FMC). We used two common garden experiments characterised by a
dry, continental climate (Zuera, north-eastern Spain), and a coastal, sub-
humid Mediterranean climate (Altura, eastern Spain). By using range-
wide populations, we sought to describe intraspecific genetic variation
in needle phenology related to photosynthetic pigments at the onset of
the fire season (May-June), which can be potentially informative of
differential plasticity and adaptation to varying conditions across the
Mediterranean basin.

We expected an earlier phenology in the inland site as a consequence
of drier conditions for the species related to higher temperatures and less
available water, as previously described for needle unfolding (Camarero
et al., 2022). We hypothesized that differences among populations for
both in situ traits and RGB and multispectral indexes would reflect
different phenological responses (i.e., needle unfolding, old needle
senescence) during late spring. In this regard, we also expected to detect
intraspecific differences for flammability traits potentially related to
contrasting evolutionary histories in fire-prone habitats. Specifically, we
presumed that populations and ecotypes experiencing less water avail-
ability at their origin could show less FMC, earlier old needle senescence
and delayed needle unfolding as a result of a more conservative water-
use strategy. Because of their higher tolerance to drought, these pop-
ulations may have less survival chances under surface and crown fires
due to trade-offs among plant functional traits (i.e., enhanced flamma-
bility) (Karavani et al., 2018; Resco de Dios et al., 2018).

2. Material and methods
2.1. Study sites

The study was performed in two common gardens (provenance tri-
als) located in Zuera (Zaragoza province, Spain; 41°52'24"N,

00°38'57"W, 425 m a.s.l.) and Altura (Castellén province, Spain;
39°49'29"N, 00°34'22"W, 640 m a.s.l.) (Fig. 1). Zuera and Altura hold
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O Altura
A Zuera

Fig. 1. Geographic origin of 56 Pinus halepensis populations (purple dots), evaluated in two common gardens experiments used in this study: Altura (Castellén
province, Spain) and Zuera (Zaragoza province, Spain). The green area represents the natural distribution of P. halepensis according to EUFORGEN (http://www.

euforgen.org/species).

721 (80 % survival) and 807 (90 % survival) adult trees respectively.
These trees belong to 56 populations of P. halepensis originating from
mainland Spain, Balearic Islands, France, Greece, Italy and Tunisia
(Table S1). The seeds were collected in 1995 from 20 to 30 adult in-
dividuals per population, spaced at least 100 m apart, and were sown in
a forest nursery in Spain using standard container practices (Landis,
1990) the following year. In 1997, 896 one-year old seedlings (16
seedlings per population) were transplanted at both study sites. The
experimental design was a Latinised row-column with four replicated
blocks (John & Williams, 1998). This design efficiently controls intra-
site variability, as systematic changes in both column and row di-
rections can be incorporated into linear mixed-effects models.

We used all trees available in both trials for obtaining UAV-based
data, while a subset of trees from Zuera (a total of 36 individuals
belonging to six populations) was used for ground truthing. This subset
contained populations from the Iberian Peninsula, Balearic Islands,
Tunisia and Greece as representative of most current distribution range
of the species. Aleppo pine populations were further grouped into five
climate-based ecotypes, as proposed by Patsiou et al. (2020): dry-
summer/semiarid/temperate (DST), dry-summer/semiarid/cold (DSC),
dry-summer/sub-humid/temperate  (DHT), wet-summer/semiarid/
temperate (WST), and wet-summer/sub-humid/cool (WHC). This divi-
sion stemmed from a hierarchical cluster analysis based on climatic in-
formation of populations for the purpose of delineating broad
intraspecific patterns of growth performance under different climate
change scenarios (Patsiou et al., 2020).

2.2. Plant material and climate data

We collected needles of six populations (#11, 142, 152,182, 214 and
242; Table S1) during four sampling campaigns in 2021 (May 14th and
28th, June 11th and July 2nd). Needles were obtained from healthy mid-
canopy branches of six trees per population following the column di-
rection of the trial. These branches were accessible with a telescopic
lopper, while the sparse foliage of Aleppo pine made possible that full
sunlight reached most of its crown. Two to five branchlets were sampled
per tree (Minocha et al., 2009). Aleppo pine generally starts to develop
new needles in spring, and these needles can be retained in the tree for
three years before senescing (Balaguer-Romano et al., 2020; Girard
et al.,, 2011). The sampled needles corresponded to the previous year
cohort (1-yr old) or to older cohorts (>2-yr old), since current year
needles were just emerging and not clearly visible in the two earlier
sampling campaigns. Needle tissue was used to quantify chlorophyll
content (Chl), particularly chlorophyll a (Chly), chlorophyll b (Chly) and
total chlorophyll (Chl,.p), total carotenoid content (Car) and live fuel
moisture content (FMC). We collected additional needles during the last
sampling campaign to infer specific leaf area (SLA) and stomatal
conductance (GSW).

The needles used to determine Chl and Car were immediately frozen
in the field and stored in a dark place. Chl and Car were measured
following the protocol by Minocha et al. (2009). We chopped 15 mg of
unfrozen samples into 1.5 ml of 95 % ethanol and afterwards they were
stored in a water bath at 65 °C for 16 h. Once the samples were removed
from the water bath, they were left few minutes at room temperature to
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equilibrate, and then vortexed for 1 min at low speed. Finally, the
samples were centrifuged for 5 min at 13,500 g. We then recorded the
absorbance at 649 nm, 664 nm and 470 nm using a UV spectropho-
tometer (UV-1600 PC, VWR International, Belgium). Chl,, Chly, Chl,.p
and Car were estimated using the following equations:

Chla = (13.36 x A664) - (5.19 x A649) )
Chlb = (2743 x A649) - (8.12 x A664) 2
Chla+b = Chla+ Chlb 3)
Car = (1000 x A470 - 2.13 x Chla- 97.46 x Chlb) / 209 “4)

The needle samples used to estimate FMC were stored in metallic tins
sealed with parafilm. Once in the laboratory we weighted the fresh
weight of samples, which were then oven-dried at 105 °C during 48 h
(Matthews, 2010). Afterwards the samples were weighted again, and
FMC was calculated as follows:

FW - DW
FMC = “Dw x 100 (5)
where FW represents the fresh weight (g) and DW is the dry weight (g).

Leaf area (LA) was estimated using a scanner Area Meter (AM100,
ADC, UK) using ten needles per population. After that, the samples were
oven-dried at 105 °C during 48 h (Matthews, 2010) to obtain leaf dry
weight (DW), and SLA was calculated as:

SLA = LA 6)
DwW

Stomatal conductance was measured in the field using a LI-600
porometer (LI-COR Biosciences, Lincoln, NE, USA). We placed the nee-
dles in a plane across the leaf chamber aperture and we covered the side
in contact with the atmosphere to avoid air leakage and ensure a stable
reading for every measurement. We made three measurements per tree
and their average was used for statistical analysis.

For each population, climate data at origin was obtained from the
WorldClim database (Fick, 2017) at 1 km? spatial resolution. We used
the complete set of 19 bioclimatic variables available in the database.

2.3. UAV-based flights and images processing

For the Zuera trial, RGB images were acquired through a UAV Mavic
2 Pro (DJI, China) equipped with a RGB integrated 20 MP camera, while
multispectral images were acquired through a UAV Oktokopter 6512 XL
(Mikrokopter, Germany) equipped with a micro-MCA 11 + ILS (Incident
Light Sensor for dedicated band-wise spectral calibration) multispectral
camera (Tetracam Inc., Chatsworth, CA, USA). The multispectral camera
had 11 bands (the specific wavelengths captured by the sensor are
described in Table S2). Two consecutive flights, each performed with
UAV Mavic and UAV Oktokopter, were done at around midday on May
14th and on June 11th (2021) at an altitude of 57 m. A total of 385
images were obtained with the RGB camera, while 105 images were
acquired with the micro-MCA camera. A field spectrometer ASD Field-
Spec Pro FR™ (USA) was used to measure, a posteriori, the absolute
reflectance of the multi-colour landing panels in optimal light conditions
and, hence, to provide a secondary empirical calibration to the micro-
MCA data. Measurements made with the field spectrometer were
employed to improve the instantaneous spectral calibration of the
micro-MCA camera as flying conditions were sub-optimal, with some
light cirrus clouds and moderate to heavy winds.

For the Altura trial, RGB and multispectral images were acquired on
May 25th (2017) using the same Oktokopter 6S12 UAV described above
for Zuera. A Lumix GX7 RGB camera (Panasonic, Japan) with a 20 mm
focal length and 16 MP resolution was used for the acquisition of RGB
images, while a micro-MCA 12 + ILS multispectral camera with 10
bands (Tetracam Inc., Chatsworth, CA, USA) and 15.6 MP resolution
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(1.3 MP for each of 12 sensors) was employed to capture multispectral
images (the wavelength capture by each sensor is described in Table S3).
The ILS processing included in the Tetracam PixelWrench software in-
cludes all calibration steps to at-sensor reflectance, including parallax
adjustments, DN and Dark Current.

2.4. Imagery processing

The Agisoft Metashape Professional software (Agisoft LLC, St.
Petersburg, Russia, version 1.6.3.10732) was employed to align the
multispectral or RGB images and produce dense points clouds and
orthomosaic images. Spectral calibration was done using ENVI 5.6.3
(NV5 Geospatial Solutions, Broomfield, CO). Unfortunately, we could
not use the multispectral data retrieved in Zuera on May 14th due to
technical reasons regarding the spectral calibration.

We used the open-source software LAStools (version 201003)
(Isenburg 2017) and US Forest Service FUSION/LDV (version 4.21)
(McGaughey, 2015) to eliminate noisy points, classify the valid points
and normalize the RGB point clouds (through lasnoise, lasclassify
lasheight functions in LAStools), and also to obtain a digital terrain model
(DTM) and a canopy height model (CHM) (through GridSurfaceCreate
and CanopyModel functions in FUSION/LDV) (Lombardi et al., 2022).
After that, we applied the vwf function (Popescu & Wynne, 2004)
implemented in the ForestTools R package (version 4.1.2) (Plowright,
2018) to identify individual treetops. After visual inspection and manual
correction of trees marked by the algorithm, we run the mcws function
(Meyer & Beucher, 1990) of ForestTools to segment tree crowns, which
were again visually inspected and manually corrected in QGIS (version
3.26.3). Afterwards, total tree height and crown area were estimated at
the tree level. We did not validate tree height and crown area with
ground-truth data; however, a validation procedure previously carried
out in a twin common garden experiment to those of Zuera and Altura
was highly satisfactory (R? of 0.8 and RMSE of 0.45 m) (Lombardi et al.,
2022).

2.5. Multispectral and RGB vegetation indexes (VIs)

Vegetation indexes (VIs; Table 1) were calculated in QGIS through
the raster calculator option for both the RGB and multispectral ortho-
mosaics. Every index was calculated at the tree level (a workflow of the
process is summarized in Fig. 2) using the zonal statistics function of
QGIS. To this end, we used the average pixel value of each crown. We
calculated four RGB-derived VIs: green percentage index (G%),
green-red vegetation index (GRVI*), green leaf index (GLI), and trian-
gular green index (TGI). We also obtained six multispectral-derived VIs:
normalized difference vegetation index (NDVI), plant senescence
reflectance index (PSRI), green ratio vegetation index (GRVI), enhanced
vegetation index (EVI), transformed chlorophyll absorption reflectance
index (TCARI), and optimized soil adjusted vegetation index (OSAVI).
We also calculated the ratio between the last two indexes (TCARI/
OSAVI). Two additional multispectral VIs were also calculated in Zuera,
the chlorophyll/carotenoid index (CCI) and the photochemical reflec-
tance index (PRI), as the micro-MCA sensors partially changed between
trial flights to improve the acquisition of vegetation information.

The two common gardens evaluated are free from understory. Thus,
the reflected signal was unlikely affected by different backgrounds
through time and among trial locations.

A brief description of the VIs used in this study is as follows. G% is
one of the mostly used RGB VI to track plant phenology (Larrinaga and
Brotons, 2019; Alberton et al., 2014; Sonnentag et al., 2012). It quan-
tifies vegetation greenness through changes in leaf color (Alberton et al.,
2014; Thapa et al., 2021). GRVI* is sensitive to green color (Tucker,
1979) and it is also associated with leaf color changes (Motohka et al.,
2010). It has been used in previous studies to monitor phenological
changes (Anderson et al., 2016; Motohka et al., 2010). GLI is obtained
using all three bands of the RGB camera (Louhaichi et al., 2001) and is
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Table 1

RGB and multispectral-based vegetation indexes (VIs) used in this study. The
calculation of VIs was based on reflectance (R) of particular wavelengths. The
table shows the abbreviation of each index, the wavelengths involved, the for-
mula applied and the appropriate reference. Where G = green colour channel
(0-255); R = red colour channel (0-255); and B = blue colour channel (0-255).
G% = green percentage index; GRVI*= green-red vegetation index; GLI = green
leaf index; TGI = triangular green index; NDVI = normalized difference vege-
tation index; CCI = chlorophyll/carotenoid index; PRI = photochemical reflec-
tance index; PSRI = plant senescence reflectance index; GRVI = green ratio
vegetation index; EVI = enhanced vegetation index; TCARI = transformed
chlorophyll absorption reflectance index; OSAVI = optimized soil adjusted
vegetation index.

VI Formula References
RGB VIs G% G/(R+ G +B) Woebbecke et al.,
1995
GRVI* (G-R)/(G+R) Tucker, 1979
GLI (G-R+(G-B)/2G+R+B Louhaichi et al.,
2001
TGI —0.5 x [190 x (R — G) — 120 x Hunt et al., 2011
R - B)]
Multispectral NDVI (Rg40 — Re70)/(Rga0 — Re70) Rouse et al., 1973
Vis
ccI (Rs32 — Re670)/(Rs32 + Re70) Gamon et al.,
2016
PRI (Rs32 — Rs70)/(Rs32 + Rs70) Gamon et al.,
1992
PSRI (Rs70 — Rs70)/(Rga0) Merzlyak et al.,
1999
GRVI Rg40/Rs70 Sripada et al.,
2006

EVI 2.5 x (Rgao — Re70)/[(Rgao + 6 x
Re70 — 7.5 X Ryso) + 11

Huete et al., 2002

TCARI 3 x (Ry00 — Re70) — 0.2 X (R700 Haboudane et al.,
= Rs70) % (R700/Re70) 2002

OSAVI (1 + 0.16) x (Rg4o — Re70)/(Rga0  Rondeaux et al.,
+ Re70 + 0.16) 1996

sensitive to leaf chlorophyll content (Bulut, 2023). TGI is mostly

Y

n
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associated with nitrogen and chlorophyll content (Hunt et al., 2011),
and it has been used to detect changes in plant phenology (Stary et al.,
2020, Hunt et al., 2012). NDVI is a commonly used VI calculated from
the red and the near-infrared wavebands (Rouse et al., 1973) that has
been used in many studies as a proxy for plant productivity and
phenology (Wong et al., 2020; Santini et al., 2019b; Anderson et al.,
2016). PSRI is also associated with photosynthetic pigments (Merzlyak
et al., 1999) and has been used to monitor changes during leaf senes-
cence (Li et al., 2022; Olmo et al., 2021). GRVI is sensitive to photo-
synthetic rates and can be used to estimate changes in leaf pigments
(Sripada et al., 2006). EVI is considered an improved NDVI (Huete et al.,
2002) that is less affected by atmospheric conditions and soil back-
ground. TCARI indicates leaf chlorophyll absorption (Haboudane et al.,
2002) and it is often used in conjunction with OSAVI (Rondeaux et al.,
1996) as a proxy for leaf area index (LAI) that minimizes soil back-
ground. Thus, TCARI/OSAVI can estimate leaf chlorophyll content
independently of leaf area (Zarco-Tejada et al., 2004). CCI (Gamon et al.,
2016) and PRI (Gamon et al., 1997) are sensitive to carotenoid and
chlorophyll pigments, particularly to the ratio Car to Chl. These two
indexes are associated to photosynthetic activity and can be considered
proxies for photosynthetic phenology (Wong et al., 2020; Fréchette
et al., 2016). Both are particularly suitable to monitor the phenology of
photosynthesis in evergreen conifers (Wong et al., 2020; Springer et al.,
2017).

To overcome noise caused by soil pixels contained into previously
segmented single crowns, RGB and multispectral images were filtered as
follows. For RGB images, negative values of GRVI were considered as
soil pixels, since GRVI is also used to estimate biomass and green
vegetation, with GRVI = 0 used as threshold (Chen et al., 2019; Motohka
et al., 2010). For multispectral images, NDVI values were used by
choosing a pixel threshold of 0.5, since NDVI values close to O represent
barren rocks and soil whereas values above 0.5 indicate healthy vege-
tation (Sharma et al., 2022; Santini et al., 2019b).

2.6. Flammability experiment

Needle litter was collected in July 2022 in Zuera (about 100 g per

garden trials

UAV flights

Georeferenced
point cloud

Canopy
elevation model

Crown
identification

RGB images

[ Multispectral images }

Georeferenced
orthomosalcs

l

Individual RGB and
Multispectral
vegetation indexes

Fig 2. Flowchart summarizing the processing of RGB and multispectral images to obtain vegetation indexes at the tree level (i.e., phenotypic data).
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sample) from ten populations and three blocks (two populations per
ecotype, as follows: #11, 31, 142,143, 152, 154, 182, 186, 214 and 242;
Table S1). Only needle litter fallen between the two central trees of each
experimental unit was collected to minimize contamination from adja-
cent units. Needle length was measured at the nearest millimeter using
the open software ImageJ (version 1.52a) (Schneider et al., 2012). In
order to equilibrate needle temperature and humidity we weighted 75 g
per litter sample, which were later put in an oven at 30 °C for five days.
Samples were removed from the oven one by one just before the
experiment started in order to keep needle litter in equilibrium moisture
content. As final checking, samples were re-weighed following the
period in the oven. Their weight varied between 72 and 73 g, and their
humidity (combustible humidity) ranged from 4.4 % to 7.6 %.

For the flammability experiment we followed established protocols
(Varner et al., 2015, Fonda, 2001). The weighed litter samples were
spread across a 20 x 20 cm grid with ethanol-soaked cotton strings
placed on one side of the grid. Fuel bed depth was measured to the
nearest mm in three different locations of each fuel bed. Fuel bed depth
varied between 2.5 and 5 cm among samples. Two thermocouples were
placed on top of each fuel bed approximately at 2 cm from each side,
which recorded temperature every second, from which we obtained the
mean peak heat (°C). Right after the cotton was ignited the fuel burnt
immediately, and we calculated (1) the time elapsed until the flame
arrived to the opposed side of the grid (diffusion flame time), (2) the
time elapsed until the flame extinguished (flame time), and (3) the time
elapsed until the last ember extinguished and the smoke stopped
(smoldering combustion time). The maximum height reached by the
flame (flame height) was visually estimated to the nearest cm by an
observer using a ruler mounted behind the fire chamber. A camera
model Nikon d5300 (Nikon Corp., Japan) was mounted on a tripod to
record the entire experiment and double check the estimation of the
maximum flame height and the remaining parameters if needed. The
amount of fuel combusted was calculated as the proportion of the initial
litter mass to the remaining mass, while the mean rate weight loss (WL)
was estimated by dividing the lost weight by smoldering combustion
time (Fonda, 2001). An example of the experimental protocol followed
can be visualized in a video (available at www.kapwing.com/w
/faCxHvtC86).

2.7. Statistical analyses

Population differentiation was first tested for each phenotypic trait
measured in situ, independently for each of three field campaigns,
through analysis of variance (ANOVA), with populations and replicates
as fixed terms. One field campaign (June 11th) could not be analyzed
independently due to large gaps in the dataset as a result of heavy rain
preventing a complete collection of samples. Traits that had been
measured across campaigns were then subjected to linear mixed-effects
models with a repeated time structure in order to estimate the temporal
effect and its variability among populations, taking also into account
needle age as main factor in the models.

For RGB- and multispectral-derived VIs, ANOVAs were run inde-
pendently for each trial to check for genetic variability among pop-
ulations. In the case of Zuera, we used either (i) data acquired during the
June flight, when both types of VIs (RGB and multispectral) were
available, or (ii) RGB-derived data taken across flights, which were
subjected to linear mixed-effects models with a repeated time structure
for time-series analysis. In the latter case, this allowed to estimate
temporal changes in VIs and its differential plasticity among pop-
ulations. In all cases, the population effect was partitioned into an
ecotype effect plus a population-nested-to-ecotype residual to evaluate
the presence of a broad ecotypic structure in the dataset. Least signifi-
cant difference tests (LSD) were used to statistically compare ecotype
means.

Populations’ means of VIs exhibiting significant population effects
were correlated to climate at the origin of populations. Pearson’s
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correlations were also performed between photosynthetic pigments
(Chlg, Chly, Chlyyp, Chlyp, Car or Car/Chlgyp) and RGB- or multispectral-
derived VIs acquired in Zuera.

Regarding the flammability experiment, we divided the traits under
evaluation into two groups: those associated with fuel characteristics
(needle length, combustible humidity and fuel bed depth), or fuel-related
traits, and those associated with flammability characteristics (diffusion
flame time, flame time, smoldering combustion time, flame height, fuel
combusted and mean peak heat), or flammability-related traits. Popula-
tion differentiation was tested considering fuel and flammability traits as
multidimensional traits through multivariate analysis of variance
(MANOVA), and also considering each trait independently through
ANOVA, with room temperature and relative humidity used as cova-
riates in the analysis. Statistical analyses were performed using SAS/
STAT (Littell et al., 1998).

3. Results
3.1. Intraspecific variability of needle traits

For traits measured in situ, only fuel moisture content (FMC) of one-
year-old needles showed a significant population effect, with pop-
ulations from the northern Iberian Peninsula and the eastern Mediter-
ranean basin having higher FMC than continental and southern Iberian
Peninsula populations in July 2nd. The remaining traits did not show
significant variability among the subset of populations evaluated in the
different sampling campaigns (Table S4).

The mixed models with repeated time structure indicated that all
traits varied across sampling dates. However, only Car and FMC showed
significant (p < 0.05) and marginally significant (p < 0.10) population
differentiation, respectively (Table 2). Needle age was significant only
for FMC, while Chl, and Chl, ., were significant and marginally signifi-
cant, respectively, for the interaction between needle age and sampling
date (Table 2).

3.2. Relationships between VIs and traits measured in situ

Chl, was negatively related to G% and TGI, and marginally nega-
tively related to GLI (Fig. 3). These associations seem counterintuitive,
but they can be attributed to the fact that we did not measure pigments
in current year needles because these needles were not fully developed
yet at the time of sampling. Car showed marginally significant negative
associations with G%, GLI, NDVI and CCI, and Car/Chly,; was also
negatively related to CCI, and also marginally related to NDVI and GRVI
(Fig. 3). These findings simply suggest that trees having more caroten-
oids in needle cohorts of 1-year-old and over had in turn more propor-
tion of senescent needles.

3.3. Differences in growth traits and vegetation indexes

Populations exhibited significant differences for total height at both
sites, while no differences were found among populations for crown area
(Table S5). Total height showed a significant ecotypic effect in Altura,
but not in Zuera. In both cases, the population-nested-to-ecotype term
was significant (Table S5).

All RGB-derived VIs (G%, GLI, GRVI* and TGI) differed significantly
among populations in Altura. In turn, all VIs exhibited significant eco-
typic differences, and also differences among populations nested to
ecotypes (Table 3). In Zuera, on the other hand, only TGI showed a
marginally significant population effect for the June flight (Table 3).
Marginally significant ecotypic differences were found for TGI and GLI
for the June flight (Table 3), and only for GRVI* across flights (Table 4).
Although significant time effects were found for G% and GLI, none of
them showed significant interactions between population (or ecotype)
and time (Table 4).

For multispectral-derived VIs, population differentiation was
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Chl, Chl,  Chay,  Chlus Car  Car/Chly, FMC
% 054 009 0.09 049 032 0.10
GLI -0.51 -0.08 0.1 046 029 0.06
GRVI* -0.34 0.05 -0.17 026 017 -035
TGl 054 013 0.32 038 017 0.29 Corr. Coeff
NDVI -0.13 031 -032 051  -0.53 0.02 -
cel -0.09 042 -0.30 057 -0.62 0.25 0.50
PRI 0.22 -0.25 0.38 0.42 0.41 -0.47 0.00
PSRI 0.10 -0.16 0.22 0.37 033 -032 050
GRVI -0.15 0.24 -0.35 045  -046  -0.19
EVI -0.16 0.15 -0.23 030 028  -0.07
TCARI -0.23 0.07 -0.16 -0.13 0.06 0.03
OSAVI 0.6  -021 -0.27 040 039 -0.03
TCARVOSAVI 017  -021 0.12 0.36 0.46 0.10

Fig. 3. Pearson correlation coefficients between population means of VIs and several needle pigments or fuel moisture content of a subset of six populations growing
in a common garden located in Zuera, eastern Spain. G% = green percentage index; GRVI* = green-red vegetation index; GLI = green leaf index; TGI = triangular
green index; NDVI = normalized difference vegetation index; CCI = chlorophyll/carotenoid index; PRI = photochemical reflectance index; PSRI = plant senescence
reflectance index; GRVI = green ratio vegetation index; EVI = enhanced vegetation index; TCARI = transformed chlorophyll absorption reflectance index; OSAVI =
optimized soil adjusted vegetation index. Chl, = Chlorophyll a; Chl, = Chlorophyll b; Chl,,, = ratio between chlorophyll a and b; Chl,; = total chlorophyll; Car =
total carotenoids; Car/Chl, = ratio between carotenoids and chlorophyll; FMC = fuel moisture content. P < 0.05 is indicated with bold characters.

plastic spatial responses for the same traits by combining results from
the Zuera common garden (typical of dry continental conditions) with
those of a second, contrasting common garden (representative of a
coastal Mediterranean climate).

4.1. Needle traits measured in situ and their relationships with vegetation
indexes (VIs)

Most in situ measurements related to pigments content as well as the
suite of traits related to the litter flammability experiment showed
inconclusive patterns regarding intraspecific differentiation. As an
exception, population differentiation in early season live fuel moisture
content suggests adaptive divergence potentially associated to fire re-
sponses. Additionally, the variability in carotenoid content among
populations could be related to their different phenological stage or,
alternatively, to its photo-protection role under the dry, continental
conditions of the trial since our results did not show a clear temporal
trend for this pigment indicative of phenological changes. However,
these results should be re-examined by securing a larger set of repre-
sentative populations than the exploratory subset used in this study.

With regard the counterintuitive relationships between needle pig-
ments and RGB-derived VIs, these could have been influenced by the
different mixing of needles of different ages among populations (Kuusk
et al., 2018). Current-year needles were just emerging at the time of first
sampling, and they were not collected for pigments determination; in
contrast, the RGB sensor registered reflectance of all needle cohorts.
Generally, current-year needles have larger reflections, especially in the
green wavelength, as previously reported for other conifers. Therefore,
reflectance is likely to decrease with needle age (Hejtmanek et al., 2022;
Lhotakova et al., 2021). On the other hand, the relationships between
some multispectral indexes (CCI, NDVI) and the ratio of carotenoids to
total chlorophyll content were in line with previous studies conducted in
other pine species at their adult (Fréchette et al., 2020, Wong et al,
2019) or seedling stage (D’ Odorico et al., 2020). This result points to the
existence of population differentiation in pigment contents, especially
carotenoids, during the early growing season (Fréchette et al., 2020). It
may be related to different intraspecific responses to the onset of sum-
mer drought that lead to pre-programmed cell death of old needles or
cause changes in photosynthetic phenology, or both (Wong et al., 2020;

Peaucelle et al., 2019).

4.2. Do vegetation indexes differ among trials, populations and ecotypes?

Based on the limited time series of VIs available in the continental
trial (Zuera), we did not observe obvious temporal patterns which may
have differed among populations. However, the ecotypic means of VIs
plotted independently for each flight time (May and June) reveal that
canopies were in general greener in June, which we interpret as related
to the pace of current-year needle development (Fig. 5). On the other
hand, we observed higher values of RGB-derived VIs (Fig. 6) and also of
NDVI-based VIs (NDVI, EVI, TCARI/OSAVI) and PSRI (Fig. 7) in the
continental trial (Zuera) than in the coastal trial (Altura). This obser-
vation is probably indicating an earlier phenology of trees (i.e., earlier
current-year needle unfolding), potentially coupled with an earlier old
needle senescence (high PSRI), in the continental trial during late spring-
early summer. In both trials, the observed population and ecotypic dif-
ferentiation for many vegetation indexes (i.e., GLI, NDVI, TCARI/OSAVI)
suggest variable early season needle phenology related to needle
unfolding at the intraspecific level, although with conserved patterns (i.
e., similar population plasticity) across sites.

As aforementioned, ecotypes diverged in VIs in a rather consistent
manner across trials and suggested that DHT and WST have opposing
early season phenology (i.e., timing of needle unfolding and old needle
senescence) (Fig. 7). Since variation in needle pigments and water
content can be interpreted as differences in the timing of needle
unfolding timing among populations in spring (Wong & Gamon, 2015),
our results indicate that DHT (an ecotype originating from sub-humid
climates) had the earliest phenology (i.e., the earliest needle unfold-
ing) among all ecotypes. This result is in concordance with previous
studies pointing to important functional differences among Aleppo pine
populations in the same Altura trial (Voltas et al., 2015; Santini et al.,
2019a; Lombardi et al., 2021). These studies revealed that drought-
sensitive eastern Mediterranean populations (i.e., DHT ecotype) invest
comparatively more in aerial growth than in other functional traits such
as storage (Santini et al., 2019a), reproduction (Climent et al., 2008) or
roots (Lombardi et al., 2021) compared to drought-tolerant western
Mediterranean populations (i.e., DSC or DST ecotypes). In turn, they
have higher photosynthetic capacity coupled with higher summer
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Table 3

Mixed-effects model analysis of variance for RGB and multispectral vegetation indexes of 56 populations of Aleppo pine categorized in five ecotypes and grown in two common gardens (Altura, eastern Spain; Zuera,

northeastern Spain). Analysis of variance was fitted independently for each site. Only fixed effects are reported. G%

green percentage index; GRVI* = green-red vegetation index; GLI = green leaf index; TGI = triangular

green index; NDVI = normalized difference vegetation index; PSRI = plant senescence reflectance index; EVI = enhanced vegetation index; TCARI/OSAVI = ratio between the transformed chlorophyll absorption

reflectance index and the optimized soil adjusted vegetation index. P < 0.05 is indicated with bold characters.

TCARI/OSAVI

GLI GRVI* TGI NDVI PSRI EVI

G%

P>F F-value P>F F-value P>F F-value P>F F-value P>F F-value P>F

F-value

P>F

F-value

P>F

Den df  F-value

Source of variation Num df

Site

<0.001
0.121

7.85
2.22

1.

<0.001
0.428

14.81
0.97

0.039

2.85
6.25
1.92
4.07
1.80

0.008
0.13

4.20

<0.001
0.134
0.001

16.31
2.11
2.01
4.06
1.81

<0.001
0.046
0.002
0.014

9.96
3.25
1.93
3.27
1.79

<0.001
0.016

23.06
4.47
1.90
3.42
1.72

23.31 <0.001
0.014

18
18

Column
Block

Altura

0.004

2.15

4.65
1.

0.138
0.038
0.120
0.015

28
64

0.486
0.486
0.310

1.00
0.87

0.002

0.014

1.64
3.74
1.49

0.002
0.012

0.002
0.009
0.012

91
56

112
100
100

55

Population
Ecotype

2.

0.007 0.004

0.05

0.004

3.

1.33

1.12
0.024

0.007

0.007

0.008

0.012

1.72

47

Population [Ecotype]

0.008 0.002 0.675 0.014 0.005

0.004

Mean effect size (Population)

0.442

1.02
0.71
1.92
6.13
1.74

0.872
0.42

0.40
0.99

0.892
0.381

0.36
1.

0.218

1.55
1.75

0.004
1.

5.00
3.87
1.36
2.97
1.29

0.252
0.001
0.161

1.45
9.67
1.25
1.80
1.

0.02

3.40
4.97
1.14
2.36
1.08

0.027
0.001
0.254
0.132
0.266

3.15
8.77
1.16
1.81
1.

18
18

Column
Block

Zuera

0.558

08

0.193
0.35

0.027

0.011

0.002

0.017

1.62
3.73
1.58
0.050

1.10 0.332
1.05
0.98

09

0.086
0.023

0.278
0.058
0.363

112
100
100

55

Population

Ecotype

<0.001
0.011

0.007
0.029

0.041 0.386
0.525

2.59
0.

0.135
0.154

92 0.624

28 0.148

16

47

Population [Ecotype]

0.014

0.006 0.003 0.543 0.011 0.005

0.003

Mean effect size (Population)
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transpiration than its western counterparts (Santini et al., 2019b). The
early needle unfolding of DHT may partly be related to both its high
growth plasticity (Lombardi et al., 2022; Patsiou et al., 2020) and its
ability to grow well under different climates (Patsiou et al., 2020). It has
been shown that populations belonging to this ecotype invest more in
aerial growth than in other functional traits such as storage (Santini
et al., 2019a), reproduction (Climent et al., 2008) or roots (Lombardi
et al.,2021).

While DHT and WST showed the most contrasting differences for all
VIs, ecotypes DST and DSC performed generally closer to WST, and
ecotype WHC closer to DHT (Figs. 6 and 7). The observation that DHT
showed an earlier phenology compared with semi-arid ecotypes prob-
ably indicates the existence of adaptive responses linked to a more
conservative strategy of populations from drought-prone environments
(e.g., higher water-use efficiency, higher root investment), as previously
reported for the species (Voltas et al., 2015).

In addition, our findings disclosed ecotypic differentiation in old
needle senescence not previously reported for this species, although
such differences were clearest in the coastal trial. While WST showed
delayed senescence (i.e., low PSRI), other semi-arid ecotypes (DSC, DST)
showed an opposite pattern (Fig. 7). This observation may effectively
indicate changes in early season needle phenology of ecotypes, in
particular WST (with a delayed phenology and, thus, later needle
development and old needle senescence) and DHT (with an earlier
phenology and, thus, earlier needle unfolding and old needle senes-
cence). It may also reflect adaptive differentiation to fire-prone habitats
and a trade-off between fire- and drought-related traits, since old needle
senescence may be triggered under drought conditions but together it
can favor crown fires. This could be the case of ecotypes DST and DSC,
which showed late needle unfolding but early old needle senescence (i.
e., high PSRI), the latter probably triggered by the beginning of the
summer drought period (Grulke et al., 2020). The existence of such
intraspecific differentiation may be related to the strategy adopted by
different populations as driven by their local fire regime, in the same
way as other fire-related traits like cone serotiny that has been suggested
to be modulated by fire and, indeed, increases its expression under
intense fire regimes (Romero et al., 2023). However, this conclusion
should be taken with caution, and particularly so since our flammability
experiment suggested lack of genetic differentiation in litter flamma-
bility traits.

The relationships found between height growth and VIs corroborated
the findings above, in particular those involving needle development (i.
e., earlier current-year needle unfolding related to enhanced growth).
These relationships were partially described by Santini et al. (2019b) for
Aleppo pine, particularly the association between aerial growth (volume
over bark) and NDVI-related indexes, which is primarily linked to dif-
ferences in total leaf area.

Finally, our results revealed few conclusive associations between
climate factors at origin of populations and VIs. In the coastal trial,
where climate is wetter, temperature-related factors at origin were the
main drivers of population differentiation in VIs. Under these condi-
tions, we could detect a clear longitudinal pattern that indicates earlier
needle phenology for populations from the eastern Mediterranean basin
compared with their western counterparts. On the other hand, we did
not find a clear climatic pattern in the continental trial.

4.3. Methodological limitations

A main limitation of this study is the lack of a complete time series
fully covering the onset of the growing season. Instead, we performed
two flights spaced one month in late spring (May-June) in the same
common garden experiment and, unfortunately, we could only use a
single flight (June) for obtaining multispectral VIs due to technical
reasons. A higher frequency of flights could definitely improve the
characterization of phenological changes in the canopy and, eventually,
unveil population or ecotypic differences which may have gone



E. Lombardi et al. Forest Ecology and Management 549 (2023) 121475

Table 4

Mixed-effects model analysis of variance for RGB and multispectral vegetation indexes of 56 populations of Aleppo pine categorized in five ecotypes and grown in a
common garden located in Zuera (northeastern Spain). Analysis of variance was fitted for a time series comprising two consecutive UAV flights (May and June). Only
fixed effects are reported. G% = green percentage index; GRVI* = green-red vegetation index; GLI = green leaf index; TGI = triangular green index. P < 0.05 is
indicated with bold characters.

G% GLI GRVI* TGI

Source of variation Num df Den df F-value P>F F-value P>F F-value P>F F-value P>F

Column 6 18 3.64 0.015 3.46 0.019 2.15 0.097 7.04 0.001

Block 3 18 1.49 0.250 0.68 0.573 2.12 0.133 1.33 0.295

Population (Pop) 55 112 1.44 0.055 1.26 0.153 1.02 0.455 1.44 0.054

Ecotype 4 100 1.78 0.140 1.61 0.178 3.05 0.021 1.59 0.182

Time 1 155 658.61 <0.001 571.21 <0.001 0.93 0.336 1.15 0.286

Ecotype x Time 4 155 0.34 0.847 0.60 0.666 0.83 0.506 0.47 0.757

Pop[Ecotype] 47 100 1.28 0.153 1.33 0.117 1.19 0.230 1.52 0.041

Time x Pop[Ecotype] 47 155 0.47 0.998 0.50 0.997 0.70 0.921 0.52 0.995

Mean effect size (Population) 0.003 0.005 0.094 0.524

G% GLI GRVTI* TGI NDVI PSRI EVI TCARI/OSAVI
(Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera) (Altura) (Zuera)

Longitude | 0.52 - 0.50 0.23 0.44 - 0.47 - 0.60 - -0.28 - - 0.17 0.04 0.31 | Coeff corr.
Latitude | -0.14 - -0.14  -026 -0.13 - -0.26 - 0.03 - 0.29 - - -0.20  -0.21  -0.10 -
Altitude | -0.05 - -0.05  -0.06 -0.04 - -0.04 - -0.25 - 0.24 - - 0.03 -0.12  -0.16 0.50

MAT 0.04 - 0.04 0.23 0.01 - 0.09 - 0.08 - -0.30 - - -0.05 0.20 0.13 0.00

MDR -0.21 - -0.21  -0.14 -0.21 - -0.17 - -0.42 - 0.20 - - 0.00 0.11 -0.18 -0.50
ISO -0.37 - -0.36 -0.13  -0.33 - -0.28 - -0.48 - 0.03 - - 0.06 022 -0.18 -
TAR -0.07 - -0.07  -0.13  -0.09 - -0.05 - -0.28 - 0.28 - - -0.06 -0.01 -0.14

MAP 0.07 - 0.07 -0.13  0.06 - 0.06 - 0.18 - -0.08 - - 0.09 0.08 0.16

Fig. 4. Pearson correlation coefficients between population means of VIs and climate variables at origin of 56 populations growing in two common garden ex-
periments located in Zuera (northeastern Spain) and Altura (eastern Spain). GLI = green leaf index; TGI = triangular green index; PSRI = plant senescence reflectance
index; EVI = enhanced vegetation index; TCARI/OSAVI = ratio between the transformed chlorophyll absorption reflectance index and the optimized soil adjusted
vegetation index. MAT = mean annual temperature; MDR = mean diurnal range; ISO = isothermality; TAR = temperature annual range; MAP = mean annual
precipitation. Significant correlations are indicated in bold (P < 0.05).

unnoticed using a two-point series of records. 5 Conclusions

With regard the array of ground truth measurements, we had
availability of a larger time series covering one and a half month; This study showcases the existence of intraspecific variation in
however, we sampled a relatively small subset of populations because of needle unfolding and old needle senescence in P. halepensis. In turn, this
personnel and technical constraints, a typical drawback that hampers variability is informative of differential plasticity and local adaptation to
conventional ecophysiological studies. As a consequence, the develop- contrasting conditions across the Mediterranean basin. We found that
ment of current-year needles was likely incompletely captured at the ecotypes DHT (exposed to dry summers, but with a sub-humid,
intra-specific level. The alternative target of sampling a larger subset of temperate climate) and WST (with wet summers, but with a semiarid,
populations or, even, the entire trial could have increased the scope of temperate climate) exhibited the most obvious differences in VIs. Also,
inferences by disclosing additional patterns of intraspecific differentia- ecotypes with semiarid climates shared, in general, similar traits to WST.
tion. A similar flaw applies to the litter flammability experiment. These findings are likely a result of different life-history strategies and,

On a separate issue, and regarding both ground measurements and eventually, trade-offs between fire- and drought-related traits, as
UAV-derived data, the lack of a time series covering multiple years exemplified by ecotypes DST and DSC which seemingly exhibited an
(instead of a single year) also prevented a more complete character- early old needle senescence coupled with late needle unfolding. On the
ization of genetic patterns. Indeed, a multiyear time-series of records other hand, the lack of population differentiation for flammability traits
would be desirable to test for consistency of phenological variability suggested similar adaptations to fire for P. halepensis. This study repre-
across populations and ecotypes of the species. Finally, although pre- sents a first attempt to understand changes in early season needle
vious studies carried out in the Altura trial have revealed important unfolding and old needle senescence using UAV-derived RGB and mul-
intraspecific differences in Aleppo pine, the joint characterization of tispectral VIs in common garden experiments of adult individuals for a
functional traits characterizing drought responses across trials (in widespread conifer. Our results point to the importance of taking into
addition to needle phenology and senescence) would add relevant in- account the intraspecific characteristics of this species in forest man-
formation about such differentiation and its plasticity, especially agement actions. Particularly, populations (or ecotypes) with high
regarding the issue of a potential trade-off between fire resistance and growth potential show increased risk of crown flammability at the onset
drought tolerance. of the fire season in the Mediterranean basin.
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Fig. 5. Barplots summarizing ecotypic differences of RGB- derived vegetation indexes measured in Zuera (northeastern Spain) in two consecutive flights: May (grey
bars), June (white bars). Hatched bars denote significant ecotypic differences within a flight and different letters indicate significantly different ecotypes (uppercase
letters for June, lowercase letters for May) (LSD test, P = 0.05). G% = green percentage index; GRVI* = green-red vegetation index; GLI = green leaf index; TGI =
triangular green index.
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Fig. 6. Barplots summarizing ecotypic differences of RGB- derived vegetation indexes measured in two common garden trials: Altura, eastern Spain (grey bars), and
Zuera, northeastern Spain (white bars). Hatched bars denote significant ecotypic differences within trial and different letters indicate significantly different ecotypes
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index; GLI = green leaf index; TGI = triangular green index.

Data Availability Statement acceptance of this article

The data supporting the results of this study will be made available at
the CORA open repository (https://dataverse.csuc.cat/) upon

11



E. Lombardi et al.

Forest Ecology and Management 549 (2023) 121475

10 15 5 10
0.8 | A 08
S 06 7 A R - 06
<
S 0.4 04~
0.2 | 0.2
0.0 0.0
0.20 1 ) 05
015{ [ 1 u 7 b o 0.4
0. ® 7
@ 010 gé S
a a a a // 02 @
-0.05 %277 gé 2
o 0.1
0
0.00 0.0

WHC WST DHT DST DSC
Ecotype

WHC WST DHT DST DSC
Ecotype

Fig. 7. Bar plots summarizing ecotypic differences of multispectral-derived vegetation indexes measured in two common garden trials: Altura, eastern Spain (grey
bars), and Zuera, northeastern Spain (white bars). Hatched bars denote significant ecotypic differences within a trial and different letters indicate significantly
different ecotypes (uppercase letters for Zuera, lowercase letters for Altura) (LSD test, P = 0.05). NDVI = normalized difference vegetation index; PSRI = plant
senescence reflectance index; EVI = enhanced vegetation index; TCARI/OSAVI = ratio between the transformed chlorophyll absorption reflectance index and the
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