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Hotter droughts and aridification are causing forest die-off episodes worldwide. These events are characterized
by canopy dieback and elevated mortality rates, but not all trees are equally affected with neighboring con-
specifics showing contrasting vigor. Tree-ring data have been used to forecast die-off because of the contrasting
growth rates declining (D) and non-declining (ND) trees show before tree death. However, discrete wood features
such as latewood intra-annual density fluctuations (IADFs) have not been considered despite they record specific
climate events. We hypothesized that D trees were less able to use water from rare summer-autumn rainfall
pulses, which trigger IADF formation. We evaluated radial growth (tree-ring width) and latewood IADFs pro-
duction in D and ND trees of two Mediterranean Pinus pinaster stands, which showed a strong die-off episode after
the extreme 2017 drought. Wood anatomy and intra-annual growth rates and their climate drivers were also
studied in one site, where dieback and mortality were annually monitored. The D trees significantly grew more in
the past, particularly during wet decades, but tended to form less IADFs than ND trees, albeit differences were not
significant. In the two decades before the die-off onset, ND trees formed tracheids with wider lumen and thicker
walls than D trees. High precipitation in late summer and early autumn enhanced the formation of IADFs, a result
supported by simulations of the Vaganov-Shashkin model. These findings suggest a greater ability of D trees to
grow more in response to spring rainfall during wet periods, but a higher vulnerability in response to recent
drought stress. In contrast, ND trees show a higher capacity to recover after the summer drought and to form
latewood IADFs, a feature which can be further investigated as prognostic tool for die-off.

1. Introduction

Globally, tree growth is becoming increasingly constrained by
drought (Babst et al., 2019). Drought is a major stressor of forests trig-
gering die-off events (Hammond et al., 2022; Gazol and Camarero,
2022) and causing legacy negative effects on radial growth (Anderegg
et al., 2015). Such legacies have been shown to be long in pines from
semi-arid areas, reducing post-drought recovery and causing growth
decline (Gazol et al., 2018, 2020; Serra-Maluquer et al., 2021). How-
ever, these analyses did not consider how intra-annual growth patterns
and discrete wood anatomical features responded to drought stress; thus
lacking information on post-drought recovery responses.

Wood anatomical wood features such as latewood intra-annual
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density fluctuations (IADFs) record responses to extreme climate
events (Wimmer 2002; De Micco et al., 2016). Latewood IADFs consist
of the occurrence of a band of earlywood-like cells (tracheids with wide
lumen) within the latewood and are formed in response to wet-cool
late-summer and autumn conditions (Campelo et al., 2007, 2013; De
Luis et al., 2011; Zalloni et al., 2016; Camarero et al., 2023a). These
IADFs may reflect post-drought legacy effects related to bimodal growth
patterns, which characterize Mediterranean conifers inhabiting areas
with mild spring and autumn conditions and dry summers (Campelo
et al., 2007; Camarero et al., 2010; Valeriano et al., 2023). However,
how latewood IADFs reflect the capacity of trees to recover after summer
drought as related to growth rates is still understudied. Latewood IADFs
have been shown to improve xylem hydraulic conductivity after the
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summer drought in Pinus pinaster (Niccoli et al., 2024). Therefore, IADFS
could contribute to post-drought resilience. Gaining knowledge on this
issue is particularly critical to forecast the impacts of drought-induced
die-off on vulnerable Mediterranean conifers (e.g., Camarero et al.,
2015). The Mediterranean Basin is a climate change hotspot subjected to
significant warming and drying which diminish soil moisture in the
growing season (Tuel and Eltahir, 2021). This aridification trend may
threaten the persistence of many conifer forests leading to growth
decline and reducing the production of latewood IADFs.

In Mediterranean conifers, spring and autumn growth peaks (bimo-
dality) are linked to higher growth rates and enhanced production of
latewood IADFs (Mitrakos, 1980; Pacheco et al., 2018; Balzano et al.,
2018, 2020). Therefore, latewood IADFs reflect post-drought recovery
and indicate higher growth rates and enhanced hydraulic conductivity
(Camarero et al., 2010, 2023b; Niccoli et al., 2024). Here, we argue that
latewood IADFs can complement ring-width data to measure the im-
pacts of drought stress on tree growth and recovery during forest die-off
episodes.

We study radial growth patterns and the production of latewood
IADFs in coexisting declining and non-declining trees from two
P. pinaster forests located in north-eastern Spain and showing drought-
induced die-off. We quantified how continuous (tree-ring width, anat-
omy) and discrete (IADFs) wood features are driven by climate vari-
ability in the two vigor classes of trees. Finally, we used the Vaganov-
Shashkin model (hereafter VS model), which simulates how climate
drives intra-annual radial growth patterns (Vaganov et al., 2006; Eck-
es-Shephard et al., 2022). We hypothesize that slow-growing declining
trees, which are prone to die due to drought stress (Camarero et al.,
2015), will produce less latewood IADFs because they are less able to use
soil water during wet-cool events, thus showing a lower recovery
capacity.

2. Materials and methods
2.1. Study sites

Two sites (Miedes de Aragdn -hereafter Miedes-, 1.44° W, 41.27° N,
955m a.s.l.; Orera, 1.45° W, 41.31° N, 961 m a.s.l.) with ongoing canopy
dieback and patches of high mortality (11-25 % of trees) were sampled
in the central Iberian range, Aragon, north-eastern Spain (Fig. 1).
Selected sites are natural Pinus pinaster Ait. stands, with low to moderate
tree-to-tree competition, subjected to light thinning in the past. The
mean density and basal area in these sites were 695 stems ha™ and 30 m?
ha’l, respectively. The Orera site is located in steeper slopes (slope range
15-20°) than the Miedes site (slope range 0-5°).

Forest managers detected forest die-off starting in 2017 after a very
severe drought (Fig. 1), but no pathogen or insect defoliator was
detected (Moreno-Fernandez et al., 2021). Canopy dieback was patchy
and more intense in south-facing slopes on rocky and thin soils, i.e., in
those areas that receive more sunlight and are warmer and drier, where
up to 35% of mature pines died (Valeriano et al., 2021a, 2021b, 2023).

In Miedes, where annual monitoring of 30 tagged trees was carried
out from 2020 to 2024 in late summer, defoliation (mean 4 SD)
increased from 34.3 + 25.9 % to 53.8 + 34.8 %, and the percentage of
dead trees rose from O to 20 % (pers observ.). In Orera, the mean defo-
liation in 2020 was 38.0 + 26.7 %. Field sampling focused on non-felled
stands of relatively high mortality to avoid biases related to stand
structure. Trees were considered dead when all their leaves were brown,
and shoots and branches were dead.

In both sites, the overstory is dominated by P. pinaster (height be-
tween 5 and 8 m), whereas the understory is formed by Quercus ilex L.
(height 2-3 m) and shrubs such as Cistus laurifolius L., Arctostaphylos uva-
ursi (L.) Spreng and Juniperus oxycedrus L. The main geological sub-
strates are quartzites producing acid (pH = 5.6), rocky soils with sandy-
loamy or clay texture, and being relatively shallow (20-50 cm). The
amount of organic nitrogen in the soil is low (0.12 %).
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2.2. Climate conditions and drought and vegetation indices

According to climate data from the Daroca station (1.41° W, 41.11°
N, 779 m a.s.l., period 1920-2020, located at ca. 20 km from the study
sites), the climatic conditions are Mediterranean and continental with a
marked summer drought (Fig. S1). The average annual temperature is
12 °C, and the annual precipitation is 423 mm with peaks in spring and
autumn. The period with water deficit starts in June and may last until
October. In the study area, summer maximum temperatures showed
constant increases since 1920 and reached record values in the 1990s
and 2010s (Fig. S2).

To assess how drought severity impacted intra-annual growth pat-
terns, we obtained weekly values of the Standardized Precipitation
Evapotranspiration Index (SPEI) for the 1961-2020 period from the
webpage https://monitordesequia.csic.es/ (Vicente-Serrano et al.,
2017). They correspond to 1.1 km2-gridded SPEI Spanish dataset and we
selected the four grids located over the two forest sites. The SPEI is a
multiscalar drought index which reflects cumulative changes in the
climatic water balance, i.e. the difference between precipitation and
potential evapotranspiration (PET) (Vicente-Serrano et al., 2010). The
PET was calculated using the FAO-56 Penman-Monteith equation (Allen
et al., 1998). Negative and positive SPEI values indicate dry and wet
conditions, respectively. According to the 3-month SPEI drought index,
an extremely low value (-1.9) was recorded in late 2017 corresponding
to severely dry conditions over the study area (Fig. 1). To assess regional
impacts of drought on tree growth and IADF frequency, monthly SPEI
values were obtained for the 0.5° grid including both study sites. These
data corresponded to the SPEI Global Drought Monitor (https://spei.cs
ic.es/map). Finally, monthly soil moisture data for 0-10 cm depth
(period 1982-2009) were obtained from the 0.1°-gridded Land Data
Assimilation System database (McNally, 2018).

To estimate changes in canopy cover and greenness, monthly series
of the Normalized Difference Vegetation Index (NDVI) were retrieved
from the NOAA 0.1°-gridded dataset (Vermote, 2019). Then, NDVI
anomalies were calculated with respect to the period 1981-2019.

2.3. Field sampling

We used crown defoliation as a proxy of tree vigor and measured it in
classes of 5 % following the standardized methods of the European ICP
Forest network (Eichhorn et al., 2016). Defoliation was visually assessed
by three observers to avoid bias and then the mean value for each tree
was calculated. Crown condition was surveyed for a total of 40 trees in
each site. Then, declining (D) and non-declining (ND) trees were clas-
sified as those showing crown defoliation levels higher than 60 % and
lower than 40 %, respectively.

In Orera, managers logged D (n = 30) and ND (n = 30) trees, and we
obtained their apical (cut at 0.5 m from the tree top) and 1.3-m cross-
sections from a total of 60 individuals. These samples were used to
compare radial growth rates within the crown and at 1.3 m in D and ND
trees (Fig. $3). In Miedes, cores were sampled from D (n = 30) and ND (n
= 30) trees at 1.3 m using either 5- (for tree-ring width data) or 10 mm
(for wood-anatomy data) increment borers (Haglof, Sweden). These
samples were used to measure growth rates and wood anatomy
including IADFs. We focused more on the Miedes site because wood-
anatomical analyses and annual monitoring of die-off were carried out
only there.

2.4. Processing wood samples and tree-ring data

Wood samples were air-dried, glued onto wooden mounts (in the
case of cores), and surfaced with progressively finer grades of sandpaper
until tree rings were clearly distinguishable (Fritts, 2012). Then, they
were scanned at 2,400 dpi resolution and visually cross-dated. Ring
widths were measured with a 0.001 mm resolution using scanned im-
ages and the CooRecorder-CDendro software (Larsson and Larsson,
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Fig. 1. Views of (a) Miedes and (b) Orera study sites. The understory is dominated by holm oak (Q. ilex). Aerial photographs taken in (c) 1956-1957 and (d) 2022
showing dense forest cover. The approximate location of Miedes (MI) and Orera (OR) study sites is indicated. (e) Weekly values of the SPEI drought index calculated
at 3-month (SPEI3) long scales for the 0.1°-grid including the two study sites. The yellow and red areas indicate the 95 % and 99 % lower confidence intervals.
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2018). This was done along two radii per cross-section or in the two
cores of each sampled tree. The quality of cross-dating was checked
using the COFECHA software which calculates moving correlations be-
tween individual series of ring-width values and the mean sites series
(Holmes, 1983). To obtain a mean series of the annual frequency of
latewood IADFs in D and ND trees from each site, either cross-sections
(Orera) or cores (Miedes) were visually inspected for the
best-replicated period 1950-2020. IADFs corresponded to bands of tra-
cheids with wide lumen area formed within the latewood which is
characterized by tracheids with narrow lumen and thick cell walls (De
Micco et al., 2016; Battipaglia et al., 2023). IADFs were counted and
quantified as the annual proportion of trees showing this feature in the
two radii of each measured tree. Latewood IADFs were defined as those
presenting tracheids within the latewood with wide lumen and having a
Mork’s index < 1, i.e. latewood cells in which the value of twice the
double cell-wall thickness divided by cell lumen did not exceed 1
(Denne, 1989).

To estimate tree age at 1.3 m, we counted the number of rings in the
cross-sections or cores with pith. In cores without pith, we used graph-
ical methods and fitted circular templates to innermost, curved rings.
Those templates were built using the cross-sections taken at 13. m in
Orera. In those cores, the length of the missing radius was calculated as
the difference between the geometric radius, after removing bark
thickness, and the total core length (Duncan, 1989). The number of
inner missing rings was estimated by extrapolating the mean growth rate
from the innermost ten rings. We set a limit of 15 rings to the number of
rings that could be estimated.

To assess growth trends, tree-ring width data were converted into
basal area increment (BAI) from the bark towards the pith (outside in)
assuming concentric radial growth and removing bark thickness for the
calculation. This was done using the following formula:

BAI = 7(rp® — 1) 1

where r;; and r are the cumulative radial increment for years t + 1 and
t, respectively.

Finally, the ring-width series were standardized and detrended to
related climate and growth variability. Firstly, Friedman super smoother
functions with intermediate smooth values were fitted to individual
ring-width series to obtain standardized ring-width indices which pre-
serve high-frequency variability (cf. Valeriano et al., 2021a). Second,
the first-order autocorrelation was removed by fitting autoregressive
models to obtain series of residual or pre-whitened ring-width indices.
Third, we averaged the series of standardized or residual ring-width
indices to obtain mean series using bi-weight robust means.

2.5. Wood anatomy

To measure wood-anatomical features in trees sampled in Miedes,
10-mm cores from five D trees and five ND trees, which showed the
highest correlations of their individual ring-width series with the mean
site series of ring-width indices, were selected. They were transversally
cut using a sledge microtome (Gartner and Nievergelt 2010) to obtain
thin transversal sections (10-15 pm thick). Sections were mounted on
glass slides, stained with safranin (0.5 % in distilled water), Astra Blue (2
%) and fixed with Eukitt®. Images of sections along the rings formed in
the period 2000-2020 were taken at 40-100x magnification with a
digital camera mounted on a light microscope (Olympus BH2). They
were stitched with the ICE software (Microsoft©). Images were analyzed
for xylem measurement using the AutoCellRow software (Dyachuk et al.,
2020). These analyses provided measurements of lumen conduit area
and diameter (LD) and double cell-wall thickness (CWT) along the radial
direction and within each dated annual ring.

Lumen radial diameter (LD) and the radial double cell-wall thickness
(CWT) were measured for each tracheid found along five radial rows of
each annual ring. This was done for the period 2000-2020. We also
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calculated the lumen area assuming a circular shape of tracheids. Then,
the theoretical hydraulic conductivity (K, in kg m™ s MPa!) of each
annual ring was calculated following as:

Ky = (np /128n) ) (di*) @

where p is the density of water at 20 ° C (998.2 kg m™), n is the viscosity
of water at 20 ° C (1.002 x 10° MPa s), and d; is the diameter of n vessels
measured in year i (Tyree and Zimmermann 2002).

2.6. Modeling intra-annual growth and pinpointing its climate drivers

Following Valeriano et al., (2021a), we used the VS model to
pinpoint the climate drivers of radial growth at an intra-annual scale.
We used the VS-oscilloscope software ver.1.362 (Shishov et al., 2016) to
fit the VS model, and considered years with and without IADF formation
in the intensively monitored Miedes site. Here, IADF years were defined
as those with at least 25 % of trees forming a latewood IADF. The VS
model shows intermediate complexity and has been widely validated in
conifers (Vaganov et al., 2006; Tumajer et al., 2017; Valeriano et al.,
2023). The model simulates daily growth rates (Gr) focusing on xylo-
genesis phases and considering as input daily values of air temperature,
precipitation, and radiation. The model parameters defined the inte-
grated Gr and the relative Grs due to soil moisture (GrW) or temperature
limitations (GrT).

We used daily climate data (air temperature, precipitation, and ra-
diation) from the Daroca station and the standardized ring-width indices
as input data. In total, 18 parameters were used to calibrate the model
(see Table S1). The study period was 1930—2019 because some D trees
did not form the complete 2020 ring. This period was divided into two
sub-periods (1930—1969 and 1970—2019) to calibrate and verify the
model predictions, respectively (Fritts 2012). The model was adjusted
by modifying the parameters until the correlation between the observed
and simulated series of ring-width indices were maximized. The degree
of adjustment between the observed and predicted series of growth
indices was assessed using Pearson correlation coefficients (r) and the
root mean squared error (RMSE) (Tychkov et al., 2019).

2.7. Statistical analyses

Differences between ND and D trees within each site regarding
growth (BAI), wood anatomy and IADF production were assessed using
Mann-Whitney U tests. These comparisons were done for the respective
study periods and also for different decades.

Correlations were calculated between monthly climate variables
(mean maximum temperature, total precipitation; data from Daroca
local station) and series of residual ring-width indices, wood anatomy
(LD, CWT) and series of IADFs. This was done separately considering D
and ND trees. In the case of ring-width indices and wood anatomy
(periods 1950-2020 and 2000-2020, respectively), Pearson correlation
coefficients (r) were obtained, whereas Spearman correlation co-
efficients (r;) were obtained in the case of IADFs (period 1950-2020).
Differences in slopes of relationships between climate and wood-
anatomy variables were tested using ANCOVAs. In all cases, the win-
dows of analyses went from prior October to current September. We did
not consider minimum temperatures because they did not yield signif-
icant correlations with growth indices, IADF production or wood anat-
omy. In addition, correlations were also obtained between the IADF
series and the monthly SPEI (calculated at 1- to 20-month-long time
scales) or soil moisture values. Lastly, to determine how drought-IADF
relationships change along the year, Spearman correlations were
calculated between the IADFs series of D and ND trees and weekly SPEI
values.

All analyses were carried out using the R statistical software (R
Development Core, 2024). The dplR package was used to process
dendrochronological data including ring-width detrending and the
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calculation of statistics (Bunn 2008, 2010; Bunn et al., 2023). The
treeclim package was used to calculate the correlations between climate
variables or SPEI and the mean series of ring-width indices,
wood-anatomical features (LD, CWT), and IADFs (Zang and Biondi,
2015).

3. Results
3.1. Climate and growth patterns

The 2017 drought was the most severe in the period 1960-2020
(Fig. 1) and corresponded to very warm conditions in September
(Fig. $2). In general, BAI peaked during periods with high SPEI values
(wet-cool conditions) such as the 1970s, and declined during periods
with low SPEI values (dry-warm conditions) such as the 1990s. In both
sites, D trees grew more than ND trees, despite showing similar ages, but
differences were only significant (U = 1884, p = 0.018) in Miedes for the
whole study period (Table 1). Considering decadal values, D trees grew
significantly more than ND trees during the wet 1970s in both study
sites, but no differences in IADF production were observed (Table 2). In
Orera, the higher growth rates of D trees lasted until the 2010s.

The D trees showed an abrupt reduction of BAI after 2017 in both
sites (Fig. 2). The number of tree deaths also peaked that year. In Orera,
the recent growth decline was also observed in the apical wood sections
of D trees, but there were no significant differences in BAI between D
and ND trees (D trees, 1.11 &+ 0.10 cm? yr'l; ND trees, 0.94 + 0.08 cm?
yr'l, period 1980-2020, U = 652, p = 0.15, Fig. $3). Crown defoliation in
2024 and mean BAI (period 2017-2020) were negatively related in
Miedes (rs = -0.71, p < 0.001).

3.2. Production of IADFs and wood anatomy

Latewood IADFs were very noticeable in some years such as 2006
(Fig. 3). ND trees tended to produce more IADFs than D trees (Fig. 4),
particularly from 1970s onwards and especially after 2006, but differ-
ences were not significant (Table 1).

In Miedes, lumen diameter (LD), cell-wall thickness (CWT) and
theoretical hydraulic conductivity (Kp) were higher in ND than in D trees
(Table 1, Fig. 5). The divergence of CWT and Kj between ND and D trees
was amplified after the severe 2017 drought.

3.3. Relationships between climate and drought severity with growth,
wood anatomy, and IADFs

Tree growth was enhanced by high precipitation during the early
growing season (March to June), particularly in ND trees, whereas
elevated maximum temperatures in those months and in August led to
lower growth rates, particularly in the case of D trees from Orera
(Fig. 6). In Orera, wet conditions in the previous winter also improved
growth.

The IADF production was favored by elevated precipitation in
August and September, particularly in ND trees (Fig. 7). In 1961 and
2006, the years with the highest IADF production (on average 60 % of
sampled trees formed an IADF; Fig. 4), September precipitation was
anomalously high and it was preceded by wet June-July conditions

Table 1
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Table 2

Comparisons of basal area increment (BAI) and latewood IADFs in declining (D)
and non-declining (ND) trees of the two study sites considering different de-
cades. Different letters indicate significant (p < 0.05) differences between D and
ND trees within each site (Mann-Whitney tests). Bold values indicate significant
(p < 0.05) differences between ND and D trees.

Site Decade BAI (cm2 yr'l) IADFs (% yr’l)
ND D ND D

Miedes  1950- 1.8 +0.2a 2.2+ 0.3a 8.0 £5.2a 9.7 + 4.1a
1959
1960- 1.7 + 0.2a 2.2+ 0.2a 10.7 +£7.7a  10.3 + 8.2a
1969
1970- 2.3 + 0.2a 3.2+ 0.2b 9.7 £ 5.5a 7.3+ 4.7a
1979
1980- 1.8 + 0.2a 2.3 +0.2a 2.0 +1.4a 1.7 + 1.3a
1989
1990- 2.5+ 0.3a 2.7 + 0.4a 6.7 + 3.5a 5.0 +2.7a
1999
2000- 2.4 +0.2a 2.8 +0.3a 8.0 £ 6.2a 4.0 +3.8a
2009
2010- 2.1 +0.3a 1.8 + 0.4a 5.0 + 4.2a 0.7 + 0.2a
2019

Orera 1950- 6.2 + 0.5a 4.1 + 0.4b 3.3+ 209a 5.3+ 3.7a
1959
1960- 4.4 + 0.6a 3.6 + 0.4a 10.0 + 6.8a 8.4+ 7.8a
1969
1970- 6.8 + 0.6a 8.9 + 0.8b 9.6 + 5.1a 4.4 + 2.3a
1979
1980- 3.5 + 0.4a 49+0.5b 7.1 +3.0a 5.9 + 2.6a
1989
1990- 24+03a 35+04b 0.8+ 0.4a 1.2 + 0.9a
1999
2000- 3.5+ 0.3a 4.6 + 0.3b 1.7 £ 1.2a 0.6 +£ 0.3a
2009
2010- 2.6 + 0.4a 3.3+ 0.8a 5.8 +3.9a 4.1+27a
2019

(Fig. S4). This corresponded to positive correlations between August-
September SPEI, calculated at 1-4-month long scales, and IADF pro-
duction (Fig. S5). Warm conditions in August and in the previous
October were negatively related to IADF production. In Miedes, dry soil
conditions in May and wet soil conditions in September enhanced IADF
formation, whilst in Orera dry soil conditions in February and May did it
(Fig. $6). A similar effect was observed considering weekly SPEI values
because high SPEI values in mid-to-late September enhanced IADF for-
mation in Miedes, whereas high SPEI values from mid-May to late June
reduced the production of IADFs in Orera (Fig. S7).

In Miedes, dry conditions in the previous November, elevated pre-
cipitation from April to May and cool conditions from May to June
increased LD, particularly in ND trees except in the case of maximum
temperature in April (Fig. 8). Wet conditions from late winter to early
spring and cool June conditions enhanced CWT, particularly in ND trees.
A warm previous December also showed a positive correlation with CWT
in ND trees.

The relationships between spring water balance and lumen area were
stronger in ND (r = 0.88) than in D trees (r = 0.75) and showed different
slopes (ANCOVA, F = 4.18, p = 0.048; Fig. $8). This relationship has
strengthened during the past decade in ND trees, whilst the lumen area
of D trees has lost responsiveness to changes in water balance.

Age, tree-ring (BAI, basal area increment), wood-anatomy (only in Miedes) and IADF statistics measured in declining (D) and non-declining (ND) trees sampled in the
Miedes and Orera sites. BAI and IADF statistics correspond to the 1950-2020 period, whereas wood-anatomy data correspond to the period 2000-2020. Values are
means + SE. Different letters indicate significant (p < 0.05) differences between D and ND trees within each site (Mann-Whitney tests).

Cell-wall thickness (pm) Kp * 102 (kg m"' st MpPa™l) IADFs (% yr'l)

Site Tree class Age at 1.3 m (years) BAI (cm2 yr'l) Lumen diameter (pm)
Miedes ND 91 + 3a 2.07 + 0.09a 27.63 + 6.61b

D 88 + 2a 2.44 +0.12b 24.49 + 5.75a
Orera ND 82 +7a 4.18 £ 0.25a -

D 92 + 6a 4.74 £+ 0.30a

9.80 + 0.12b 1.07 + 0.13b 7.04 & 2.03a
9.36 + 0.13a 0.63 + 0.09a 5.45 + 1.60a
- - 5.40 + 1.70a

4.22 4+ 1.54a
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Fig. 2. Mean series of basal area increment of declining and non-declining trees sampled in (a) Miedes and (b) Orera. Values are means =+ SE. The right y axis shows

the annual number of measured radii (lines) and the number of dead trees (bars).

3.4. VS modeling of intra-annual growth patterns

The fits of the VS model to series of ring-width indices ND and D trees
from Miedes were successful (Tables S1 and S2). During years with
abundant IADFs production, such as 2006, the VS model produced a
bimodal pattern with growth peaks in spring and autumn (Fig. 9). Ac-
cording to the model, the lack of IADF formation was associated with
low soil moisture levels in September and October. The VS fits for
selected years with abundant IADF production showed higher growth
rates for ND trees producing more IADFs than for D trees producing less
IADFs (Fig. §9). In general, growth rates of D trees producing less IADFs
were more limited by low soil moisture levels from September to
October. Interestingly, the August NDVI value in the year 2006, when
abundant IADFs were observed in Miedes, was very high (Fig. S10).

4. Discussion

As hypothesized, declining trees were characterized by lower pro-
duction of latewood IADFs than non-declining trees, but not by lower
growth rates except after the 2017 drought which triggered the study
die-off event and increased mortality. After such climate extreme,
growth rates, tracheid transversal size and the theoretical hydraulic
conductivity decayed in the declining trees. The VS model was able to
reproduce the bimodal growth pattern, which is potentially associated
with IADF production, supporting our contention that more vigorous
trees are able to use soil water after the dry summer. These findings
indicate that latewood IADFs complement ring-width and wood anat-
omy data to study the impacts of drought on tree functioning.

The fact that declining trees grew more than non-declining trees in

Miedes, particularly during past wet periods, can be explained by its
sandy soils if the former trees formed in the past wider tracheids more
vulnerable to cavitation but providing a higher hydraulic conductivity
under conditions of low soil-water holding capacity (Hacke et al., 2001).
This “prodigal” (water-consumer) but risky strategy has been observed
in Norway spruce (Picea abies) (Rosner et al., 2008) and in Scots pine
(Pinus sylvestris) (Voltas et al., 2013). However, declining trees are
forming tracheids with narrower lumen and thinner walls than
non-declining trees at least since 2000, whereas growth rates of both
tree classes were rather similar in Orera where trees grow on steeper
slopes with rocky soils which can make them chronically stressed
(Valeriano et al., 2021a). Regrettably, wood anatomy data were only
measured in Miedes from 2000 to 2020, but they suggest that declining
trees were more vulnerable (predisposed) to the 2017 drought because
they had lower hydraulic conductivity following a water-saver strategy
as has been described before (Pellizzari et al., 2016). This pattern of
long-term growth and hydraulic impairment concurs with many die-off
cases reported in similar Mediterranean conifer forests where declining
trees were slow-growing individuals (e.g., Camarero et al., 2015).
Some researchers suggested that conifers exhibit adaptations of
xylem hydraulic traits that favour hydraulic efficiency over safety
leading to the formation of tracheids with wider lumen in response to
drought (Eilmann et al., 2009). However, long-term decreased water
availability usually leads to narrower rings and earlywood tracheids
with smaller lumen reducing the theoretical hydraulic conductivity
(Martin-Benito et al., 2013). This concurs with the smaller lumen size
observed in the declining trees from Miedes. A reduction in cell-wall
thickness after the severe 2017 drought would further make these
trees more vulnerable to xylem embolism by negative pressure (Hacke
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Fig. 4. Relative IADF frequency (annual percentages) formed by declining (black bars) and non-declining (grey bars) trees in the (a) Miedes and (b) Orera study sites.
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et al., 2001).

In a study on Norway spruce die-off, declining trees presented lower
wood density, i.e. tracheids with wide lumen, high growth rates and a
low stomatal control of water loss and this was associated with a high
vulnerability to cavitation and water losses during dry periods of

individuals prone to die-off which followed a “prodigal” strategy
(Hentschel et al., 2014). This could be the case of our study declining
trees during cool-wet periods with very favorable conditions such as the
1970s, but this situation clearly reversed after the hot 2017 drought.
Thus, long-term growth responses to “average’’ climate conditions may
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differ from the performance under severe droughts which may lead to
the formation of vulnerable and inefficient xylem (Guérin et al., 2021).

The climate-IADF associations agree with most studies carried out in
Mediterranean conditions characterized by dry summers followed by
wet autumns (Campelo et al., 2007, 2013; De Luis et al., 2011; Camarero
et al., 2015; Valeriano et al., 2023). Latewood IADFs are characterized
by wider tracheids corresponding to increased cell turgor and reac-
tivation of cambial dynamics after summer leading to bimodal growth
patterns (Camarero et al., 2010; Peters et al., 2021). However, IADF
production depends on other climate factors. Under wet conditions, such
as those experienced in W Spain by P. pinaster, latewood IADFs pro-
duction was favored by low winter temperatures (Rozas et al., 2011). We
also found a similar effect of previous autumn temperatures indicating
carryover effects of prior growth and climate conditions on IADF pro-
duction almost 12 months later. In the study species, IADF tracheids had
a higher 5!3C than earlywood and latewood tracheids indicating higher
water-use efficiency and stomatal closure in response to dry soil con-
ditions, despite increased lumen area and hydraulic conductivity (De

Micco et al., 2007). Further analyses on intra-annual 53¢ patterns in
declining and non-declining trees and considering years with abundant
and low IADF production could improve our understanding of how trees
recover after drought in terms of hydraulic conductivity and water-gas
exchange. In addition, the VS-model fits of intra-annual growth could
be checked using dendrometer data of declining and non-declining trees
and paying attention to years prone to IADF formation characterized by
wet-cool summer-autumn conditions.

Isohydric (water-saving) species such as P. pinaster close stomata as
drought progresses and take preferentially water from shallow soil
layers as compared with anisohydric (water-spending) species such as
oaks, which form deep and dual root systems (Del Castillo et al., 2016).
The groundwater contributions in the study plots are probably low
because soils are shallow and very rocky, but oaks (Q. ilex) are gradually
dominating in die-off sites. Isohydric species are better adapted to use
more predictable pulses during the early and late growing season, which
could explain latewood IADF formation, whilst anisohydric tree species
tend to rely on winter precipitation to withstand dry periods or access
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deep water sources as soil dries out during summer (West et al., 2008).
Therefore, latewood IADFs could reflect post-drought recovery during
average climate conditions, but their production would be constrained
during very hot and severe droughts leading to very low growth rates.
Moreover, the production of IADFs will depend on trends in seasonal
precipitation, becoming more frequent if autumn precipitation increases
as has been observed in some areas of central and western Spain
(Gonzalez-Hidalgo et al., 2024).

A fundamental uncertainty of our analyses is the grouping of trees
into two vigor classes. It is possible that non-declining trees turn into
declining trees as drought intensifies. However, the annual monitoring

10

in Miedes indicates rather stable canopy conditions with defoliation
levels measured in 2020 and 2024 being positively correlated (r; = 0.79,
p < 0.001).

The mechanisms to overcome drought stress affect water-exchange
rate but operate alongside other traits or adaptations, including root
architecture and water uptake depth, plant phenology, soil type or in-
teractions with soil microbiota (Ryan, 2011; Gazol et al., 2024). Further
studies could consider including other potential predisposition features
contributing to tree vulnerability to drought measuring additional
wood-anatomical (e.g., pit size), structural (e.g., leaf-to-sapwood area
ratio) and ecophysiological (e.g., leaf water potential, non-structural
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carbohydrate concentrations, hydraulic conductivity, depth of soil water 5. Conclusions
uptake) variables. For instance, hydraulic dysfunction due to negative
hydraulic safety margins when xylem embolism reached values over 60 Drought-triggered die-off was linked to an abrupt drop in radial
% was the main driver of die-off in drought-stressed Aleppo pine (Pinus growth, lumen area, cell-wall thickness, and theoretical hydraulic con-
halepensis) forests (Morcillo et al., 2022). ductivity. Declining trees were hydraulically underbuilt about two

11
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decades before the die-off onset, but showed higher growth rates during
previous wet periods suggesting a shift from prodigal to saver water use.
Latewood IADFs were produced in responses to increased precipitation
and soil moisture in the transition from summer to autumn reflecting the
ability of trees to recover after drought. In scenarios of severe hotter
droughts, growth and IADFs production will be greatly impaired.
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